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A B S T R A C T   

Several studies demonstrated that populations living in the Tibetan plateau are genetically and physiologically 
adapted to high-altitude conditions, showing genomic signatures ascribable to the action of natural selection. 
However, so far most of them relied solely on inferences drawn from the analysis of coding variants and point 
mutations. To fill this gap, we focused on the possible role of polymorphic transposable elements in influencing 
the adaptation of Tibetan and Sherpa highlanders. To do so, we compared high-altitude and middle/low-lander 
individuals of East Asian ancestry by performing in silico analyses and differentiation tests on 118 modern and 
ancient samples. We detected several transposable elements associated with high altitude, which map genes 
involved in cardiovascular, hematological, chem-dependent and respiratory conditions, suggesting that meta-
bolic and signaling pathways taking part in these functions are disproportionately impacted by the effect of 
environmental stressors in high-altitude individuals. To our knowledge, our study is the first hinting to a possible 
role of transposable elements in the adaptation of Tibetan and Sherpa highlanders.   

1. Introduction 

The peopling of the Tibetan Plateau, with an average elevation of 
4000 m, by the ancestors of Tibetan and Sherpa highlanders, is one of 
the most compelling examples of Anatomically Modern Humans (AMH) 
adapting to a new and extreme environment [1–3]. The establishment of 
stable high-altitude settlements by the ancestors of Tibetan and Sherpa 
populations seems to have occurred only after the Last Glacial 
Maximum. Moreover, different studies suggested that more recent in-
stances of migrations, admixture and geographical/cultural isolation 
could have further influenced the genetic variation of present-day Ti-
betan and Sherpa groups [4,5]. 

In the last decades, several population genomics and genome-wide 
association studies (GWAS) [1–3,6–9] tried to disentangle the genetic 
basis of high altitude adaptation (HAA), but so far, most of the studies 
have relied on single nucleotide polymorphisms (SNPs) to search for 
evidence of natural selection in Tibetan and Sherpa populations. Two 
genes, related to the hypoxia-inducible transcription factor (HIF) 
pathway, have been identified as under positive selection in these 
populations: EPAS1 (endothelial PAS domain protein 1) and EGLN1 (egl- 
9 family hypoxia-inducible factor 1) [1,10]. Furthermore, it has been 

demonstrated that EPAS1 carries signals of adaptive introgression from 
Denisovan archaic hominins [11,12], who admixed with the ancestral 
population of both modern high-altitude and low-altitude East Asians. 

Structural variation (SV) is an essential mutational force shaping the 
evolution and function of the human genome [13]. However, few studies 
[13,14] have analyzed the link between SVs and HAA and, to our 
knowledge, no one has focused on retrotransposons to date. 

Retrotransposons are mobile genetic elements with the ability to 
replicate themselves and increase the number of their copies: indeed, 
sequences from retrotransposons constitute at least 40% of the human 
genome [15]. These elements are divided into long terminal repeats 
(LTR) retrotransposons, to which the human endogenous retrovirus 
(HERV) family belongs, and non-LTR retrotransposons, represented by 
short interspersed nuclear elements (SINEs, such as Alu-like elements, 
~300 bases long), long interspersed nuclear elements (LINEs, complete 
elements are ~6 kilobases long, but frequently they are shorter due to 5′ 
truncation during insertion) and the composite family of SINE-VNTR- 
Alu (SVAs of variable length because of the presence of a Variable 
Number Tandem Repeat [VNTR] region). Among non-LTR retro-
transposons, only LINE-1 s are autonomously active [16], while Alus and 
SVAs rely on LINE-1’s machinery to mobilize themselves [17]. 

* Corresponding author. 
E-mail address: giorgia.modenini2@unibo.it (G. Modenini).  

Contents lists available at ScienceDirect 

Genomics 

journal homepage: www.elsevier.com/locate/ygeno 

https://doi.org/10.1016/j.ygeno.2024.110854 
Received 16 January 2024; Received in revised form 23 March 2024; Accepted 30 April 2024   

mailto:giorgia.modenini2@unibo.it
www.sciencedirect.com/science/journal/08887543
https://www.elsevier.com/locate/ygeno
https://doi.org/10.1016/j.ygeno.2024.110854
https://doi.org/10.1016/j.ygeno.2024.110854
https://doi.org/10.1016/j.ygeno.2024.110854
http://creativecommons.org/licenses/by/4.0/


Genomics 116 (2024) 110854

2

Transposable Elements (TEs) have been an important source of ge-
netic variation throughout human evolution, many of them being 
polymorphic and showing population-specific stratification [18]. 
Accordingly, they are valuable genetic markers for the study of human 
populations variability, as shown by several recent works [19–21]. 
Therefore, we decided to focus on the study of polymorphic TEs to 
disentangle the genetic basis of high-altitude adaptation in the Tibetan 
Plateau. 

Here we provide the first large-scale study on 114 high-coverage 
published genomes from the Tibetan Plateau and East Asia in order to 
assess the role of polymorphic TEs in the HAA of populations settled 
along the Himalayan Arc. Together with modern genomes, we analyzed 
four high-coverage ancient and archaic DNA samples (two ancient Ti-
betans and two archaic hominins, namely Altai Neanderthal and Deni-
sova) to provide a temporal context for the most significant results 
emerging from modern genomes analyses. 

2. Materials and methods 

2.1. Samples and study design 

114 published modern high-coverage genomes (30×-45×) from 
high-altitude (HA), middle-altitude (MA) and low-altitude (LA) pop-
ulations of East Asia and one African population (Yoruba) were included 
in this study, along with four high-coverage ancient/archaic DNA sam-
ples: one from a Denisovan individual [22], one from a Neanderthal 
individual [23] and two “ancient Tibetans” [24] (C1 and S10), spanning 
3150–1250 years before present (yBP) (Supplementary Table S1 and 
Fig. 1). The 114 modern samples are represented by: 10 Sherpa 
[4,7,25,26], 28 Tibetans [4]; 8 Tujia, 8 Yi, 6 Naxi, 29 Han Chinese from 
the Human Genome Diversity Project (HGDP) [27] and 25 Yoruba from 
the 1000 Genomes Project (1KGP) phase 3 [28]. Individuals were 
selected avoiding relatives. 

These samples were chosen to represent the modern genome vari-
ability of the Tibetan Plateau and East Asia. The African population was 
selected as an outgroup. The ancient samples were included to analyze 
the evolution of the HA populations of the Tibetan Plateau by searching 
for common variants between modern and ancient DNA samples. 

Original bam files were first converted to the fastq format with the 
bedtools command bamtofastq [29]. All fastq files were then treated with 
AdapterRemoval [30] and subsequently aligned to the human reference 
genome GRCh38dh (http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/tech 
nical/reference/GRCh38_reference_genome/GRCh38_reference_geno 
me/GRCh38_full_analysis_set_plus_decoy_hla.fa) with bwa-mem [31]. 
The resulting sam files were processed with samtools fixmate to clean up 

read pairing information and flags and then sorted with samtools sort 
[32]. The obtained bam files were then indexed and processed with 
MarkDuplicates (see Picard: http://broadinstitute.github.io/picard). 

2.2. Identification of TEs in ancient and modern samples 

The identification of polymorphic non-reference TEs (Alu, LINE-1, 
SVA and HERV-K) was performed on both ancient and modern sam-
ples using the software MELT v2.2.2 with the function ‘Split’ [20]. 
MELT-DEL was applied to retrieve information about polymorphic 
reference TEs (Alu, LINE-1 and SVA) and TypeTE [33] was then used to 
better genotype reference Alus. Only “PASS” sites were included in a 
single final VCF file. Fisher tests of independence with one and two 
degrees of freedom were performed to identify TEs with significantly 
different frequencies in HA compared to MA-LA populations. Tests were 
performed for both allelic and genotype frequencies. TEs that yielded 
significant results (nominal p-value <0.01) at least for allele frequencies 
(“differentiated TEs”) were considered as putatively contributing to 
Tibetan and Sherpa differentiation. 

2.3. Assessing population structure with PCA and Admixture 

To assess the genetic relationships among the individuals included in 
our dataset, as well as their shared ancestry, a principal component 
analysis (PCA) and ADMIXTURE analysis [34] were performed on the 
TEs dataset. Quality control (QC) was performed with the PLINK soft-
ware [35] on modern samples, including the removal of genetic ele-
ments belonging to sexual chromosomes, a check for the proportion of 
missing data (using the commands –geno 0.01 and –mind 0.01), the 
respect of Hardy-Weinberg equilibrium after Bonferroni correction for 
multiple testing (− -hwe 0.01/α, where α is equal to the number of 
variants remaining in the dataset at this stage of the QC procedure), the 
removal of rare variants (− -maf 0.01) and an assessment of linkage 
disequilibrium along the genome, using a sliding window of 500 bp, a 
moving step of 50 bp and a threshold value of 0.1 (− -indep-pairwise 500 
50 0.1). After QC, PCA was performed on the TEs dataset by applying file 
format conversions as provided by the convertf and smartpca tools from 
the EIGENSOFT package v6.0.1 [36]. 

Similarly, the ADMIXTURE software [34] was employed to perform 
an estimation of shared genetic ancestry across populations. A number K 
of putative ancestral components between 2 and 12 was tested, and 50 
iterations of each run were performed to minimize the error and maxi-
mize the log-likelihood of each ancestry estimate. 

2.4. Testing the extent and direction of differentiation with Fst and PBS 

To measure population differentiation due to genetic structure, the 
fixation index (Fst) was computed for all TEs used to perform PCA and 
Admixture analyses [37]. For the purpose of computing their genetic 
distance, three groups of modern individuals with shared genetic 
ancestry were extracted from our samples: high-altitude Tibetans and 
Sherpas (HA, 38 individuals), middle-altitude Tibeto-Burman speaking 
populations (MA, 22 individuals) and low-altitude Han Chinese (LA, 29 
individuals). Fst was computed for all three population pairs (HA/MA; 
HA/LA; MA/LA) and each distribution was independently standardized 
by subtracting the average Fst from each score, then dividing the ob-
tained value by the standard deviation of the distribution. Only 
normalized Fst scores falling in the tails of the distribution (i.e., positive 
and negative regions exceeding 2 standard deviations) were considered 
significant for further inquiry. Significant Fst scores distinguishing HA 
from both MA and LA were detected and, to obtain signals potentially 
related to HA-induced differentiation, TEs with significant Fst scores 
also emerging in the MA/LA comparison were removed. This allowed us 
to focus specifically on putative HA-linked TEs by taking away contri-
butions to MA/LA differentiation. 

In addition, Population Branch Statistics (PBS) was also computed to Fig. 1. Location of the modern and ancient samples analyzed in this study.  
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corroborate Fst observations and infer the directionality of differentia-
tion, with the African Yoruba group (25 individuals) added to explore 
results coming from an outgroup of different ancestry [3]. PBS was 
computed for the following trios (where the third population is the 
outgroup): HA/MA/Yoruba; HA/LA/Yoruba; HA/MA/LA; MA/LA/ 
Yoruba. The top 0.1% of PBS scores for each trio was deemed significant; 
moreover, TEs emerging from the last trio (middle altitude/Han Chi-
nese/Yoruba) were used to filter out signals otherwise confirmed by the 
other three, so as to highlight genetic signatures characterizing un-
equivocally the high-altitude Tibetan and Sherpa groups. 

2.5. In silico functional analyses 

Information about the position of all detected non-reference TEs was 
retrieved from the MELT output, which includes the location of the TE 
(“null”, when the TE is in an non-genic area; “intronic”, “exon”, 
“3_UTR”, “5_UTR”, “Promoter”, “Terminator” when the TE is in a genic 
or regulatory region) and the gene name, if any, in RefSeq format. On the 
other hand, information about reference TEs location was retrieved 
using a self-customized python script after downloading genes annota-
tion in bed format from the UCSC Genome Browser (http://genome.ucsc. 
edu/cgi-bin/hgTables) and using as a reference the genomic locations 
identified by the following works: [38,39] for 3’UTRs and 5’UTRs (1000 
bp from gene end and 210 bp from gene start, respectively); [40] for 
promoters (500 bp from 5’ UTRs); [41] for terminators (between 250 
and 1050 bp after 3’ UTRs). All RefSeq IDs were then converted into the 
Official Gene Symbol with the software DAVID (Database for Annota-
tion, Visualization and Integrated Discovery; https://david.ncifcrf.gov 
/conversion.jsp) [42,43] and used for further investigations. We also 
looked for the relevant diseases potentially related to the detected sets of 
genes using DAVID, which refers to the GAD database [44]. The statis-
tical overrepresentation test was performed with Panther (http://panth 
erdb.org/), selecting the organism Homo sapiens and calculating false 
discovery rate (FDR) and Fisher test. The analysis of Gene Network and 
Pathways was done with the Kyoto Encyclopedia of Genes and Genomes, 
KEGG (https://www.genome.jp/kegg/mapper/search.html), selecting 
the organism Homo sapiens (“hsa”). Genes mapped by significant TEs 
were also compared with literature lists of genes deemed under positive 
selection in Tibetans [45] and candidate genes for polygenic adaptation 
in Tibetan and Sherpa populations [26]. 

After the identification of candidate TEs that possibly contributed to 
HAA, we checked whether these TEs were also present in the four 
considered archaic (Neanderthal and Denisova) and ancient (C1 and 
S10) individuals, by inspecting the MELT output. 

Finally, we inferred a possible function for the candidate TEs by 
cross-checking our results with those provided by Cao and colleagues 
[46], who identified a list of TEs that act as expression/alternative 
splicing Quantitative Trait Loci (eQTL/sQTL). 

2.6. Association test with GEMMA 

An association test using “high altitude” (1) and “low altitude” (0) as 
binary pseudo-phenotypes was computed with the software GEMMA 
[47] on the whole variants dataset. Only individuals from HA (Tibetans 
and Sherpa) and MA + LA populations (Tibeto-Burman speaking pop-
ulations and Han Chinese samples grouped together) were included in 
the analysis. Following instructions from the manual, we first calculated 
the relatedness matrix with the command -gk 2, meaning that the soft-
ware calculated a standardized (rather than centered) relatedness ma-
trix. Then, Wald’s test was performed applying a linear model (− lm 1) 
on the previously estimated matrix. Only TEs with an adjusted p-value 
<0.001 (after Benjamini-Hochberg correction) were considered as 
significantly associated with high altitude (“associated TEs”). Results 
were plotted using the R package “CMplot” [48] (https://github. 
com/YinLiLin/CMplot). 

3. Results 

3.1. Identification of TEs in HA and LA populations 

After using MELT-Split on 118 ancient and modern samples, we 
successfully identified 9144 polymorphic non-reference TEs, of which 
7438 Alu, 1193 LINE-1, 492 SVA, 21 HERV-K, and 3754 polymorphic 
reference TEs, of which 3492 Alu, 169 LINE-1, 93 SVA. Based on the 
information provided by the MELT output, 49.4% of non-reference TEs 
are in non-genic regions (“null”), while 50.6% are in genic regions 
(42.1% are in introns, 3.8% in promoters, 3.9% in terminators, 0.6% in 
3’ UnTranslated Regions (UTRs), 0.1% in 5’ UTRs and 0.1% in exons). 
Moreover, when looking at reference TEs, 54.7% are intergenic, 43.4% 
are intronic, 0.2% in exons, 0.6% at 3’ UTRs, 0.05% at 5’ UTRs, 0.15% in 
promoters and 0.9% in terminators. Finally, reference and non-reference 
TEs feature systematic differences in allele frequencies (Supplementary 
Fig. S1), in particular reference TEs are enriched for higher allele fre-
quencies (> 0.5) while non-reference TEs are enriched in lower allele 
frequencies (< 0.5). In general, this is due to the fact that ref. TEs are 
identified based on their presence on a “single” genome (the reference) 
while non-ref TEs are detected based on many genomes (i.e. all the 
analyzed genomes). 

We considered as putatively related with HAA only TEs that yielded 
significant Fisher tests (p-value <0.01) based on allele frequencies. 
Accordingly, when comparing HA (Sherpa and Tibetan) and MA-LA 
(Tibeto-Burman speaking and Han Chinese) populations we detected 
271 significant TEs (154 non-reference TEs and 117 reference TEs) 
(Supplementary Table S2). 

3.2. PCA and Admixture 

In order to contextualize the variability of the human groups 
considered in this work, we performed PCA and ADMIXTURE analyses 

Fig. 2. PCA and Admixture plots. A) In the PCA, the first PC discriminates 
between African and non-African groups, while PC2 highlights a high-to-low 
altitude gradient with Tibetans and Sherpas at the top and Han Chinese at 
the bottom. B) Admixture plots showing results for K = 3 (lowest CV error =
0.44385) and K = 4, where the two Ancient Tibetans (C1 and S10) carry their 
own ancestry component (“pink”). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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based on TEs. The obtained results (Fig. 2B) confirm a clear distinction 
between African and non-African populations, as shown by the first 
principal component (PC1) in the PCA and by a complete separation of 
ancestry components between the Yoruba group (“yellow”) and the in-
dividuals of Asian ancestry (“red” and “green”) at K = 3, which is the 
number of components associated with the lowest CV error (0.44385). 
The second principal component (PC2) highlights some geographic 
structure between HA and LA individuals, who are distributed along a 
high-to-low altitude gradient including Tibetans and Sherpa at the top, 
then the Tibeto-Burman speaking groups (Naxi, Yi and Tujia), and 
finally the Han Chinese representatives at the bottom (Fig. 2A). The 
same gradient can be observed in the ADMIXTURE graph at K = 3, where 
the “green” component is predominant in HA Tibetans and Sherpa, 
while the “red” component is characteristic of the LA Han Chinese in-
dividuals and the Tibeto-Burman speaking groups show variable com-
binations of “red” and “green” components, with an increasingly higher 
proportion of Tibetan-like ancestry for the Tujia, Yi and Naxi groups, 
respectively. The Ancient Tibetan samples clearly overlap with Tibetans 
and Sherpas in the PCA, while they carry the “green” HA ancestry 
component in the ADMIXTURE plot at K = 3, confirming their tight 
relationship with the modern HA groups, although at K = 4 they acquire 
their own ancestry component (“pink”). The two individuals from the 
Kusunda population separate themselves from the other HA individuals 
both in the PCA and ADMIXTURE plots (Fig. 2B), where they show a mix 
of three ancestry components, whereas the other Sherpa and Tibetan 
samples have at most two components (“green” and/or “red”). 

3.3. Fst and PBS (scans testing differentiation) 

Population differentiation has been evaluated by computing the 
fixation index, Fst, for all TEs in our panel and by comparing the high- 
altitude (HA, Tibetan and Sherpa), Tibeto-Burman speaking (MA) and 
low-altitude (LA) groups in pairs. 

Although all scores are relatively low, the HA populations (Tibe-
tan+Sherpa) exhibit the highest differentiation (Fst = 0.013) from the 
LA group (Han Chinese) and an intermediate level of differentiation 
with respect to the MA Tibeto-Burman speaking representatives (Fst =
0.006). Similarly, these last two groups show the lowest mean Fst score 
(Fst = 0.003). 

After normalizing each Fst distribution, a total of 103 non-reference 
TEs significantly discriminate between the HA and MA groups, while 
131 distinguish the HA and LA cohorts, and 115 characterize the com-
parison between MA and LA populations. By cross-referencing the sig-
nificant scores for the three distributions, a total of 32 non-reference TEs 
emerge as able to discriminate between HA and both MA and LA pop-
ulations (see Supplementary Table S3). To further corroborate this 
finding, the resulting non-reference TEs were cross-checked with those 
having a significant Fisher test score for allele counts between the HA 
and non-HA groups: all non-reference TEs discriminating HA from both 
MA and LA show Fisher p-values <0.01, confirming the significantly 
different presence of the transposable elements under scrutiny in the 
Tibetan and Sherpa groups with respect to the other two (see Supple-
mentary Table S3). 

To further define which TEs are preferentially differentiated in the 
HA group, rather than in the other two, three-way PBS distance analysis 
was carried out as described in the Materials and Methods section. 
Keeping into consideration the top 0.1% scores as significant among the 
performed tests and cross-referencing the results, a total of 62 non- 
reference TEs (58 Alus, 2 LINE-1 s, 2 SVAs) appear to be characteristic 
of differentiation in the direction of the HA group (see Supplementary 
Table S4), with 22 falling into promoters or introns of known genes. 
When intersecting the PBS and the afore-mentioned 32 non-reference 
TEs with significant Fst discriminating HA from MA and LA groups, 
eight non-reference TEs are shared (highlighted in bold in the Supple-
mentary Tables S3 and S4), two of them being located in the genes 
ASAH1-AS1 (acid ceramidase antisense RNA 1) and PHF21 A (PHD 

finger protein 21 A) on chromosomes 8 and 11, respectively. 

3.4. In silico functional analyses 

After the identification of 271 “differentiated” TEs, we retrieved 
information about their location and type and found that 126 of them 
are located in genic regions (71 non-reference TEs + 55 reference TEs). 

By analyzing the corresponding genes with the software DAVID, we 
observed that the most represented disease classes, according to the 
GAD database [44], are “cardiovascular” (p-value = 1.5*e− 6), “hema-
tological” (p-value = 1.4*e− 6) and “chem-dependency” (p-value =
1.9*e− 9). Indeed, the most significant disorders/affected traits (p-value 
<0.001 after Bonferroni correction) are: Tobacco use disorder, Lipo-
proteins VLDL and Cholesterol LDL (Supplementary Table S5). 

3.5. Association test with GEMMA 

The association test with GEMMA on HA and MA-LA populations 
retrieved a total of 266 significant results (“associated” TEs, Supple-
mentary Table S6: Adjusted p-value <0.001, as highlighted by the red- 
dotted line in Fig. 3). Since 123 TEs are located in genic regions, we 
used DAVID to perform functional annotation clustering, and retrieved 
information about the relationship between those genes and diseases 
from the GAD database [44]. Interestingly, the most significant condi-
tions reflect the previously mentioned patterns, such as “Tobacco use 
disorder”, represented by 51 genes (p-value = 2.7*e− 11). Other signifi-
cant conditions were related to cardiovascular traits (i.e., “Blood Pres-
sure”, “Erythrocyte Count”, “Heart Rate”, “Hemoglobin A 
Glycosylated”, “Glomerular Filtration Rate”), body measurements 
(“Body Mass Index”), “cholesterol LDL” and “Insulin”. 

3.6. Identification of TEs that possibly contributed to HAA 

After the identification of four sets of TEs potentially contributing to 
HAA in Tibetan and Sherpa populations (271 “differentiated” TEs, 266 
“associated” TEs, 32 significant TEs for Fst and 62 for PBS), we 
compared these four lists: 11 TEs are shared among three tests out of 
four (Table 1). Then, we verified their presence or absence in the two 
archaic hominins (Neanderthal and Denisova) and two ancient Tibetan 
individuals (C1 and S10). We also performed an in silico analysis to infer 
a possible function for the candidate TEs by cross-checking our results 
with those provided by Cao and colleagues [46]. We also cross-checked 
the list of genes mapped by the four sets of significant TEs with those 
under positive selection in [45,49] and found 10 genes in common 
(Supplementary Table S7). For instance, the gene SUPT3H is mapped by 
an AluYe that is significant for PBS and differential allele frequencies 
analyses: the gene is under positive selection in Tibetans according to 
Deng and colleagues [49], who performed a composite of multiple sig-
nals (CMS) analysis. Moreover, by looking at the lists of candidate genes 
for polygenic adaptation in Tibetan and Sherpa populations [26], it 
emerged that the same gene SUPT3H - and other five genes - are shared. 

The most interesting TE, based on all our in silico analyses, is an 
AluYe on chromosome 12:44670594 in the gene NELL2 (Neural EGFL- 
like 2), which is involved in tobacco use disorder. The Alu has signifi-
cantly different allele frequencies between HA and MA-LA populations 
(Fisher p-value = 0.00131) and is a significant result also for the asso-
ciation test performed with GEMMA (adjusted p-value = 1.81*e− 04). 
Moreover, it is one of the significant results for PBS, with a score =
0.168776. By looking at the putative function of this Alu, it acts as eQTL 
in skin and as sQTL in brain cortex and putamen basal ganglia. Finally, it 
is present in Denisova and one ancient Tibetan (C1). 

4. Discussion 

Different studies used TEs as genetic markers to study modern 
human variability and differentiation [19–21]. Therefore, we decided to 
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investigate the possible influence of polymorphic TEs on the differen-
tiation of East Asian populations exposed and adapted to an extreme 
environment, as represented by the high-altitude villages of the Tibetan 
Plateau inhabited by Tibetan and Sherpa ethnic groups. 

As a first step, we performed two population genetics analyses, PCA 
and Admixture, on 118 ancient and modern individuals to contextualize 
their variability. Both of them confirm that retrotransposons are valu-
able genetic markers to study population differentiation: indeed, as 

shown in Fig. 2A, there is a clear distinction between the African group 
(represented by Yorubas) and the East Asian populations in terms of 
principal components and ancestry components. Moreover, the PCA plot 
shows an altitudinal gradient between low/middle-landers (Han Chi-
nese, Yi, Tujia and Naxi) and high-landers (Tibetan and Sherpa). The 
Admixture graph (Fig. 2B) identifies two main ancestry components: 
“green” for Tibetans and Sherpa, and “red” for Han Chinese, with the 
Tibeto-Burman speaking groups (Yi, Tujia and Naxi) showing a mixture 

Fig. 3. Circular manhattan plot of the significant TEs associated with high altitude. TEs that yielded an adjusted p-value <0.001 (red-dotted line) have a bigger size 
than the others. P-values are shown as Log10P. Plotting of results was performed with the “CMplot” R package (https://github.com/YinLiLin/CMplot). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
The 11 TEs shared among the four different tests (differential allele frequencies; association test with GEMMA; Fst; PBS). Chr_pos = chromosome + position; TE type =
TE subfamily (INS = non-reference TE); Location = location of the TE (“null” = intergenic); Gene = gene in which is located the TE; Tests = tests for which the TE is 
significant (1 = differential allele frequencies; 2 = association test with GEMMA; 3 = Fst; 4 = PBS); eQTL/sQTL = the polymorphic TE acts as eQTL and/or sQTL; Altai/ 
Den/C1/S10 = the TE was found also in ancient or archaic individuals (Altai Neanderthal, Denisova, C1 and S10; 1 = presence of the TE; 0 = absence; NA = missing 
data).  

Chr_pos TE type Location Gene Tests eQTL sQTL Altai Den C1 S10 

12_44670594 INS-AluYe intronic NELL2 1, 2, 4 X X 0 1 1 NA 
14_64710808 INS-AluY intronic PLEKHG3 1, 2, 4   0 0 NA 0 
3_120524105 INS-AluY null null 1, 3, 4   0 0 NA 1 
11_45940658 INS-AluY intronic PHF21A 1, 3, 4   0 0 1 0 
13_28811284 INS-AluY null null 1, 3, 4   0 0 0 0 
2_137868315 INS-AluYg null null 1, 3, 4   0 0 NA 0 
5_144951450 INS-L1Ta null null 1, 3, 4   0 0 0 1 
6_81458432 INS-AluY null null 1, 3, 4   0 0 1 1 
8_18085627 INS-AluYb8 intronic ASAH1-AS1 1, 3, 4 X X NA 0 0 0 
9_100940618 INS-AluYb3a1 null null 1, 3, 4   NA 0 0 0 
6_16950725 INS-L1Ambig null null 1, 2, 3 X  0 0 NA 0  
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of the two. Previous works based on SNPs [4,7,24,26] detected a similar 
pattern of variability in the same populations. 

Fixation index (Fst) and PBS statistics computed using TEs confirm a 
subtle but tangible differentiation among the three analyzed groups, 
with an increase in average Fst following an altitudinal gradient: the HA 
cohort shows a higher Fst value when compared to the LA group (0.013) 
than the MA subjects (0.006). This is once again in line with what has 
emerged in previous works based on SNPs [4,7,24,26]. Only non- 
reference TEs were deemed significant by Fst, while for PBS there is a 
mixture of both reference and non-reference significant TEs. Such dis-
crepancies are likely to emerge as a consequence of the systematic dif-
ferences in allele frequencies between the two TEs groups 
(Supplementary Fig. S1), with reference TEs enriched for higher allelic 
frequencies (> 0.5) and non-reference TEs enriched for lower allelic 
frequencies (< 0.5), combined with the analytical approach of each 
method. 

PBS analysis has been useful to detect two polymorphic TEs falling in 
genetic elements, ASAH1-AS1 (acid ceramidase antisense RNA 1) and 
PHF21 A (PHD finger protein 21 A). Limited literature exists on ASAH1- 
AS1, which codes for the antisense sequence of the proximally located 
ASAH1 gene. A recently published analysis of long noncoding RNAs 
(lncRNAs) in head and neck squamous cell carcinoma does associate its 
methylation status with predictive prognostic power [50]. The gene it-
self has never been studied in individuals of Asian ancestry, but several 
genome-wide association studies (GWAS) in cohorts of European and 
African descent in America and the Caribbean detected several SNPs 
associated with traits indicative of obesity [51], bone mineral density 
and serum urate levels in females [52], and coronary artery calcification 
in type 2 diabetes [53] among others, although few signals reach the p- 
value threshold of significance for GWAS (10− 8). Indeed, phenotypes 
similar to those above listed have been described by their relationship 
with high altitude in cohorts of Tibetan and Chinese ancestry, high-
lighting significant differences with low altitude groups [54–56]. 
Moreover, the ASAH1 gene regulated by its antisense RNA encodes a 
ceramidase enzyme, which drives the degradation of the waxy lipid 
ceramide in its two components, sphingosine and a fatty acid. ASAH1 
has been variably described in the context of senescent cell permanence, 
neuron survival and neurite structure maintenance [57,58], possibly 
influencing the composition of lipid rafts in the cellular membrane and, 
therefore, its stability and the functionality of the attached proteins. 
Interestingly, the ASAH1-coded acid ceramidase is a lysosomal protein 
that also protects the cell from oxidative stress, as shown both in retinal 
cells overexpressing ASAH1 [59] and, indirectly, in a cellular model of 
Parkinson’s disease through inhibition of ceramide synthesis [60]. 
Furthermore, recent studies have highlighted a role of ASAH1 genetic 
variants in regulating the outcome of physical activity and exercise in-
terventions [61,62]. In this context, ASAH1 may serve a crucial role, as it 
is known that hypobaric hypoxia due to high altitude exposure induces 
inflammation by increasing the circulating levels of reactive oxygen 
species, which are pervasive, unstable molecules with high oxidizing 
power, and this is exacerbated by physical activity [62], as well as being 
responsible for premature cell senescence and apoptosis [62–65]. 

The PHF21A gene has been identified in the context of RNA switches 
induced by hypoxia that regulate oncogenic genes, as already verified 
for example with the vascular endothelial growth factor alpha (VEGFA) 
[66]. Indeed, it appears as though PHF21A mRNA is regulated at a 
translational level by hypoxia-induced switches and that, together with 
other genes, it composes a vast translational regulon modulating hyp-
oxia resistance and cell survival [66]. The expression of PHF21A is also 
found to be significantly reduced, and the gene possibly downregulated 
by miRNAs, in human fibroblast-like synoviocytes, which produce pro- 
inflammatory mediators in osteoarthritis (OA) and are the cause of sy-
novial pathology associated with OA [67]. Again, this may be in line 
with epidemiological observations pointing to an increased incidence of 
inflammatory-mediated musculoskeletal pathologies at high altitude 
and in colder environments [68,69], as well as generalized hypoxia- 

induced osteopenia [70], although direct dissection of the involved 
molecular mechanisms are still unknown in this case. 

By calculating differential allele frequencies on the 11,192 identified 
TEs, we detected 271 TEs that discriminate between high-altitude and 
low/middle-altitude groups (Fisher p-value <0.01): 126 are in genic 
regions and, interestingly, the most represented disease classes (ac-
cording to DAVID) [42,43] are “cardiovascular”, “hematological” and 
“chem-dependency”. 

To strengthen our results, we also applied an association test using 
GEMMA [47] that identified 266 TEs associated with the “altitude” 
context (Adjusted p-value <0.001): of these, four are shared between the 
two analyses. The condition “tobacco use disorder” (represented by 51 
genes mapped by as many TEs, p-value = 2.7*e− 11) was deemed sig-
nificant by both differential allele frequencies analysis and association 
test. As for tobacco use, some studies investigated the influence of 
smoking at high-altitude, but the results have been so far controversial: 
some groups identified a correlation between smoking and a lower 
incidence of Acute Mountain Sickness (AMS) [71–73], while others 
point towards an absence of such correlation [74–76], with Wu and 
colleagues [71] suggesting that smoking “slightly decreases the risk of 
AMS but impairs long-term altitude acclimatization and lung function 
during a prolonged stay at high altitude”. A previous work by Ramirez 
and colleagues [77], who studied the populations of the Tuquerres 
Plateau in southern Colombian Andes (3000 m above sea level), re-
ported that in smokers there is “an increase in hemoglobin and hemat-
ocrit and a higher mean corpuscular volume and mean corpuscular 
hemoglobin concentration than in non-smoking high altitude subjects”. 

However, this hypothesis seems inconsistent for the Tibetan pop-
ulations case. In fact, tobacco, whose origins can be traced back to the 
American continent [78], has been introduced in Europe and Asia in the 
last few centuries, making it an unlikely source of selective pressures in 
the Tibetan Plateau; on the contrary, it may have had a more relevant 
influence in Andean populations, which have been exposed to this 
substance for millennia. Therefore, we speculate that the detected con-
dition acts as a proxy for other physiological traits or that the involved 
genes, such as NELL2, fulfill other pleiotropic roles in metabolisms 
influenced by the high altitude condition. 

Indeed, it is well known that hypoxia (i.e., reduction of oxygen intake 
with increasing altitude) induces physiological and morphological var-
iations in the human brain [79,80], even though the genetic un-
derpinnings of these changes remain largely unknown. Accordingly, we 
hypothesize that NELL2, which is specifically expressed in neural tissues 
[81,82] and stimulates neuronal polarization as well as axon growth 
[83], could contribute to altitude-driven functional changes in the brain, 
even if at the moment there is no experimental evidence of it. 

On the whole, according to all our in silico analyses, the AluYe on 
chromosome 12:44670594, located in the gene NELL2, arose as the most 
significant result (Table 1). The Alu discriminates between HA and MA- 
LA groups (based on allele frequencies, Fisher p-value = 0.00131); more 
precisely, we observe that the Alu is characterized by a steady reduction 
of both presence and homozygosity following a decreasing altitudinal 
cline. In addition, it is also associated with the “altitude” condition 
(according to GEMMA: adjusted p-value = 1.81*e− 04), suggesting a 
meaningful relationship between the presence of the polymorphic TE in 
this gene and physiological responses to high altitude. Moreover, it is 
one of the significant results according to PBS (score = 0.168776), 
pinpointing a relevant role for this variant in the process of local dif-
ferentiation between high- and low- altitude populations. This Alu also 
acts as eQTL in skin and as sQTL in brain cortex and putamen basal 
ganglia [46], indicating a possible regulatory role for this element on 
NELL2. The AluYe is present in Denisova and in the ancient Tibetan C1 
(3150 yBP), suggesting that this element could have anciently emerged. 

Finally, we cross-checked genes mapped by significant TEs for the 
four applied tests (differential allele frequencies analysis, Fst, PBS and 
association test with GEMMA) with the lists of genes under positive 
selection in Tibetan populations [45,49], and candidate gene for 
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polygenic adaptation in Tibetan and Sherpa groups [26]. This way, we 
found 15 genes mapped by significant TEs which experienced instances 
of positive selection/polygenic adaptation in high-altitude populations 
of the Tibetan Plateau. For instance, the gene SUPT3H is mapped by an 
AluYe significant for PBS and differential allele frequencies analysis and 
the gene has been found under positive selection/polygenic adaptation 
in Tibetan groups [26,45,49]. More precisely, SUPT3H is a probable 
transcriptional activator [84]. Interestingly, the locus containing this 
protein-coding gene was reported by a previous study to be associated 
with bone and cartilage phenotypes [85] and another work found var-
iants in the SUPT3H-RUNX2 locus to be involved in craniofacial phe-
notypes [86]. 

The present study highlights the putative contribution of the non- 
coding genome in high-altitude adaptation in a cohort of Tibetan and 
Sherpa individuals, when compared to mid-altitude and low-altitude 
populations of similar ancestry and geographic origins. Indeed, several 
transposable elements show a significant differentiation between the 
inhabitants of the Tibetan plateau and the other analyzed groups (as 
detected by Fst and PBS statistics), revealing a possible role in the 
control of peculiar genes involved in oxidative stress and hypoxia- 
induced inflammation, which themselves modulate the expression or 
translation of other genes. Furthermore, the prevalence of TEs with 
significantly different frequencies between HA and MA-LA groups and 
associated to the “altitude” context (according to GEMMA) similarly 
highlights genes involved in cardiovascular, hematological, chem- 
dependent and respiratory conditions, indicating that metabolic and 
signaling pathways taking part in these functions are disproportionately 
impacted by the effect of environmental stressors in HA individuals 
through both coding and regulatory elements. This extensive nested 
modulation, also pointed out by the fact that some of the detected TEs 
are quantitative trait loci influencing expression and/or alternative 
splicing, may be suggestive of a wider network of relationships between 
coding and non-coding elements, which intervenes in fine-tuning the 
physiological responses to high altitude environments. 
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