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Abstract 
The Greenland shark (Somniosus microcephalus) is an enigmatic species known for its 
exceptional longevity and extraordinary adaptations to the cold environment. This 
animal lives in the arctic and subarctic regions of the North Atlantic Ocean. Surprisingly, 
even though it is a vertebrate with the longest known lifespan, its transcriptome has not 
been studied yet. Therefore, we isolated and analyzed RNA in the Greenland shark 
samples. Our findings reveal some important information about the possible genetic 
mechanisms that could contribute to its longevity. We identified a highly expressed long 
interspersed nuclear element-like transcript (LINE-like) that is supposed to be associated 
with extended lifespan and resilience to age-related diseases, possibly through an 
improved telomere maintenance mechanism. This research not only contributes to our 
understanding of the biology and evolution of the Greenland shark but could also have 
implications for human longevity research. 
 
Key words: Greenland shark, transcriptome, bioinformatics, LINE-1, longevity research, 
Somniosus microcephalus 
 
DOI: 10.5817/CPR2023-2-17 



M. BARTAS et al. 

211 

Introduction  
 
     The life of every living creature is lim-
ited; however, differences in the lifespan 
of various organisms are enormous from a 
few hours, days, weeks up to several thou-
sand years for some tree species. In ver-
tebrates, this range is much smaller from a 
few months or years to decades. Only ex-
ceptionally a few species of vertebrates 
could overcome hundreds of years, for ex-
ample, the giant tortoise (Aldabrachelys 
gigantea) or the whale Balaena mysticetus. 
However, the record holder among verte-
brates is the Greenland shark (Somniosus 
microcephalus), which can live more than 
400 years. 
     The Greenland shark is known for its 
remarkable longevity. Radiocarbon dating 
of crystals within their eye lenses esti-
mated the age of one about six-meter-  
long animal for 392±120 years, suggesting 
that it was born between 1504 and 1744 
(Nielsen et al. 2016). Although it could be 
partly explained by its way of life and en-
vironment (slow motion, cold water, etc.), 
it is evident, that other organisms with 
similar modes of life, comprising evo-
lutionarily closely related vertebrates, live 
much more shorter (De Magalhães and 
Costa 2009). The Greenland shark has 
long intrigued scientists and researchers 
due to its unique characteristics and re-
markable adaptations to its cold environ-
ment (Nielsen et al. 2014, Chernova et al. 
2015). One of the distinguishing features 
of the Greenland shark is its immense size. 
Growing to an average length of 4 to 6 me-
ters (13 to 20 feet) and weighing up to 
6,000 kilograms (13,200 pounds), it is one 
of the largest shark species in existence 
(Leclerc et al. 2012, Augustine et al. 
2017). Its elongated body is covered in 
thick and rough skin that helps maneu-  
ver through icy waters. These sharks have       
a dark gray or blackish coloration, which 
helps to conceal themselves within the 
depths they inhabit. Their eyes are (simi-
larly to other shark species) equipped with 

tapetum lucidum, which reflect light thanks 
to a layer of parallel cells with silver gua-
nine crystals, and ´thus enhances shark vi-
sion in low light conditions, a crucial ad-
aptation for their deep-sea lifestyle. Inter-
estingly, many individuals (up to 85%) 
have eyes infected with the small parasitic 
crustacean Ommatokoita elongata attached 
to the cornea (Beck and Mansfield 1969, 
Yopak et al. 2019). Another intriguing as-
pect of the Greenland shark is the low met-
abolic rate (Ste-Marie et al. 2020), allow-
ing them to adapt to the limited food re-
sources of their environment. The diet of 
the Greenland sharks consists of carcasses 
and various animals, including fish, seals, 
and even the occasional polar bear (Niel-
sen et al. 2014). Their feeding habits are 
facilitated by rows of sharp teeth, capable 
of tearing flesh and crushing bones. For a 
long time, it was quite mysterious how 
these slow-moving sharks could catch the 
seals, until 2010, when a detailed report on 
this issue was published (Lucas and Natan-
son 2010). The authors focused on the un-
expected deaths of seals on Sable Island, 
Canada between 1993 and 2001. Many 
seal carcasses bore traces of sharp teeth 
and wounds corresponding to the Green-
land shark (Watanabe et al. 2012). 
     However, cold water and slow metabo-
lisms are probably only one part of the 
reasons for the longevity of the Greenland 
shark, other animals, even other species of 
sharks, sharing the same environment do 
live usually less than 10-times shorter life. 
Therefore, it is clear that the exceptional 
longevity has some molecular and genetic 
background. Several hallmarks of longevi-
ty, including changes in the DNA repair 
system, which should protect genetic ma-
terial in long-lived organisms before muta-
tions and cancer development, have been 
described (Clarke and Mostoslavsky 2022, 
Bartas et al. 2021). One of the critical parts 
of vertebrate genomes are the ends of the 
chromosomes, and the shortening of the 
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telomers during life is considered a very 
crucial factor leading to cell senescence 
and aging (Kim Sh et al. 2002). Interest-
ingly, special parts of the genome called 
LINE-1 (Long Interspersed Element 1) 
were shown to play an important role in 
telomere maintenance (Aschacher et al. 
2020). LINE is a type of transposable ele-
ment (also known as retrotransposon) with-
out long terminal repeats (LTR) that is 
present in the genomes across the eukary-
otic kingdom, including humans (Thawani 
2023). Non-LTR retrotransposons typical-
ly contain poly(A) or simple repeats at 
their 3’terminus (Kojima 2019). It is a re-
petitive DNA sequence that can move or 
"transpose" within the genome, potentially 
causing genetic mutations or rearrange-
ments. Although LINE elements are often 
considered "junk DNA" with no known 
function, recent research suggests that they 
may play important regulatory role in ge-
nome organization (Lu et al. 2021), trans-
generational inheritance (Mirabello et al. 
2010), and are involved in embryonic and 

placental development (Sharif et al. 2023). 
Although it was believed that LINEs are 
generally active in embryonic or cancer-
ous cells, a recent study found, that the ex-
pression of the LINE-1 element inspected      
in various human and mouse tissues 
(McKerrow et al. 2023) reached up to     
25 TPM (transcripts per million) in various 
noncancerous tissues. 
     As there is no available information 
about the genomic and transcriptomic da-
ta of Greenland sharks except for the se-
quence of their mitochondrial DNA (San-
taquiteria et al. 2017, Edwards et al. 2019), 
we decided to analyze its genome and 
transcriptome. The first step was the ac-
quisition of suitable the Greenland shark 
samples. This was possible thanks to the 
support of the Czech Foundation Neuron 
expedition to Iceland (August 2022). Here, 
we present our first analyses of the Green-
land shark transcriptome, which revealed  
a strong abundance of LINE-like mRNA 
sug-gesting its important involvement in 
its longevity. 

 
 
Material and Methods 
 
Sample acquisition 
 
     The first attempt to catch the Green-
land shark was made in August 2022.   
The Fridrik Jesson motor vessel (MMSI: 
251772110) was rented, along with an 
experienced sailor, and fishing equipment. 
The longline (200 m) with a buoy was set 
30 kilometers east of Heimaey, the largest 
island in the Icelandic Vestmannaeyjar ar-
chipelago (63.4617753 N, 19.5810081 W). 
Rotten chicken and horse meat were used 
as bait, however, without success. The 

shark sample was obtained the following 
year (March 2023) as a bycatch on a fish-
ing trawler and provided in cooperation 
with the Bjarnarhöfn Shark Museum (Ice-
land). Samples were from a three-meter-
long female. Muscle and liver tissue sam-
ples were frozen for several days, stored in 
RNAlater (ThermoFisher Scientific) upon 
retrieval, and then stored at -80° before 
analyses.  
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RNA isolation, sequencing, and assembly 
 
     Approximately 200 mg of shark tissue 
was homogenized in 4 ml of TriReagent 
(MRC, Cincinnati, USA) using soft tissue 
homogenization tubes in MinyLys homoge-
nizer (both Bertin, Berlin, Germany). The 
samples were homogenized in three cycles 
of shaking at 1 min. 5000 rpm and 1 min. 
ice bath.  A modified TriReagent protocol 
was used for RNA isolation (samples were 
centrifuged at 12 000 g for 10 min. at 4°C 
prior to the addition of chloroform, and 
RNA was precipitated using isopropanol 
with a high salt precipitation solution    
(0.8 M sodium citrate and 1.2 M NaCl)). 
In the case of liver tissue, the lipid layer 
that appeared after homogenization and 
during phase separation was discarded. 
The RNA integrity number (RIN) was esti-
mated using Bioanalyzer 2100 (Agilent, 
Santa Clara, CA, USA). RIN was low, so 
the kit for low-quality RNA was used for 
library preparation. Total RNA sequencing 

was carried out by DNA Link company 
(Seoul, Republic of South Korea) using 
TrueSeq total RNA library kit with Ribo-
Zero plus solution (library preparation) 
and sequenced to 50Gb depth using the 
Illumina NovaSeq 6000 platform. 
     The resulting files containing 101bp-
long paired-end reads were post-proc-
essed, i.e. adapters were computationally 
removed and nucleotides with PHRED 
score < 20 were filtered out. Assembly 
was made using the Trinity tool (Grabherr 
et al. 2011). The adapters were removed  
at first, bases with PHRED quality be-  
low 20 and reads shorter than 20nt were 
filtered out using the cutadapt tool. 
Trinity-v2.9.1 ran with the default setting 
for paired-end sequencing. The found 
unique RNA sequences assigned as LINE-
like element were deposited in the NCBI 
database, accession numbers: OR828930.1, 
OR828936.1[1]. 

 
Data analysis and visualization 
 
     The nucleotide and dinucleotide com-
positions were calculated using a ‘DNA 
composition’ tool accessed from Sequence 
Manipulation Suite (Stothard 2000). Open 
reading frames (ORFs) within the LINE-
like transcripts were identified using the 
Expasy Translate Tool (Artimo et al. 2012) 
(Supplementary material 1). The domain 
composition of the identified ORFs was 
determined through the Web server of    
the Conserved Domain Database (Lu et   
al. 2020). A schematic diagram of domain 
composition was made using the DOG tool 
(v. 2.0) (Ren et al. 2009). Protein param-
eters were computed using the Expasy 
ProtParam tool (Gasteiger et al. 2005). 
Subcellular localization was predicted us-

ing CELLO v.2.5. tool for eukaryotic pro-
tein sequences (Yu et al. 2006) (Supple-
mentary material 2). The secondary struc-
ture of identified protein sequences was 
predicted using a GOR4 method (Garnier 
et al. 1996). For modeling the LINE-1/ 
ORF2 structure of the Greenland shark, 
the trRosetta web server (Du et al. 2021) 
was used. PDB files can be found in the 
Supplementary material 3. The superposi-
tion of the Greenland shark LINE-1/ORF2 
and the human was made using FATCAT 
2.0 web server (Li et al. 2020) in flexi-   
ble alignment mode (Supplementary mate-
rial 4). Structures were visualized in the 
UCSF Chimera standalone tool (Pettersen 
et al. 2004). 
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Phylogenetic tree construction 
 
     Protein sequences similar to the Green-
land shark ORF2 (liver) were gathered 
using NCBI blastp search with Default 
parameters (Altschul et al. 1990). Then  
the final dataset was made containing      
50 manually selected non-redundant repre-
sentative protein sequences comprising 
both newly identified the Greenland shark 
ORF2 (Supplementary material 1). The 
phylogenetic analysis was performed on 
the Phylogeny.fr platform (Dereeper et   
al. 2008) and comprised the following 
steps. Protein sequences were aligned with 
MUSCLE (v3.8.31) (Edgar 2004) config-
ured for the highest accuracy (MUSCLE 
with default settings). After alignment, am-
biguous regions (i.e. containing gaps and/ 
or poorly aligned) were removed with 
GblocksTM (v0.91b) (Castresana 2000) us-
ing the these parameters: minimum length 
of a block after gap cleaning was 10; no 
gap positions were allowed in the final 

alignment; all segments with contiguous 
non-conserved positions bigger than 8 
were rejected; minimum number of se-
quences for a flank position was 85%. The 
phylogenetic tree was reconstructed using 
the maximum likelihood method imple-
mented in the PhyML program (v3.1/3.0 
aLRT) (Guindon and  Gascuel 2003). The 
WAG substitution model was selected 
assuming an estimated proportion of in-
variant sites (of 0.028) and 4 gamma-
distributed rate categories to account for    
rate heterogeneity across sites. The gamma 
shape parameter was estimated directly 
from the data (gamma=1.100). Reliabili- 
ty for internal branch was assessed us-   
ing    the aLRT test (SH-Like) (Anisimova 
and  Gascuel 2006). Graphical representa-
tion and edition of the phylogenetic tree 
were performed with TreeDyn (v198.3) 
(Chevenet et al. 2006). 

 
 
Results 
 
Research expedition to Iceland 
 
     The two-week research expedition to 
Iceland was carried out in August 2022. 
Six people in total were employed, two 
from the Institute of Biophysics of the 
Czech Academy of Sciences, three from 
the University of Ostrava and one pho-
tographer (Fig. 1A). The temporary base 
was settled at Vestmannaeyjar and dai-    
ly cruises to Reynisfjara “Shark Bay”  
(Fig. 1B) were taken, using a local ma- 
rine research boat called Fridrik Jesson 
(Fig. 1C). Rotten chicken and horse meat 
were used as bait (Fig. 1D). Using the 
longline fishing technique, we carried out 
an attempt to catch the living individual of 
the Greenland shark for fresh tissue sam-
pling from the dorsal fin, however, unsuc-

cessfully. The baits were partially con-
sumed, but the hooks remained intact. The 
behavioral biology of Greenland sharks    
is still largely unexplored (Grant et al. 
2018), but it may be that during the sum-
mer months they seek deeper places in the 
ocean with colder water. Nevertheless, val-
uable local contacts were gained, which al-
lowed the acquisition of samples in the 
future. This occurred in March 2023, when 
the Greenland shark was caught by a com-
mercial fishing trawler and delivered to the 
Shark Museum in Bjarnarhöfn, where vari-
ous tissues, including muscles and liver, 
were collected and further transported to 
the Czech Republic. 
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Fig. 1. Photodocumentation of Expedition Neuron 2022 - Behind the Secret of the Greenland 
shark's longevity. (A) Research members of the expedition and local crew, from the left side: 
Martin Bartas, Jiří Červeň, Václav Brázda, Hörður Baldvinsson (Managing Director, Knowledge 
Center of Vestmannaeyjar), Michaela Dobrovolná, Adriana Volná, and the local sailor Mr. 
Sigmundur Einarsson. (B) Research boat Fridrik Jesson. (C) The location where the expedition 
took place, Heimaye island is marked by a red arrow, and the approximate location where the baits 
were placed is in an orange oval. (D) Rotten chicken and horse meat baits and chained hooks 
(longline technique, each had a size of 30 cm). 

 
Global characterization of liver and muscle transcriptome assemblies 
 
     In the domestic institutions, the total 
RNA was isolated and sent for the whole 
transcriptome sequencing (see Materials 
and Methods section). Although the integ-
rity of isolated RNA wasn't very high 
(RIN = 3), 34.8 millions of paired-end 
reads were obtained from liver tissue, and 

23.5 millions of paired-end reads in the 
case of muscle tissue. Detailed parameters 
of the resulting transcriptome assemblies 
are depicted in Table 1 below. Complete 
transcriptome assemblies in FASTA for-
mat will be released in a follow-up study. 
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Parameter of transcriptome assembly Liver tissue Muscle tissue 
Maximal transcript length (bp) 14,563 77,128 
Minimal transcript length (bp) 173 179 
Mean transcript length (bp) 335 402 
Median transcript length (bp) 274 279 
Number of adenines (A) 3,525,149 12,499,120 
Number of thymines (T) 3,640,665 12,900,693 
Number of cytosines (C) 4,521,263 11,312,013 
Number of guanines (G) 3,365,236 10,393,089 
Overall number of sequenced bp 15,052,313 47,104,915 
Overall number of sequenced transcripts 44,894 117,084 
Percentual GC content 52.39% 46.08% 

 
Table 1. Detailed parameters of the Greenland shark liver and muscle tissue transcriptome 
assemblies. Values were calculated using a Fasta Statistics tool (Kyran 2021) on the Galaxy 
Europe web server (The Galaxy community 2022[3]). 
 

 
     Although most of the highly expressed 
transcripts have their known homologs, we 
have found highly abundant transcript with-
out any clear homology in the NCBI data-
base of RNAs. Therefore, we continue with 
a detailed characterization of this unique 
RNA transcript with 545 transcripts per 
million (TPM) in liver assembly and 937 
TPM in muscle assembly (quantification 
of particular transcripts can be found in 

Supplementary material 5). This means that 
approximately every 2000th detected tran-
script in liver assembly (and 1000th in mus-
cle assembly) was this unique sequence. 
The following analyses show that this se-
quence contains open reading frames and 
typical nucleotide sequence composition, 
which allows its characterization as the 
LINE-like sequence.  

 

 
Characterization of LINE-like transcript within the liver transcriptome assembly 
 
     The LINE-like transposable element de-
tected in the liver transcriptome of the 
Greenland shark has a length of 5,487 nt 
(the sequence is enclosed in Supplementa-
ry material 1). Because LINE elements are 
generally characterized by a high adenine 
(A) content (An et al. 2011, Dai et al. 
2014), we computed nucleotide and dinu-
cleotide frequencies in this putative LINE-
like transposable element (Table 2). It is 
visible, that A is strongly represented in 
the whole transcript (37.40%) and espe-
cially within 5´-UTR (47.70%). Another 
interesting feature of LINEs is the very 
low content of CpG dinucleotides, only 
2.12% for the whole transcript. The most 

frequent dinucleotide was AA (14.64%) 
(Table 2). 
     Expasy Translate Tool identified two 
non-overlapping open reading frames 
(ORFs) in LINE-like transposable ele-
ment from liver transcriptome (Fig. 2). 
The shorter - ORF1, encodes 585 amino 
acid (aa) long protein. Domain homology 
search in the Conserved Domain Database 
revealed in this protein sequence a signifi-
cantly homologous region to sec-indepen-
dent translocase (aa 198-359; E-value of 
2.51e-05) having also lower homology to 
the UV excision repair protein Rad23 (aa 
200-330; E-value of 8.18e-05).  
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 Whole transcript 5´-UTR ORF1 Spacer ORF2 3´-UTR 
G 18.44 18.97 19.91 9.39 18.10 18.90 
A 37.40 47.70 36.69 33.15 37.39 38.58 
T 19.53 15.52 14.16 43.09 20.37 31.10 
C 24.63 17.82 29.24 14.36 24.14 11.42 

GG 4.14 2.89 4.61 0.56 4.37 1.19 
GA 7.58 11.56 9.11 2.78 6.73 9.49 
GT 3.01 2.31 2.33 4.44 3.10 5.93 
GC 3.69 2.31 3.87 1.67 3.91 1.98 
AG 7.18 9.83 8.25 3.89 6.67 7.51 
AA 14.64 25.43 13.32 6.67 15.00 16.21 
AT 7.01 4.05 4.61 18.89 7.53 9.88 
AC 8.57 8.09 10.47 3.33 8.16 5.14 
TG 4.98 4.62 4.15 4.44 5.12 9.49 
TA 5.68 5.20 3.70 16.11 5.98 8.30 
TT 4.11 3.47 1.82 16.11 4.14 11.46 
TC 4.77 2.31 4.50 6.67 5.15 1.98 
CG 2.12 1.16 2.90 0.56 1.95 0.79 
CA 9.51 5.78 10.53 7.78 9.66 4.35 
CT 5.41 5.78 5.41 3.33 5.61 3.95 
CC 7.59 5.20 10.42 2.78 6.93 2.37 

 
Table 2. Percentual nucleotide and dinucleotide composition of the whole LINE-like transcript 
(and its features) expressed in the Greenland shark. Enriched nucleotides (green) /dinucleotides 
(grey) are in bold. Depletion of CpG and other dinucleotides is in red.  The composition was 
computed using a “DNA composition” tool accessed from Sequence Manipulation Suite (Stothard 
2000). 
 
 
 
 
 
 
Fig. 2. ► Characterization of the LINE-like element identified in the liver transcriptome assembly 
of the Greenland shark. Top: The identified liver LINE-like transcript has a length of 5,847 
nucleotides and encodes two separate nonoverlapping ORFs (in different reading frames/fr.). 
ORF1 (cyan) has a length of 585 amino acid residues and contains 2 domains, one with homology 
to Translocase/Rad23 and a second similar to the SGNH hydrolase domain. ORF2 (yellow) has a 
length of 1,159 amino acid residues and contains an endonuclease (EEP) domain at its N-terminus 
and reverse transcriptase (RT) domain. For both ORF1 and ORF2, the prediction of secondary 
structure was made using a GOR4 method (Garnier et al. 1996), alpha helices are depicted as the 
biggest blue vertical segments, the beta strands as red vertical segments, and random coils as the 
smallest purple segments. Bottom: Structural superimposition of modeled the Greenland shark 
(yellow) and human (blue) ORF2 structures, together with several predicted protein parameters 
(Mw - molecular weight; pI - isoelectric point; II - instability index; AI - aliphatic index; GRAVY 
- grand average of hydropathicity index). 
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     The second identified domain in ORF1 
(aa 364-508) belongs to the SGNH hy-
drolase superfamily and is homologous to 
the sialate O-acetylesterase-like subfamily 
(E-value of 5.57e-10). The longer ORF2 
coding sequence for 1159 aa long protein 
has very significant domain homology to 
Non-LTR (long terminal repeat) retrotrans-
poson and non-LTR retrovirus reverse tran-
scriptase (aa 566-830; E-value of 1.00e-54) 
and homology to the Exonuclease-Endonu-
clease-Phosphatase (EEP) domain super-
family near the N-terminus (aa 4-182;      
E-value of 5.16e-08). Notably, the pres-
ence of non-truncated ORFs and the con-
servancy of all 13 critical amino acid resi-
dues forming the active site of reverse 
transcriptase suggest this element can be 
functional in terms of retroposition capa-
bility. 
     The theoretical ability of ORF1 and 
ORF2 to bind the LINE-like RNA (that    
is one of the characteristic features of 
LINE-1 (Naufer et al. 2019) was checked 
using an RNA-Protein Interaction Predic-
tion (RPISeq) web server (Muppirala et al. 
2011). Both ORF1 and ORF2 were pre-
dicted to interact with the Greenland shark 
LINE-like transcript. Further, RNA inter-
action aa residues were predicted using the 

PPRInt web server (Kumar et al. 2008). 
Detailed outputs of both predictions are 
enclosed in Supplementary material 6. Fi-
nal subcellular localization was predicted 
as nuclear, for both ORFs (Detailed pre-
diction can be found in Supplementary 
material 2). In addition, we found that   
the 3′-untranslated region (3′-UTR) of    
the LINE-like transcript harbors inter-
esting repetitive elements: two copies      
of AAGACTGTTTAAAATTAATATTG, 
five copies of TTGAA, and the 
GAGAGAGAGAGAGAGAGAGAGAG 
tract (polyGA) at the very end of the 
transcript (Supplementary material 7).  
     To further characterize LINE-like ORF2 
from the Greenland shark, the full-length 
3D model was constructed using trRosetta 
(Du et al. 2021) and superimposed with 
human LINE-1 retrotransposable element 
ORF2 protein (LORF2; Uniprot ID: 
O00370) AlphaFold (Jumper et al. 2021) 
modeled structure (Fig. 2). For this pur-
pose, the FATCAT flexible approach was 
applied, and the resulting structures were 
significantly similar with a P-value of 
2.49e-11. In total, 986 structurally equiva-
lent positions with an RMSD of 3.92Å 
were found. Detailed FATCAT output can 
be found in Supplementary material 4. 

 
 
Characterization of LINE-like transcript within the muscle transcriptome assembly 
 
     In the muscle transcriptome assembly, 
the LINE-like transcript identified had a 
length of 5,511 nt (Supplementary mate-
rial 1). The similarity with liver LINE-like 
transcript was checked using pairwise 
global alignment (EMBOSS Needle algo-
rithm). The results showed 85.4% identity 
and 13.5% of gaps (complete alignment   
is enclosed in Supplementary material 4). 
A dot plot of the longest LINE-like tran-
scripts from liver and muscle tissues is 
shown in Fig. 3. From the global align-

ment and dot plot, it is evident that the 
differences are located mainly in the first 
1,500 nt of both transcripts (2 longer gaps), 
nonetheless, several smaller changes (nu-
cleotide substitutions) are present across 
the whole alignment. This suggests that 
the liver LINE-like and muscle LINE-like 
transcripts are transcribed from different/ 
separate genes. On the contrary, there was 
no observed homology between shark and 
human LINE elements on the RNA se-
quence level (Fig. 3B). 
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Fig. 3. Dot plot of the longest identified LINE-like transcripts in liver and muscle tissues of the 
Greenland shark (A), and liver LINE-like transcript from the Greenland shark and human LINE-1 
(GenBank: U93569.1); (B). The dot plots were constructed using EMBOSS Dotmatcher (accessed 
from [2]) with the following parameters: window size = 100; threshold = 50. 
 
 
     Similarly as in the liver LINE-like 
transcript, several direct nucleotide repeats 
were found in untranslated regions (Supple-
mentary material 7), and ORF1 and ORF2 
were identified (Supplementary material 1). 
The ORF1 is 383 aa long and shows ho-
mology to large tegument protein UL36 
(aa 11-162; E-value of 7.28e-07), and to 
the SGNH hydrolase superfamily (aa 163-
306, E-value of 5.02e-09), as can be seen 
in Fig. 4 (pairwise ORF1 protein align-
ment can be found in the Supplementary 
material 4). ORF2 was very similar to that 
identified in liver LINE-like, with the 
same domain composition, only 5 amino 
acid substitutions were found in the whole 
1159 long protein (therefore not shown in 
the Figure, pairwise ORF2 protein align-
ment can be found in the Supplementary 
material 4). Again, the theoretical ability 
of these ORFs to bind muscle LINE-like 
RNA was checked. Both ORF1 and ORF2 
were predicted to interact with the Green-
land shark muscle LINE-like transcript, 
and RNA interaction residues were pre-

dicted (Supplementary material 6). The fi-
nal subcellular localization was predicted 
to be nuclear, for both ORFs (Supplemen-
tary material 2). 
     Except for that, the longest LINE-like 
muscle transcript contains an additional 
overlapping ORF, here called “ORF0” 
(Fig. 4). This ORF0 partially spans ORF1, 
but would be translated into a different 
reading frame (-1 shift with respect to 
ORF1). This transcript contains several 
possibilities of ORFs with different trans-
lation starts, which strengthens our sugges-
tion, that this transcript belongs to the 
transposable element family, as this phe-
nomenon is especially common in verte-
brate transposons (Wright et al. 2022). The 
resulting putative protein would be 250 aa 
long with a predicted pI of 8.66. Con-
served Domain Database domain homolo-
gy search revealed significant homology to 
the Chromosome segregation ATPase do-
main (E-value = 2.83e-05; aa 3-83) and to 
the superantigen-like protein SSL3 domain 
(E-value = 2.35e-03; aa 71-153). 
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Fig. 4. Characterization of the longest LINE-like element identified in muscle transcriptome 
assembly of the Greenland shark. The longest identified liver LINE-like transcript has length of 
5,511 nucleotides and encodes two separate non-overlapping ORFs (in different reading frames). 
ORF0 (purple) has a length of 383 aa residues and contains 2 domains, one with homology to 
Chromosome segregation ATPase domain (Smc), and a second similar to the superantigen-like 
protein SSL3 domain. ORF1 (yellow) has a length of 383 aa residues and contains a domain 
similar to the large tegument protein UL36 domain on its N-terminus and a region similar to the 
SGNH hydrolase domain. For both ORF0 and ORF1, the prediction of secondary structure was 
made using a GOR4 method (Garnier et al. 1996), alpha helices are depicted as the biggest blue 
vertical segments, beta strands as red vertical segments, and random coils as the smallest purple 
segments. As muscle LINE-like ORF2 domain composition is the same as liver LINE-like ORF2, 
it is not shown in this figure again. 
 
 
Possible phylogenetic relationships 
 
     As transposable elements can generally 
undergo horizontal gene transfer (HGT), 
i.e. “jump” not only within the genome of 
an individual but also between genomes of 
different species (Zhang et al. 2020), it is 
difficult to reconstruct some meaningful 
evolutionary history. Here, we limit our 
effort to the construction of a simple pro-
tein tree of the most conserved LINE-like 
protein ORF2. At first sight, most LINE-
like ORF2s are unannotated and desig-
nated as hypothetical or uncharacterized 
proteins in the NCBI database (Fig. 5). 
The closest protein homolog of a length of 
1155 aa residues was found in the tropical 

freshwater fish Prochilodus magdalenae, 
an endemic species that inhabits Río Mag-
dalena (Columbia). There was a protein 
sequence identity of 54% and a similarity 
of 71% with both ORF2 of the Greenland 
sharks, with only 2.7% gaps. Interestingly, 
significant hits were found also in inverte-
brates, like in soft coral Paramuricea 
clavata (e.g. CAB4009131.1 has a length 
of 1172 aa, identity of 40%, similarity of 
59% and 4.6% gaps), or blue mussel 
Mytilus edulis (CAG2192112.1 with the 
length of 1406 aa, identity of 23%, simi-
larity of 38% and 28.7% gaps). 
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Fig. 5. Protein tree of the Greenland shark LINE-like ORF2 homologs. Greenland shark ORFs are 
highlighted in red (liver variant) and orange (muscle variant). The closest vertebrate homolog 
(Prochilodus magdalenae) is highlighted in purple. The representative human ORF2 protein is 
shown in blue. Detailed tree construction parameters are described in the Materials and Methods 
section. 
 
 
Discussion 
 
     The Greenland shark is a fascinating 
animal capable of living longer than any 
other vertebrate organism and excellently 
adapted to the cold waters of the Arctic 
and subarctic regions. Surprisingly, infor-
mation about its DNA and RNA is limited. 
In our study, we sequenced the Greenland 
shark transcriptome from muscle and liver 
samples. Analysis of these data yielded in-
teresting and unexpected results showing 
the abundance of LINE-like elements in 
the actively transcribed RNA of these tis-
sues. 

     The evolution of LINEs is quite com-
plicated, which results in a remarkable di-
versity of their sequences and types of do-
main arrangement (Ivancevic et al. 2016). 
Active LINE-1 has been described to have 
been lost during evolution in some species, 
e.g. rhinoceros, where LINE-1 was lost ap-
proximately 20 million years ago (Sookdeo 
et al. 2018). On the other hand, LINE ele-
ments were described as very active in on-
togenesis (Protasova et al. 2021), and their 
high transcription is associated with some 
types of cancers in humans (Xiao-Jie et al. 
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2016). However, basic transcription has 
also been shown for some regular human 
tissues (McKerrow et al. 2023). Therefore, 
the significantly higher expression of the 
full-length LINE-like transcript in long-
lived Greenland sharks is an unexpected 
result. However, increased LINE-1 expres-
sion is also associated with maintenance of 
the telomere (Mueller et al. 2018). Since 
telomere shortening is widely recognized 
as one of the hallmarks of aging (Aunan et 
al. 2016), the active transcription of this 
LINE-like RNA suggests its potential to 
preserve genome stability and to improve 
telomere maintenance. Alternative telo-
mere lengthening in cancer cells can be 
suppressed with reverse transcriptase in-
hibitors (Bondarev and Khavinson 2016). 
Morover, it was shown that LINE-1 ribo-
nucleoprotein particles (comprising the 
reverse transcriptase domain) can protect 
telomeric ends in human malignant cell 
lines in the absence of telomerase activity 
(Aschacher et al. 2020). Even if the nu-
cleotide sequence homology between the 
human and the Greenland shark LINE is 
undetectable, and the similarities in the 
protein sequence between the Greenland 
shark and human ORF2 (which encodes 
LINE reverse transcriptase (Kopera et al. 
2011)) is slightly above 30%, both ORF2 
proteins are structurally very similar (see 

Fig. 2). In 2010, Georges St. Laurent and 
colleagues proposed a LINEage theory 
(Laurent et al. 2010), where the LINE ele-
ments represent an important component 
of organismal aging, although in a nega-
tive sense. LINEs, according to this theory, 
act as a double-edged sword, allowing evo-
lutionary advantage at the cost of higher 
genomic instability leading to mutations 
and rearrangements, and therefore acceler-
ated aging (Laurent et al. 2010, Kemp and 
Longworth 2015). In Greenland sharks, we 
know nothing about the overall number of 
copies of the LINE gene, as the genome 
(DNA) is still not available. It may be that 
the observed RNAs of LINE-like expres-
sion come from a single or a few copies of 
the LINE gene that lost the ability of retro-
position and, instead, the main function of 
encoded proteins diversifies to improved 
telomere maintenance and/or another lon-
gevity-promoting molecular mechanism. 
     Even if we found the strong abundance 
of the LINE-like active element as a unique 
feature of both liver and muscle tissues of 
the Greenland shark, further research is 
necessary to validate their functions and in-
vestigate the specific mechanisms through 
which the LINE-like expression may con-
tribute to extreme longevity in Greenland 
sharks. 
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