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Review 

Captain Tardigrade and Its Shield to Protect DNA 
Silvia Cantara, Tommaso Regoli and Claudia Ricci * 

Department of Medical, Surgical and Neurological Sciences, University of Siena, Siena, Italy 
* Correspondence: claudia.ricci@unisi.it 

Abstract: Tardigrades, also known as "water bears," are microscopic invertebrates capable of 
surviving extreme conditions, including extreme temperatures, intense radiation, and the vacuum of 
space. Recent studies have unveiled a novel nucleosome-binding protein in the tardigrade 
Ramazzottius varieornatus, known as the damage suppressor protein (Dsup). This protein has proven 
essential for enabling tardigrades to thrive in the most challenging environmental conditions, 
highlighting its pivotal role in their remarkable survival capabilities. Dsup is a highly disordered 
protein with DNA-binding abilities which reduces DNA damage and enhances cell survival and 
viability caused by several stresses such as oxidative stress, UV exposure, X-ray and ionizing 
radiation. In this review, we summarized articles describing the protective role of Dsup upon 
different stressors across diverse organisms, including bacteria, yeast, plants, and animals (cell lines 
and organisms). The multifaceted properties of Dsup open avenues for biotechnological applications, 
such as developing stress-resistant crops and innovative biomaterials for DNA manipulation. 
Furthermore, investigations into its potential in space exploration, particularly in protecting 
organisms from space radiation, underscore its relevance in extreme environments. 
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1. The Biology of Tardigrades 

Tardigrades, commonly known as water bears or moss piglets, are microscopic metazoans 
belonging to the phylum Tardigrada discovered in 1773 by the German pastor and zoologist J.A.E. 
Goeze [1]. The name Tardigrada, meaning "slow walker," was coined by the Italian scientist 
Spallanzani in 1776, referring to their slow movements [1]. These organisms have fascinated scientists 
for over 200 years due to their extraordinary resistance to dehydration and other physical and 
chemical factors. Tardigrades have a bilaterally symmetrical body, composed of five segments: a 
cephalic segment and four trunk segments, each with a pair of unsegmented legs ending (in most 
cases) in claws. Around 1,300 species of tardigrades are found worldwide, and they are considered 
aquatic because they require a layer of water around their bodies to prevent dehydration. However, 
the species is also known for its ability to enter an anhydrobiotic state, which allows it to resist 
complete dehydration and extreme temperatures. This ability to enter an anhydrobiotic state, known 
as cryptobiosis, is a key survival mechanism for tardigrades. During this state, they can replace most 
of their body water with a sugar called trehalose, preventing cellular damage and allowing them to 
survive in harsh conditions for years [2]. Researchers have found tardigrades in diverse habitats 
ranging from the deep sea to mountain tops and even Antarctic ice. They are found in mosses, lichens, 
leaf litter, soil, and even deep layers of ocean sediments. Their adaptability has led researchers to 
investigate their potential role in understanding the limits of life on Earth. Ramazzottius varieornatus 
is a species of tardigrade known for its high radiation tolerance and ability to survive in extreme 
environments even surviving in conditions like those on Mars [2]. In 2016, the sequencing of the 
Ramazzottius varieornatus tardigrade genome [3] led to a groundbreaking discovery: the identification 
of a novel DNA-associated protein known as Damage suppressor protein (Dsup). Scientists 
hypothesize that Dsup could be the key factor behind the extraordinary resilience of tardigrades. 
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2. Dsup Protein 

Dsup is a 445 aminoacid protein composed of a central helical region flanked by flexible, 
disordered tails rich in positively charged amino acids (Figure 1) [4]. Whitin its structure, in the C-
terminal region, a Nuclear Localisation Signal (383-404 AA) and a conserved region which shares 
sequence similarity with the nucleosome-binding domain of vertebrate High Mobility Group N 
(HMGN) proteins (363-370 AA), have been found [4,5]. A comparative analysis of R. varieornatus 
genome with another tardigrade species, Hypsibius exemplaris, found a 328-residue protein with 24.5% 
homology to Dsup, termed Dsup-like protein. Alignment between the two proteins allowed authors 
to identify also in the Dsup-like protein a putative Nuclear Localization Signal and a sequence 
segment similar to the conserved core sequence critical for nucleosome-binding of HMGN proteins. 
Moreover, the alignment revealed two short sequence motifs strictly conserved between these two 
proteins localized, in Dsup, from 90-100 and 262-275 amino acids and flanking the central helical 
region [4] (Figure 1). 

 
Figure 1. Schematic representation of Dsup protein. (a) Software predicted structure of Dsup protein, a central 
helical region is flanked by 2 disordered tails. (b) Main regions currently identified along the Dsup protein, the 
amino acidic position of each region is reported at the top of the figure, while its sequence is shown in the lower 
part. 

3. Dsup’s Mechanism(s) of Binding to DNA 

The mechanism by which Dsup binds to DNA has been investigated using computational, 
biochemical, and biophysical methods. Dsup, is an intrinsically disordered protein (IDP) [4,5] and 
thus it lacks a stable and well-defined three-dimensional structure under physiological conditions. 
This absence of structure allows IDP to adopt a variety of conformations and confers the ability to 
interact with multiple partners. Specifically, Dsup directly binds to chromatin, preferentially to 
nucleosomes rather than free DNA [5]. Mínguez Toral et al. [4] demonstrated that the C-terminal 
domain contains both a nuclear localization signal (NLS) and a nucleosome-binding domain, 
facilitating Dsup’s positioning within the nucleus and its interaction with chromatin. Mutation or 
deletion of the C-terminal region almost completely abolished nucleosome binding [4]. When 
researchers analyzed Dsup sequence, they found that Dsup holds a region similar to High Mobility 
Group N (HMGN) proteins, known for their binding to nucleosomes. This sequence similarity 
suggests a conserved binding mechanism between Dsup and HMGN proteins [4]. Electrostatic 
interactions, also play a crucial role enabling Dsup binding to DNA through charge-driven 
mechanisms [4]. Dsup is rich in positively charged residues, while DNA carries a high density of 
negative charges due to its phosphate groups. In Dsup C-terminal region several clusters of positively 
charged residues can be found, one of them (260-283 AA) also includes the second conserved 
sequence motif [4]. Charge complementarity between Dsup and DNA molecules creates a strong 
electrostatic attraction, facilitating the formation of molecular complexes between the two 
biomolecules. Additionally, the presence of numerous opposite charges generates intense electric 
fields (~10⁹ V/m), which can influence interactions even at significant intermolecular distances. 
Proximity to DNA modulates the disordered motion of Dsup’s flexible regions, particularly in the C-
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terminal domain, which conforms structurally to DNA to optimize binding. Minguez Toral et al. also 
speculates that the two conserved sequence motifs could have a role for structural conformation of 
Dsup central helical region, acting as switches upon binding to DNA. Interaction between Dsup and 
DNA results in electrostatic shielding, where Dsup coats and protects DNA from external factors, 
acting independently of DNA’s specific conformation [4]. Since electrostatic attraction is non-specific, 
the binding between Dsup and DNA occurs regardless of nucleotide or amino acid sequences, 
granting the protein remarkable versatility. More recently, Zarubin and colleagues [6] indicate that 
the Dsup protein contains disordered regions where potential phosphorylation sites are located. 
According to Zarubin [6], the in silico analysis of the Dsup estimated potential phosphorylation sites 
for serine, threonine, and tyrosine residues. These sites are predominantly located in the N-terminal 
and C-terminal regions of the protein, while they are almost absent in the central region. 
Phosphorylation is crucial for the structural organization of IDPs and regulates protein functions, 
including protein-DNA binding. Dsup exists as a dynamic ensemble of conformations, adapting its 
structure based on environmental conditions [6]. In solution, it predominantly adopts a random coil 
structure, as indicated by a Flory exponent (ν) close to 0.5 under native conditions. However, its 
conformational state can shift between compact and expanded forms depending on the solvent. In 
PBS, Dsup assumes a more compact conformation with a lower radius of gyration (Rg ~ 53 Å), while 
in H₂O or in the presence of urea, it expands significantly, with Rg increasing to 63 Å and 80 Å, 
respectively. This flexibility is further supported by EOM (Ensemble Optimization Method) analysis, 
which reveals a bimodal distribution of Rg values, indicating the coexistence of both compact (~50 Å) 
and extended (~100 Å) conformations. Small Angle X-ray Scattering (SAXS) measurements confirm 
this high flexibility, with an Rflex value of 89.2% in PBS and 88.3% in H₂O, demonstrating Dsup’s 
ability to transition between different structural states. These characteristics are summarized in Table 
1. Additionally, despite its disordered nature, Dsup can form transient secondary structures such as 
α-helices and β-sheets in specific conditions, such as in the presence of trifluoroethanol (TFE). During 
DNA interaction, Dsup forms a "fuzzy" complex, maintaining a high level of disorder without 
adopting a stable, ordered structure. 

In summary, Dsup’s ability to protect DNA hinges on its flexible, intrinsically disordered 
structure, its electrostatic interactions, its ability to form dynamic, fuzzy complexes with DNA, and 
its ability to bind to chromatin. 

Table 1. Changing in Dsup parameters in different solvents according to SAXS experiments. 

Parameters PBS 
 H2O H2O+urea  

 
Radius of gyration (Rg) (Å)* 53 63 80 

Flory exponent (ν)** 0.5  0.58 
Maximum dimension (Dm) More compact state  Expanded conformation 

Shape and 3D model 200 × 80 Å 270 × 80 Å  
Flexibility (Rflex value) (%) 89.2 88.3  

* Radius of gyration (Rg) represents a measure of the overall size and compactness of a molecule. **Flory 
exponent (ν) describes how a IDP scales with its size in a specific solvent reflecting the relationship between the 
Rg and the number of amino acids in the chain. 

4. DSUP and DNA Protection 

Given its ability to bind chromatin, Dsup has been shown to protect DNA from a range of insults, 
including oxidative stress, UV radiation, ionizing radiation and chemical agents, thereby protecting 
cells from damage and death. Various cell models and transgenic organisms have been employed to 
investigate the protective effects of Dsup and to clarify the mechanisms underlying its action. 
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4.1. Oxidative Stress 

Oxidative DNA damage, which is caused by exposure to reactive oxygen species (ROS), is a 
constant challenge to the genome. ROS are generated from a variety of endogenous and exogenous 
sources. Endogenous ROS are produced primarily by leakage from the mitochondrial electron 
transport chain [7]. Cytosolic enzyme systems such as NADPH oxidases and peroxisomal by-
products are other sources. Oxidative damage caused by intracellular ROS leads to DNA base 
modifications, single- and double-strand breaks, and the formation of apurinic and apyrimidic 
lesions, many of which are toxic and/or mutagenic [8]. 

The most prominent ROS species are the superoxide radical (O2-), hydrogen peroxide (H2O2) 
and the hydroxyl radical (-OH) [9]. Among these ROS species, the -OH radical is the most reactive. It 
is formed as a by-product of the Fenton reaction of H2O2 with Fe2+ and is capable of damaging DNA, 
proteins and lipids [10,11]. The -OH radical can induce the opening of the imidazole ring in guanine 
and adenine, resulting in a fragmented purine structure called formamidopyrimidine [12,13]. 
Moreover, the -OH can led to the formation of 8-oxo-7,8-dihydroguanine (8-oxoG) from guanine 
residues. Since guanine has the lowest ionization potential of the DNA bases [14], it is the most easily 
oxidized base. The presence of 8-oxo-dG is considered a biomarker of oxidative stress. During 
replication of DNA containing 8-oxo-dG, adenine is most often incorporated opposite the lesion. 
After replication, the 8-oxo-dG is removed during the repair process and a thymine is incorporated 
in its place. Thus, 8-oxo-dG mutations typically result in a G to T transversion [15–18]. As well as 
attacking DNA bases, ROS radicals can also damage the DNA backbone, causing single strand breaks 
in the cell [19]. Cells counteract ROS damage in a variety of ways. While the base excision repair 
(BER) pathway corrects oxidized bases, breaks in the DNA backbone are repaired by the single strand 
break repair (SSBR) or double strand break repair (DSBR) pathways [20]. 

4.1.1. DSUP Role in Response to Oxidative Stress 

The first study on the properties of the Dsup protein was carried out by Hashimoto and 
colleagues [3]. They investigated the role of this protein in DNA protection and resistance to various 
insults in human cultured cells. The authors established a HEK293 cell line stably expressing Dsup 
and confirmed co-localization of Dsup protein with nuclear DNA by immunocytochemistry. Among 
the stresses examined, they exposed the cells to hydrogen peroxide (H2O2) and then evaluated the 
effect of Dsup protein on ROS-generated DNA SSBs using the comet assay. Exposure to hydrogen 
peroxide induced severe DNA fragmentation (71% of total DNA in the tail) in control HEK293 cells, 
whereas DNA fragmentation in Dsup-expressing cells was significantly suppressed to only 18% of 
total DNA. Pretreatment with N-acetyl-L-cysteine (NAC) suppressed peroxide-induced SSBs. 
Combining NAC and Dsup resulted in greater suppression, though less than each agent’s individual 
effect, suggesting that NAC and Dsup share a suppression mechanism. 

The mechanism of DNA protection mediated by Dsup was investigated by Chavez and 
colleagues [5]. The authors examined how the purified Dsup protein may affect hydroxyl radical-
mediated DNA cleavage in a purified and defined biochemical system. Hydroxyl radical-mediated 
DNA cleavage reactions were carried out in the absence or presence of Dsup. The 3.3 kb plasmid 
DNA was mostly degraded to DNA fragments ranging from 100 to 1000 nt in the absence of Dsup. 
Since the extent of cleavage of free plasmid DNA was nearly the same as the amount of chromatin 
cleavage, nucleosomes provided only a small amount of protection to DNA from hydroxyl radicals. 
Upon addition of Dsup, free DNA as well as chromatin were substantially protected from hydroxyl 
radicals. Dsup-mediated protection was stronger with chromatin than with free DNA, probably 
because of its ability to bind to nucleosomes and form a resistant structure. In the presence of four 
Dsup molecules per nucleosome, most of the full-length linear DNA was unaffected after cleavage 
by hydroxyl radicals, demonstrating that Dsup can protect chromatin from oxidative stress. Since 
hydroxyl radicals react primarily with hydrogen atoms exposed in the minor groove of DNA [21], it 
is likely that Dsup blocks access to this region of DNA. The authors also observed that Dsup and 
histone H1 can simultaneously bind to nucleosomes and that this binding does not significantly alter 
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or disrupt chromatin structure, consistent with the observation that Dsup is not deleterious to histone 
H1-containing human cells [3]. The authors also showed that the HMGN-like sequence in Dsup is 
functionally important for its ability to bind to nucleosomes and to protect the chromatin from 
hydroxyl radicals. Notably, HMGN proteins are only found in vertebrates [22], so the origin of the 
HMGN-like sequences in the tardigrade Dsup proteins is not clear. 

The cellular pathways involved in Dsup-mediated protection against external insults in cells 
expressing the Dsup protein were further investigated in subsequent studies. A first study looked at 
the modulation of transcription factors and the expression of gene pathways associated with damage 
response and repair in untransfected and Dsup-expressing HEK293 cells [23]. When exposed to H2O2, 
untransfected cells responded to damage-activating pCREB and AP-1 family transcription factors. It 
is known that, when upregulated, AP-1 accumulates in the nucleus to activate gene expression [24]. 
ATM mediated CREB activation depends on the extent of DNA damage [25] and is triggered by ROS 
[26]. In addition, CREB signaling protects neuronal cells from oxidative DNA damage by increasing 
the expression of genes responsible for DNA repair [25]. The up-regulation of these factors was not 
observed in the Dsup-expressing cells. CREB was downregulated, suggesting that all these 
mechanisms are unlikely to be activated. In Dsup-expressing cells the authors also observed an 
upregulation of c-Myc, which is normally negatively regulated by CREB [27]. The induction of c-Myc 
may promote the G1/S phase transition and the cell cycle progression. At the gene expression level, 
in Dsup-expressing cells, among the apoptotic genes, only Bcl2 expression increased after treatment 
with H2O2. Conversely, a constant increase in the expression of PARP1, hTERT and SOD1 was 
observed over time. Notably, PARP1 recognizes DNA breaks and is involved in the early recruitment 
of factors that facilitate DSB repair [28], including BRCA1 [29], whose expression was upregulated in 
Dsup-expressing cells. hTERT, the catalytic subunit of the telomerase holoenzyme, in addition to its 
role in telomere maintenance, has antioxidant activity and can reduce basal cellular ROS levels but 
also inhibit endogenous ROS production [30]. SOD1 is a well-characterized, ubiquitously expressed 
and highly conserved enzyme that is considered a key regulator of the antioxidant response. On the 
other hand, the expression of ATM and ATR kinases, two key factors in the oxidative stress-induced 
DNA damage response, did not show significant changes in Dsup-expressing cells. Taken together, 
these data suggest that H2O2 treatment of Dsup-expressing cells has only a minor impact on DNA 
repair pathways and that the extent of DNA damage may be limited. Thus, in agreement with what 
was reported by Chavez [5], it can be hypothesized that while DNA is "physically" protected from 
damage by Dsup, detoxification mechanisms aimed at ROS removal and limiting oxidative stress are 
activated, allowing cells to survive and grow. 

Zarubin and colleagues used Dsup-expressing lines of Drosophila melanogaster to study the 
contribution to ROS damage prevention and other biological processes at the transcriptome and 
organism level [31]. The tardigrade Dsup protein could protect D. melanogaster from ROS-related 
stress, with an increase in the survival rate, median lifespan, maximum lifespan, and age of 90% 
mortality after hydrogen peroxide treatment. The efficiency of Dsup-mediated protection seemed to 
depend on the level of Dsup expression. This level had to exceed a certain point at which the amount 
of Dsup protein produced is sufficient to provide effective physical protection of DNA. The author 
also evaluated the impact of Dsup protein on other important physiological parameters, such as 
locomotor activity. It was reduced in the Dsup-expressing D. melanogaster lines, indicating a certain 
degree of stress at the level of the organism. Furthermore, the median lifespan was increased in Dsup-
expressing females, which may be due to the influence of Dsup protein on the expression of some 
sex-limited genes. At the transcriptome level, most differentially expressed genes were down-
regulated in Dsup-expressing D. melanogaster lines compared to control. The down-regulated genes 
could be grouped into five groups: pathways related to DNA transcription, neural system function, 
nucleosome-chromatin-chromosome assembly/disassembly processes, cellular metabolic processes, 
Drosophila development and morphogenesis. Competition for binding to DNA between the Dsup 
protein and host proteins involved in chromatin organization/remodeling may explain these 
observations. Similarly, genes related to DNA transcription and regulation, including transcription 
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factors, were downregulated, consistent with what was observed in HEK293 cells [23]. In addition, 
the authors showed that Dsup can bind RNA, suggesting that Dsup may not only act as a DNA 
protector, but also as an RNA-binding protein and a non-specific transcriptional repressor, which 
could disturb several biological processes in D. melanogaster. 

Further insights into the mechanisms mediated by Dsup against oxidative damage in vivo have 
come from experiments in budding yeast [32]. The authors observed a ~25-fold increase in survival 
in Dsup-expressing yeast compared to yeast lacking Dsup in the presence of serial dilutions of H2O2 
and measured a significant reduction in 8-OHdG in the presence of Dsup, confirming a protective 
activity against ROS damage. In addition, Dsup significantly increased the replicative lifespan of cells 
lacking superoxide dismutase, suggesting enhanced survival and longevity against chronic oxidative 
damage. On the other hand, Dsup expression had no effect on the redox state of the yeast nucleus, 
suggesting that it uses mechanisms other than ROS scavenging to protect the genome from oxidative 
damage. Dsup used two C-terminal regions to protect DNA for oxidative stress: HMGN-like domain 
was responsible for the interaction with nucleosomes, while the distal C-terminal sequences 
interacted with DNA. Like human HMGN2, Dsup bound nucleosomes at the H2A/H2B acidic patch, 
with this interaction lost upon mutation of all three arginine in its HMGN-like domain (3R/3E; 
R363E/R364E/R367E). Furthermore, the Dsup HMGN-like domain interacted with histone tails. 
Mutations within the H2A/H2B acidic patch or deletion of the histone tails were each sufficient to 
abolish the interaction of Dsup with nucleosomes, suggesting that its HMGN-like domain may bind 
these regions in a co-operative manner. 

To better understand the effect of Dsup expression at the organism level, Ni and colleagues [33] 
combined molecular dynamics (MD) simulations and fluorescence lifetime imaging microscopy 
(FLIM)-Foerster resonance energy transfer (FRET) to investigate Dsup-DNA interactions and showed 
that Dsup binds to DNA in living mammalian cells. They also confirmed that Dsup expression 
increased cell survival in the presence of H2O2 in both HEK293T cells and yeast, and that Dsup 
enables both mammalian and yeast cells to better tolerate oxidative stress. The authors performed 
MD simulations of the binding between DNA and the C-terminal disordered region of Dsup, to 
obtain a mechanistic understanding of the protective effects of Dsup. The simulations showed that 
Dsup chains wrap around DNA. Arg and Lys interact with the phosphates and bases of the DNA 
backbone via salt bridges and hydrogen bonds, respectively. As a result of these interactions, Dsup 
may act as a physical barrier to prevent ROS-induced double-strand breaks and damage to the DNA 
base pairs. In addition, simulations at 500 K showed that Dsup slows down the melting of DNA, 
suggesting that Dsup may prevent DNA from undergoing structural changes that make it susceptible 
to damage. Notably, the resulting reduction in disrupted base pairs appeared to be qualitatively 
similar to the reduction in cell death. An assay based on FRET, a well-known spectroscopic tool for 
monitoring molecular interactions in living cells, was developed to directly probe Dsup-DNA 
interactions in living mammalian cells. In combination with FLIM, FRET is a reliable method for 
studying biomolecular interactions. In this case, FLIM-FRET studies have been successfully used to 
study interactions between DNA and DNA-binding proteins in live cells. This approach provided 
clear evidence of Dsup-DNA interactions in the nuclei of living mammalian cells, confirming what 
had previously been observed in the in vitro studies. 

The results of all these studies are summarized in Table 2. Taken together, they show that Dsup 
expression can protect different cells/organisms from ROS-induced damage, suggesting that the 
function of Dsup may be universal across different species, modulating common mechanisms of 
defense and response to oxidative stress. 
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Table 2. Studies exploring Dsup protection against H2O2. 

Model Experimental conditions Methods Results Ref. 

qHEK293 cells 
100 H2O2 at 4°C for 30 min. 

 
Comet Assay 

DNA fragmentation in Dsup-
expressing cells was significantly 
suppressed compared to control 

3 

Purified Dsup 
0.3% (v/v) H2O2 

 

Gel mobility shift analyses with 
mononucleosomes; 

ACF-mediated assembly of 
periodic nucleosome arrays; 
Hydroxyl radical-mediated 

cleavage of nucleosomal DNA 

Dsup protected free DNA and 
chromatin from hydroxyl radicals; 

Dsup bound specifically to 
nucleosomes through a conserved 
region at C-terminal with sequence 

similarity to vertebrate HMGN 
proteins. 

5 

HEK293 cells 
250, 500 and 1000 μM H2O2 

for 4 h or O/N 

MTT metabolic assay (viability); 
ELISA (transcription factors); 
RT-qPCR (gene expression) 

Increase survival; 
Modulation of transcription factors; 

Minor impact on DNA repair 
pathways; 

Increase of antioxidant mechanisms 

23 

Drosophila 
melanogaster 

 9% (v/v) H2O2 added to 
medium 

Measurement of survival and  
physiological parameters; 

Comet assay; 
Microarray (gene expression); 

gel mobility shift analysis, 
 

Dsup increased the survival rate, but 
reduced the level of their locomotor 

activity; 
Downregulation of several genes 

involved in chromatin organisation 
and remodeling, and DNA 

transcription and regulation; 
Dsup could bind RNA. 

31 

 Yeast 
4, 6, or 8 mM H2O2, 90 min at 

30°C for acute exposure, 3 
days for chronic exposure 

Colony counting 
Cytometry (Redox assay) 
ELISA (8-OHdG assay) 

Cleavage Under Targets & 
Release Using Nuclease 

(CUT&RUN) assay 
dCypher binding assays 

 

Increase in survival in Dsup-
expressing yeast compared to 

controls; 
Reduction in 8-OHdG in the 

presence of Dsup; 
No effect on the redox state of the 

yeast nucleus; 
HMGN-like domain was responsible 
for the interaction with nucleosomes, 

while the distal C-terminal 
sequences bound to DNA 

32 

HEK293 cells and 
yeast 

0.125, 0.25, 0.5, 1, 2, 4 mM 
H2O2 

Viability assays: CCK-8 
colorimetric assay (HEK293) 
and stainingwith Propidium 

Iodide (Yeast) 
MD simulations 

FLIM-FRET imaging 

Molecular dynamics (MD) 
simulations and fluorescence 
lifetime imaging microscopy 

(FLIM)-Förster resonance 
energy transfer (FRET) in living 

cells 
 

Dsup chains wrap around DNA and 
slows down the melting of DNA, 

acting as a physical barrier; 
Evidence of Dsup-DNA interactions 

in the nuclei of living mammalian 
cells 

33 

4.2. UV Radiation 

UV radiation is divided into three classes based on wavelength: UV-C (190-290nm), UV-B (290-
320nm) and UV-A (320-400nm). The maximum absorption of UV radiation by DNA is at 260 nm, 
beyond which the photo-absorption decreases dramatically. Sunlight consists of 5.1% UV-A, 0.3% 
UV-B, 62.7% visible light and 31.9% infrared. The dangerous UV-C is largely filtered out by the ozone 
layer [34]. However, UV-C is widely used in laboratory studies since it has the highest absorption by 
DNA and generates more photoproducts than UV-A and UV-B radiation. UV-C produces two classes 
of DNA lesions: cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4 PPs), the relative 
frequency of which depends on the wavelength and dose of light. [34–36]. In CPDs, a cyclobutane 
ring covalently links two adjacent pyrimidines, whereas in 6-4 PPs, the C6 position of one pyrimidine 
is covalently linked to the C4 position of an adjacent pyrimidine. Both lesions distort the structure of 
DNA, interfering with transcription and replication. Relatively flexible regions of the DNA double 
helix are most susceptible to damage. In mammalian cells, UV-B causes the formation of pyrimidine 
dimers, but less efficiently than UV-C [13,37,38], while UV-A radiation causes DNA strand breaks 
[13,39]. CPD and 6-4 PP are both repaired by a process called nucleotide excision repair (NER). In 
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eukaryotes, this complex process requires the products of about 30 genes, which act in four steps: 
recognition of the damage, excision of the section of DNA containing and surrounding the lesion, 
filling of the resulting gap by DNA polymerase, and ligation of the newly synthesized and older 
DNA [40]. 

4.2.1. DSUP Role in Response to UV Exposure 

The first study of the Dsup potential in response to UV exposure was carried out in plants [41]. 
Although UV light from the sun, detected by flavonoid pigments, may be an important 
developmental signal for plants, UV radiation is a continuous stressor that can alter DNA, affect DNA 
replication and transcription, and may interfere with plant development and growth [42,43]. The 
potential protection provided by Dsup could therefore be of great importance. The study provided 
evidence that Dsup expression in tobacco plants affects endogenous genes involved in DNA damage 
signaling and repair and confers protection against UV-induced DNA damage stress. After exposure 
to UV-C, the comet assay showed less DNA damage in the Dsup-expressing plant than in the Dsup-
deficient plant, suggesting greater genome protection. Gene expression analysis revealed different 
transcriptional patterns of some of the endogenous genes studied. While the Ataxia Telangiectasia 
Mutated (ATM) gene expression was unvaried, the ATR (Ataxia Telangiectasia and Rad-3-related) 
gene, which is activated by SSBs in DNA [44], was up-regulated in Dsup-expressing plants. Increased 
ATR expression could enhance DNA damage sensing and DNA repair pathways directly involving 
ATR. This active DNA repair process could enable Dsup-expressing plants to mitigate the harmful 
effects of DNA damage. Although the exact mechanisms by which Dsup works in the cell are only 
partially understood, the response of Dsup plants to radiation treatment supports the idea that the 
tardigrade protein Dsup protects DNA from fragmentation and lesions. 

The modification of gene expression pathways after UV-C exposure, was also studied in the 
Dsup-expressing HEK293 cell line [23]. The results confirmed what had been observed in tobacco 
plants. Dsup-expressing cells showed a reduction in cell death and an increase in cell growth after 
UV-C exposure; in addition, no CDP formation was observed. There was a significant up-regulation 
of ATR kinase expression and increased expression of other genes related to the ATR rescue pathway: 
BRCA1, which is involved in gap repair at the level of photoproduct-stalled replication forks [45]; 
XRCC6, which is involved in the UV-G2 checkpoint [46]; ERCC6, whose gene is a potential target for 
inactivation by UV light and which appears to act as a "dosimeter" of DNA damage [47]. On the 
contrary, the expression of ATM, which is mainly activated by oxidative stress and double-stranded 
DNA breaks, was similar or lower than in non-transfected cells. All these data agree with what was 
reported in tobacco plants [41]. Transcription factor analysis revealed that, after UV-C exposure, non-
transfected cells showed an activation of FosB, Fra-1, JunD and p-c-JUN whereas p-c-Jun and 
STAT1alfa were activated in Dsup-expressing cells. In mammalian cells, STAT1 participates in type 
I interferon (IFN) pathways, and plays an important role in the response to UV damage [48,49]. These 
data seemed to suggest that, unlike H₂O₂ treatment, Dsup cannot physically protect DNA after UV-
C irradiation. Instead, it activates damage repair mechanisms (STAT1, c-Myc, p-c-Jun; ATR, BRCA1) 
that may help cells remove CPDs more quickly, mitigating the effects on cell survival. 

The HEK293 cell line was also used for a functional proteomics approach to investigate the 
molecular mechanisms and pathways modulated by Dsup under UV-C stress [50]. The study showed 
that even under basal conditions, the Dsup protein affects cells by modulating several proteins 
associated with protein folding, telomere maintenance and metabolic pathways. After UV-C 
exposure, Dsup mediated cell protection against damage by activating more efficiently the 
mechanisms of DNA damage repair, mRNA stability, telomere elongation and maintenance, 
unfolded protein response and cytoplasmic stress granule response, together with metabolic 
modulation. Notable proteins include HSP90, HSP70, ERK1/2, TIF1B, and UBA1, which are 
associated with DNA repair mechanisms and protein degradation. For example, it is known that 
HSPs are induced by UV exposure as physiologic response to mediate repair mechanisms and reduce 
cellular damage [51]. The activation of ERK1/2 has been reported to be triggered by UV exposure 
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[52], and to potentially modulate nucleotide excision repair (NER) pathways [53]. TIF1B protein 
species have been reported to be involved in DNA damage repair mechanisms [54,55]. The network 
analysis also reported that TIF1B transcriptionally regulates UBA1 [56], whose four proteoforms were 
overexpressed in Dsup-expressing cells after UV-C exposure. Interestingly, the ubiquitination 
pathway plays a positive regulatory role for efficient NER machinery, and UBA1 has been reported 
to be potentially involved in the repair of UV-induced DNA damage [57]. All these data suggest that 
Dsup can modulate different pathways into cells, which together help to increase recovery from UV-
induced DNA damage and promote cell survival. 

Given the impact that UV radiation can have on crops, particularly those of commercial interest, 
it is not surprising that subsequent studies have been carried out on plants. Ye and colleagues focused 
on rice, a staple food for many people and a source of income for farmers, especially in Asia [58]. 
Dsup was introduced into transgenic rice lines by Agrobacterium-mediated transformation. 
Overexpression of Dsup enhanced DNA damage resistance at the seed and seedling stages, with a 
more pronounced impact of Dsup under severe UV radiation conditions. In addition, Dsup increased 
grain size and altered starch granule structure and cell size, suggesting that it could potentially 
modulate normal plant growth. RNA-seq analysis revealed increased expression of radiation- and 
abiotic stress-related genes in Dsup rice compared to wild type. In addition, IP-LC-MS identified 21 
proteins that preferentially interact with Dsup, suggesting that Dsup binds to transcription- and 
translation-related proteins to regulate the balance between DNA protection and plant development. 
Interestingly, like what was observed in HEK293 cells [50], DNA damage and repair genes were also 
highly expressed in Dsup-expressing plants under normal conditions, partially explaining the 
phenotypic results of the study and suggesting that DNA repair pathways are also activated prior to 
damage. 

Del Casino and colleagues [59] investigated the effect of Dsup expression on pollen, the male 
gametophyte of seed plants, known to be extremely sensitive to UV light, which can prevent 
fertilization [60]. In the study, several parameters were measured, including pollen viability, rate of 
germination, length of pollen tube, male germ unit position, development of callose plug, marker 
protein content, and antioxidant capacity. UV-B stress had a significant negative effect on both pollen 
grain and pollen tube growth. Dsup expression increased antioxidant levels and reversed some of 
the UV-B-induced changes, restoring pollen tube length, callose plug formation and tubulin and 
HSP70 levels (as observed in HEK293 [50]). In addition, the protective effect of Dsup was reflected in 
an increased level of antioxidants, polyphenols and flavonoids, all of which have protective 
properties. All these data show that Dsup expression enhances pollen resistance to UV-B stress and 
suggests its potential for improving plant tolerance to environmental radiation. 

The results of all these studies are summarized in Table 3. 

Table 3. Studies exploring Dsup protection against UV. 

Model 
Experimental 

conditions 
Methods Results Ref 

Tobacco 
plants 

UV-C lamp at a 
distance of 20 cm 

for 30 min 
(estimated 

exposure dosage 
was 3 kJ/m2) 

 

Comet assay  
RT-qPCR (gene expression) 

 
 

Nuclei from the Dsup-expressing  plants 
were more protected from UV than the 

control plants.  
Gene expression analysis revealed the 

upregulation of genes involved in active 
DNA repair process in Dsup-expressing 

plants 

[41] 

HEK293 
cells 

5 sec or 15 sec 
exposure to UV-C 
(source 8 W lamp, 

4 mJ/cm2) 
 

MTT assay (viability) 
T4 Endonuclease V enzyme assay (CDP 

evaluation) 
RT-qPCR (gene expression) 

ELISA (transcription factors) 

Dsup-expressing cells showed a 
reduction in cell death and an increase in 

cell growth after UV-C exposure 
No CDP formation was observed 

Up-regulation of ATR-rescue pathway 
Modulation of transcription factors 

 

[23] 

HEK293 
cells 

5 sec or 15 sec 
exposure to UV-C 

Proteomic Analysis 
MALDI-ToF Mass Spectrometry 

Dsup activated mechanisms of DNA 
damage repair, mRNA stability, telomere 

[50] 
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(source 8 W lamp, 
4 mJ/cm2) 

 elongation and maintenance, unfolded 
protein response and cytoplasmic stress 

granule response, together with 
metabolic modulation 

Rice plants 
400 mW/m2, for 

continuously 
treatment over 8 h 

electron microscopy  
RNA-seqencing 

IP-LC-MS 
 

Dsup enhanced DNA damage resistance 
at the seed and seedling stages; 

Dsup increased grain size and altered 
starch granule structure and cell size; 
Increased expression of radiation- and 
abiotic stress-related genes (both after 

UV exposure and under normal 
conditions) 

 

[58] 

Tobacco 
Pollen 

TL20W/12 lamps 
(UV-B 

wavelengths), 25 
KJ m−2 d−1 

 

Evaluation of Pollen Tube Length, Position 
of Callose Plugs and Nuclei Fluorochrome 

reaction (FCR) test with fluorescein 
diacetate (FDA) dye (cell viability) 

ferric reducing antioxidant power (FRAP) 
assay (total antioxidant power) 

Folin–Ciocâlteu assay (total polyphenols 
content) 

aluminum chloride assay (total flavonoids 
content) 

Dsup expression increased the 
antioxidant levels and reversed some of 

the UV-B-induced changes to pollen, 
restoring the proper distance between the 

tip and the last callose plug formed, as 
well as pollen tube length, tubulin, and 

HSP70 levels. 
 

[59] 

4.3. Ionizing Radiation 

Ionizing radiation (IR) consists of alpha, beta, gamma, neutrons and X-rays. It is abundant in the 
environment and comes from a variety of sources, including rocks, soil, radon, cosmic rays and 
medical devices. IR can damage DNA either directly or indirectly, for example by radiolysis of the 
surrounding water to form hydroxyl radicals (-OH) [13,61]. In addition, the damage can be amplified 
by the presence of oxygen and other reactive species in the environment [62]. Indirect DNA damage 
caused by (-OH) radicals accounts for about 65% of the DNA damage caused by radiation [63]. For 
this reason, IR produces base lesions similar to those induced by ROS species, including 8-oxo-
guanine and formamidopyrimidines. Furthermore, ionizing radiation also produces single strand 
breaks with peculiar features, in which the DNA breaks have 3’-phosphate or 3’-phosphoglycolate 
ends rather than 3’-OH ends. In addition, IR can lead to the formation of fragmented sugar 
derivatives and loss of terminal base residues, which generate clustered damage or single stranded 
gaps [64–66]. Another important radiation-induced lesion is the double strand break, composed by 
multiple damaged sites close to each other on both DNA strands [67,68]. Although toxic, these breaks 
can be repaired by the homologous recombination (HR) pathway [69]. 

4.3.1. DSUP Role in Response to Ionizing Radiation 

The first research into the possibility of Dsup conferring resistance to ionizing radiation was 
carried out in the landmark study by Hashimoto and colleagues [3]. The HEK293 cells engineered to 
express Dsup protein were exposed to X-rays and DNA fragmentation was measured. Dsup-
expressing cells showed about half the DNA fragmentation of control cells (16% vs. 33%) when 
exposed to an alkaline condition to denature damaged DNA, dissociate single-stranded DNA 
fragments and reveal SSBs. Since X-rays can induce DNA damage by direct absorption of X-ray 
energy into DNA (direct effects) and by ROS generation from water molecules activated by X-ray 
energy (indirect effects), the authors also investigated the effect of Dsup protein on ROS-induced 
DNA SSB generation, as discussed in the Section 4.1.1. The authors then examined the effect of Dsup 
protein on DSBs using a neutral comet assay, which analyses DNA fragmentation without 
dissociating DNA fragments. In this case, the proportion of fragmented DNA was reduced by 
approximately 40% in Dsup-expressing cells compared with untransfected cells, suggesting that 
Dsup protein suppresses both x-rays induced DNA DSBs and SSBs. The DSBs were also detected by 
measuring gamma-H2AX, the phosphorylated form of histone H2AX that is found around DSBs. 
Dsup-expressing cells had much lower levels of the DNA break marker γ-H2AX, which normally 
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accumulates immediately after irradiation and persists for several hours even after DNA break repair 
has been completed [70]. Furthermore, after irradiation with a sub-lethal dose of X-rays, which causes 
mammalian cells to lose their ability to proliferate [71], many Dsup-expressing cells had a normal 
morphology and continued to increase their number over time, suggesting that these irradiated cells 
retained their ability to proliferate. 

At similarity to what was observed with UV-C, after X-ray irradiation, Dsup-expressing tobacco 
plants had more intact nuclei with significantly shorter tails than control plants, indicating less DNA 
damage and more genome protection [41]. Again, several endogenous genes involved in DNA 
damage responses differed between Dsup-expressing and control plants. In particular, the ATM 
gene, which is involved in DSB signaling [44], was downregulated in Dsup-expressing plants 
compared to the control. This may indicate that there were fewer DSBs in Dsup-expressing plants 
and therefore less response from the DSB signaling pathways. On the other hand, the ATR gene, 
which is activated by SSBs in DNA, was up-regulated, probably reflecting an association of Dsup 
expression with increased SSB signaling in response to genomically damaging stress. However, 
neither SSBs nor DSBs were measured directly. 

Westover and colleagues continued the research in HEK293 cells, achieving stable integration 
by inserting a human codon-optimised CMV promoter Dsup via lentiviral transduction [72]. They 
tested the presence of the molecular marker of oxidative stress, 8-hydroxy-2-deoxoguanosine (8-
OHdg), and showed that it was decreased 1 hour after irradiation, and its levels were still 
significantly reduced at 24 hours after irradiation. The authors also examined whether the higher 
viability previously reported in irradiated Dsup-expressing cells [3] could be also related to a 
reduction in programmed cell death. They examined caspase-3 activity and binding of Anexin V to 
phosphatidylserine, both markers of apoptosis, at different time-points, and reported a general 
significant reduction in both parameters. They therefore used several omics approaches to study the 
effect of Dsup: RNA-seq to analyze gene expression, Omni-ATAC-seq to assess chromatin 
accessibility, and Cut&Run to examine the presence of histone modifications and Dsup binding. 
Dsup expression resulted in an active transcriptional profile, like that observed with HMGN1 
overexpression [73]. ATAC-seq analysis revealed an overall selective differential opening and closing 
of the chromatin landscape in Dsup-expressing cells, similar to HMGN1 binding to nucleosomes, 
which promotes a less transcriptionally repressed chromatin state. In addition, there was a global 
increase in histone post-translational modifications, indicative of open chromatin, and a global 
decrease in repressive marks, with Dsup binding preferentially to specific promoter regions. In the 
light of these data, the authors propose that, contrary to the prevailing hypothesis that Dsup binds to 
nucleosomes to create a shield against damaging stresses, it promotes a more open and permissive 
chromatin state, creating less steric hindrance for repair machinery to be recruited to sites of damage. 
It should be noted, however, that these two mechanisms are not incompatible, and that the latter 
hypothesis needs to be further investigated. 

Zarubin and colleagues [31] have shown that Dsup-expressing lines of Drosophila melanogaster 
are protected from exposure to G-rays, as what has been observed for ROS-related stress. Again, 
Dsup improved survival, median life, maximum life and 90% mortality after irradiation. 
Transcriptome profiling of lines exposed to G-rays (1000 Gy) revealed a decrease in the expression 
level of 99.3% of the total differentially expressed genes in Dsup-expressing lines compared to the 
control. These genes were enriched in the categories of biological processes that are related to DNA 
repair, neurogenesis and proteostasis. However, comparison between irradiated and non-irradiated 
groups in the presence or absence of Dsup revealed a reduced response to irradiation in Dsup-
expressing lines. These data raise the question of what causes the reduced response in Dsup-
expressing lines: a reduction in DNA damage due to Dsup shielding, or a different modulation of 
transcription by Dsup, or a combination of both. 

Finally, the properties of the Dsup protein have attracted considerable interest as a potential 
approach to mitigating the risks associated with this type of research, since ionizing radiation is one 
of the most serious hazards in space exploration. To address this issue, the E. coli strain K-12 MG1655 
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was transformed with the Dsup gene and then exposed twice to ionizing radiation, with the surviving 
fraction being studied after each exposure [74]. The Dsup-transformed strain showed an increase in 
survival of more than two orders of magnitude compared to the wild-type strain at the 3,000 Gy dose. 
This increase was progressive over the course of the exposures. When exposed to X-rays up to 500 
Gy, equivalent to ∼ 2500 years of exposure on the ISS Exposure Facility, colonies of the Dsup strain 
showed almost complete survival for this dose in one of the colonies and a generalized increase in 
survival across the different ionizing radiation exposures. In addition, increasing the time it takes to 
reach the same dose could have a direct positive effect on cell survival, allowing DNA repair 
mechanisms to work more effectively. These data suggest that the tolerance of tardigrades to the 
extreme conditions of space [2] may be linked, at least in part, to the Dsup protein. 

Table 4. Studies exploring Dsup protection in response to ionizing radiation. 

Model 
Experimental 

conditions 
Methods Results Ref 

HEK293 cells 

10 and 5 Gy for 
alkaline or neutral 

conditions, 
respectively (comet 

assay) 
1Gy of X-ray (gamma 
H2AX foci detection) 

 Comet Assay 
confocal microscopy (gamma 

H2AX) 
PrestoBlue Cell Viability Reagent 

(viability assay) 
incorporation of 5-bromo-2-

deoxyuridine (BrdU) and flow 
cytometry (cell cycle analysis) 

DNA fragmentation in Dsup-expressing 
cells was significantly suppressed 

compared to control 
Both SSBs and DSBs were reduced 

Dsup-expressing cells were more viable, 
able to proliferate and showed a normal 

morphology after irradiation 

[3] 

Tobacco plants 

80 kilovolts and 44 
microamps at a 

distance of 188 mm for 
2 min 

 

Comet assay  
RT-qPCR (gene expression) 

 
 

Nuclei from the Dsup-expressing  plants 
were more protected from X-ray than the 

control plants;  
Gene expression analysis revealed the 

downregulation of ATM gene, involved 
in DSB signalling, and the upregulation of 

ATR gene, activated by SSBs, in Dsup-
expressing plants. 

[41] 

HEK293 cells 0.5 Gy, 2Gy, and 4Gy 

BrdU Cell Proliferation ELISA Kit 
ELISA (8-OHdG assay) 

Capsase-3 and Annexin V binding 
assay (apoptosis) 

RNA-seq (gene expression) 
ATAC-seq (chromatin 

accessibility) 
Cleavage Under Targets & Release 

Using Nuclease (CUT&RUN) 
assay (histone modifications and 

Dsup binding) 

Decrease of 8-OHdG assay; 
Increase of viability; 

Reduction of apoptosis; 
Transcriptomic profile similar to that 

observed with HMGN1 overexpression; 
Selective differential opening and closing 

of the chromatin; 
Global increase in histone post-

translational modifications, indicative of 
open chromatin. 

 

[72] 

Drosophila 
melanogaster 

300 mGy/sec; obtained 
absorbed dose=500, 
1000 and 1500 Gy 

 

Measurement of survival and  
physiological parameters 

Microarray (gene expression) 

Dsup increased the survival rate, but 
reduced the level of their locomotor 

activity; 
Downregulation of several genes 

involved in DNA repair, neurogenesis 
and proteostasis, but also of genes related 

to response to irradiation. 

[31] 

E. coli 

0, 500, 1,500 and 3,000 
Gy, at a dose rate of 
12.6 Gy/min, up to 

two times  

Colony-Forming Units (CFU) 

Increase in survival of more than two 
orders of magnitude The in Dsup-

transformed strain at the 3,000 Gy dose, 
increasing over the course of the 

exposures; 
Almost complete survival when exposed 

up to 500 Gy. 

[74] 

5. Discussion 

Tardigrades, also known as water bears, are animals able to survive in extreme conditions. The 
sequencing of the genome of the tardigrade Ramazzottius varieornatus has revealed that the tardigrade 
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extraordinary ability to survive extreme stress is due to a unique nucleosome-binding protein, the 
damage suppressor (Dsup) [3]. 

Since its identification, the Dsup protein has attracted a great deal of interest and numerous 
studies have been carried out to understand how it performs this function. Studies in organisms as 
diverse as bacteria [74], yeast [32], mammalian cells [3,23,50,72], plants [41,58,59] and animal models 
such as D. melanogaster [31], have shown that Dsup can protect cells from many types of abiotic 
damage. In all studies, Dsup protein increased cell survival and viability following oxidative stress, 
UV exposure and ionizing radiation. In general, there was also an increase in the cellular systems that 
protect the cell and repair DNA damage. These included increased expression of the ATR gene in 
both plants and mammalian cells [23,41]. ATR is a key regulator of the DNA damage response, which 
responds to a wide range of DNA damages, including those that disrupt DNA replication, and plays 
a critical role in genome stabilization and cell survival [75]. The cells also showed increased 
expression of proteins involved in the response to external stress, such as HSPs, especially HSP70 
and HSP90 [50,59]. These are known to have chaperoning functions and help protect cells from the 
adverse effects of physiological stress [55]. 

Interestingly, Dsup was also able to improve the response to various stresses in complex 
organisms. In these models, it is also possible to evaluate the overall effects of Dsup in the whole 
organism and assess potential adverse outcomes. In tobacco plants, expression of the Dsup gene did 
not alter growth or plant characteristics under basal conditions and increased the tolerance of the 
plants to genomutagenic stress [41]. In rice, overexpression of Dsup was associated with a reduced 
number of primary branches compared to the control. The total panicle size was also smaller in Dsup 
lines. On the other hand, Dsup not only improved DNA damage resistance at the seed and seedling 
stages but also increased grain size and altered starch granule structure and cell size. This suggests 
that Dsup may not only be involved in chromatin protection under severe conditions such as 
radiation or abiotic stress, but also in the regulation of plant growth under normal conditions [58]. In 
Drosophila, Dsup increased the survival after gamma-ray irradiation and hydrogen peroxide 
treatment. However, it reduced the level of locomotor activity, indicating some stress at the organism 
level [31]. This may be related to the observation that among the differential expressed genes in Dsup-
expressing D. melanogaster lines, there is a significant number of genes encoding transcription factors 
that are expressed in the nervous system. The reduction in expression of these genes could lead to a 
decrease in the activity of a large group of genes involved in synapse organization, axon guidance, 
and visual perception. It is interesting to note that overexpression of other genes encoding DNA-
binding intrinsically disordered proteins, such as HMGN, FUS and TDP43, is associated with several 
neurodegenerative diseases [76–78]. Thus, overexpression of Dsup may be responsible for an 
imbalance in neuronal and neuromuscular communication that could lead to a deterioration in 
locomotor activity in Dsup-expressing D. melanogaster lines. This observation is consistent with the 
results of a study of cortical neurons cultured from rat embryos carried out by Escacerga and 
colleagues [79], who investigated the potential protective role of Dsup in this model. Surprisingly, 
they found that Dsup, which localizes to the nucleus, promotes neurotoxicity leading to 
neurodegeneration. Expression of Dsup did indeed lead to the formation of DNA DSBs in cultured 
neurons and promoted chromatin condensation. As it has been suggested that the functions of Dsup 
and HMGN proteins may at least partially overlap [5,80], it is hypothesized that Dsup may act in 
neuronal cells in a similar way to HMGN proteins. Interestingly, it has been reported that 
overexpression of HMGN4 also alters transcription and increases levels of the DNA DSB marker 
γH2AX [81]. It should also be considered that, as neurons are post-mitotic and often last a lifetime, 
the mechanisms for maintaining the integrity of their genome may be more complex than in other 
cell types [82]. This suggests that the effect of Dsup protein may vary depending on the cell type, its 
differentiation and characteristics. Future studies in other cell models, both mitotic and post-mitotic, 
are needed to understand whether the Dsup protein can be practically used to enhance DNA 
protection mechanisms. 
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Considering these data, it is clear that, in addition to studying the mechanisms of action of Dsup 
in response to external stress, it is important to understand what changes Dsup expression can cause 
in cells under basal conditions. Research has shown that cells expressing Dsup undergo certain 
changes even in the absence of external stimuli. Studies have shown that DNA damage and repair 
genes are highly expressed under normal conditions in Dsup-expressing plants as well as in HEK293 
cells, suggesting that DNA repair pathways are also activated prior to damage [50,58]. It remains to 
be seen whether these changes are an advantage for the cell, which is prepared for possible damage, 
or whether they are themselves a cellular response to a stressful condition related to the presence of 
a heterologous protein. This will be an important point to clarify in future investigations. 

Lastly, a topic worthy of further investigation is the mechanism by which Dsup binds to DNA. 
Computational, biochemical and biophysical methods have shown that Dsup binds directly to 
chromatin and preferentially to nucleosomes rather than to free DNA [5]. Binding is mediated by the 
C-terminal domain, which contains a nucleosome-binding domain that directs its interaction with 
chromatin [4]. Since Dsup is positively charged, it interacts with negatively charged DNA. The result 
of this interaction is an electrostatic shield in which Dsup coats and protects DNA from external 
factors, acting independently of the DNA-specific conformation [4]. The hypothesis is that, because 
electrostatic attraction is non-specific, the binding between Dsup and DNA is independent of 
nucleotide or amino acid sequence. In other words, it is aspecific and global protection. On the other 
hand, in vitro studies in HEK293 cells have shown that the Dsup protein may act as a chromatin-
architecture protein and that, in addition to its nucleosome shielding effect, it may confer resistance 
via chromatin modulation [72]. Therefore, it appears that the binding of Dsup to DNA is not 
completely aspecific, but rather that Dsup binds preferentially to specific promoter regions, as 
evidenced by a general increase in histone post-translational modifications, indicative of open 
chromatin, and a global decrease in repressive marks. This would explain the modulation of gene 
expression in the presence of Dsup after exposure to external stress, observed at the level of 
transcription, protein and transcription factor expression [23,31,41,50,58,59,72]. However, the two 
hypotheses proposed are not incompatible. Recently, experiments using circular dichroism (CD) 
spectroscopy have shown that in the Dsup-DNA complex there are no transitions from disordered to 
ordered conformations in Dsup protein [6]. These structures may be classified as a fuzzy complex, a 
typical feature of many DNA-binding proteins that contain intrinsically disordered regions [83,84]. 
Post-translational modifications and subsequent secondary structure transitions can regulate the 
binding affinity of these complexes [85–87]. Notably, putative phosphorylation-prone sites in Dsup 
are densely located in intrinsically disordered regions and depleted in the central helical region. It is 
possible that the binding affinity in the Dsup-DNA complex may be regulated by phosphorylation 
of the Dsup protein [85,87]. 

Several areas of application could benefit from a better understanding of the mechanism of 
action and the molecular mechanisms modulated by Dsup. Given the protective effects of Dsup on 
radiotolerance and resistance to oxidative stress in human cells, it has been suggested that the protein 
could be used as a therapeutic agent to reduce the negative effects of radiation and chemotherapy, 
which are known to induce oxidative stress and DNA damage outside the targeted cancer cells [88]. 
One of the potential applications suggested was the development of protective agents for neuronal 
tissue in the treatment of brain tumors, which could help to minimize collateral damage to healthy 
brain cells, thereby increasing the safety and efficacy of such treatments. However, in the light of the 
data on neurons in culture in rats, this prospect is still a long way off [79]. More recently, Kirtane and 
colleagues [89] have shown that transient local expression of Dsup protein in mice, achieved by 
nanoparticle-delivered mRNA, was able to reduce radiation-induced DNA damage in oral and rectal 
epithelial tissues. These tissues are frequently affected by radiotherapy for head and neck cancer and 
prostate cancer, respectively. In addition, in mice with oral cancer, radioprotection of normal tissue 
did not affect the effectiveness of radiotherapy. This initial research paves the way for a more general 
strategy for protecting healthy tissue from DNA-damaging agents. In parallel with this approach, the 
study of Dsup at the level of mammalian cell models could reveal the molecular pathways involved 
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and identify potential cellular targets whose modulation could reduce oxidative stress- or radiation-
induced damage. Instead of using Dsup directly, it may be possible to interfere with these targets. 

In terms of botanical applications, the benefits of obtaining crops that are more resistant to 
environmental stresses, even extreme ones, would be clearly positive. Of course, research is still in 
its infancy and the safety of such crops has yet to be established. 

The properties of Dsup could be very useful in the development of new materials. Recently, 
DNA non-adsorbing polyethylene terephthalate track membranes were functionalized with the Dsup 
protein by covalent bonding with glutaraldehyde. Filtration experiments demonstrated the ability of 
these membranes to adsorb cell-free DNA. The track-membraned biomaterial could be used to filter 
and separate DNA molecules from solutions and environmental samples, and to store and 
manipulate them [90]. 

Lastly, the Dsup protein has aroused great interest in the field of space exploration. Space is 
perhaps the most dangerous and precarious environment that mankind has explored, where 
exposure to ionizing radiation is inevitably high, with potentially severe effects on human health. 
The Minerva mission, a space exploration mission, aims to engineer Caenorhabditis elegans with the 
Dsup gene and assess whether Dsup protein can protect engineered organisms from DNA damage 
caused by space radiation [91]. 

6. Conclusions 

In conclusion, although the study of Dsup protein properties is still in its early stages, the 
discovery of which properties confer extreme tolerance to various abiotic conditions and the 
exploration of the mechanisms behind this tolerance provide an exciting ground for future research 
and applications. Further research is needed to investigate how Dsup interacts with cell DNA 
damage sensing and repair systems to provide protection against environmental stress. However, 
the lesson we can learn from studying tardigrade, and its shield to protect DNA, is that 
understanding the mechanisms by which it provides this protection can increase our tolerance to 
adverse environmental conditions and prepare us for future challenges such as climate change, 
human space exploration and the fight against many diseases. 
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