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Summary

[1l.  Summary

Torpor is a complex survival strategy where endogenous metabolic rate (MR), respiratory
rate and body temperature (Tp) are reversibly reduced to limit energy expenditure during
periods of environmental stress. For mammals capable of torpor this process entails vast
metabolic changes as they need to maintain their physiological equilibrium for hours, days
or even weeks, depending on the type of torpor. During this period the homeostatic
machinery is significantly impaired before the euthermic state is regained by spontaneous

intrinsic heat production.

In this work transcriptional changes related to daily torpor were analysed using the
Djungarian hamster (Phodopus sungorus) model. The aim of this work was (i) to evaluate
the transcriptional dynamics between the different phases of torpor entry (ZT01), nadir /
mid-torpor (ZT04), arousal (ZT07) and post-torpor phase (ZT16), (ii) to identify common
transcriptional patterns in the blood of torpid P. sungorus and other torpid / hibernating
mammals independent of analysed solid organ, and (iii) to compare blood transcriptome
profiles of the different phases of P. sungorus daily torpor with human overwintering crews
in Antarctica during different times of the mission to obtain information on possible
similarities in regulation of gene expression between torpor and environmental stress
related changes in humans. For data analysis the bioinformatic tool Ingenuity Pathway
Analysis (IPA) was used to identify the main signalling pathways involved and their

respective regulatory pattern.

The results showed (i) notable changes between torpor entry (ZT01) and torpor nadir
(ZT04), while ZT01 was largely indifferent to control samples. Transcriptional
proliferation, translation and protein production machinery were significantly depressed
during torpor nadir (ZT04) but were restored and even upregulated during arousal (ZT07),
followed by a period of slight depression in the post-torpor phase before full recovery. (ii)
Based on IPA key target molecule analysis (TMpa) most cellular processes are inhibited
during torpor nadir (ZT04). By literature comparison of 9 other hibernators and 10 different

organs, this inhibition was shown to be independent of torpor type, duration or species.
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Summary

Suppression of basic energy-consuming cellular processes, downregulation of
proinflammatory immune responses and organ protection predominantly by suspending
pro-apoptotic processes and promoting antioxidant production allow entry into torpor /
hibernation without signs of tissue damage upon arousal. Furthermore, these data
corroborate that the transcriptomic alterations required for torpor / hibernation in general
and at the level of specific organs can be detected in and are reflected by blood cells. (iii)
Humans overwintering at the Antarctic Concordia station show a similar downregulation
pattern of the immune system as observed for ZT04 animals, however most canonical
pathways in human samples were more comparable to the arousal phase (ZTQ7) in animals,
mirroring a "continuous arousal” with EIF2, TGF-B signalling, SUMOylation and
telomerase signalling as the most upregulated pathways in the overwintering crews. The
post phase of human overwintering crews is similar to P. sungorus post phase (ZT16),
representing a recovery phase of minor global downregulation striving towards control

levels.
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Zusammenfassung

IV.  Zusammenfassung

Torpor ist eine komplexe Uberlebensstrategie, bei welcher die endogene Stoffwechselrate
(MR), die Atmungsrate und die Kdrpertemperatur (Ty,) reversibel reduziert werden, um den
Energieverbrauch in Zeiten von umweltbedingtem Stress zu beschréanken. Fir Séugetiere,
welche Torpor betreiben, bringt dieser Prozess enorme metabolische Veranderungen mit
sich, da sie ihr physiologisches Gleichgewicht abhangig von der Torporart tber Stunden,
Tage oder sogar Wochen aufrechterhalten mussen. Wahrend dieses Zeitraums wird die
homdoostatische Maschinerie stark eingeschrankt, ehe der euthermische Zustand durch

spontane Eigenerwdrmung wiederhergestellt wird.

In dieser Arbeit wurden transkriptionelle Verdnderungen im Zusammenhang mit taglichem
Torpor am Beispiel des Dsungarischen Hamsters (Phodopus sungorus) analysiert. Ziel
dieser Arbeit war es, (i) die Transkriptionsdynamik zwischen den verschiedenen Phasen
des Torporeintritts (ZT01), des Nadir (ZT04), des Erwachens (ZT07) und der Post-Torpor-
Phase (ZT16) auszuwerten, (ii) gemeinsame Transkriptionsmuster im Blut von
torportreibenden P. sungorus und anderen torportreibenden/iberwinternden S&ugetieren
unabhdangig vom untersuchten Organ zu identifizieren und (iii) Bluttranskriptom-Profile der
verschiedenen Phasen des tdglichen Torpor von P. sungorus mit denen menschlicher
Uberwinterer in der Antarktis zu verschiedenen Zeitpunkten der Mission zu vergleichen,
um — zum ersten Mal — Informationen tber mdgliche regulatorische Ahnlichkeiten der
Genexpression zwischen Torpor und stressbedingter Reduktion der MR im Menschen zu
er-halten. Zur Datenanalyse wurde das bioinformatische Tool Ingenuity Pathway Analysis
(IPA) verwendet, um die wichtigsten beteiligten Signalwege und ihre jeweiligen

Regulationsmuster zu identifizieren.

Die Ergebnisse zeigen (i) bemerkenswerte Verdnderungen zwischen dem Torporeintritt
(ZT01) und des Torpornadirs (ZT04), wéhrend ZTO0l1 weitgehend identisch zu den
Kontrollproben war. Transkription, Proliferation, Translation und Proteinproduktion waren
wéhrend des Torpornadirs (ZT04) signifikant unterdruckt, erholten sich allerdings wahrend

des Aufwachens (ZT07) und wurden sogar teilweise hochreguliert, gefolgt von einer
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Zusammenfassung

Periode leichter Depression in der Post-Torpor-Phase vor der vollstandigen Erholung. (ii)
Auf Grundlage der IPA-Analyse der wichtigsten Zielmolekile (TMpa) sind die meisten
zelluléren Prozesse wahrend des Torpornadirs (ZT04) gehemmt. Durch Literaturvergleiche
mit 9 anderen Winterschlafern und 10 verschiedenen Organen dieser Tiere konnte gezeigt
werden, dass diese Hemmung unabhéngig von der Torporart, -dauer oder der jeweiligen
Spezies ist. Die Unterdriickung grundlegender energieintensiver zelluldrer Prozesse sowie
proinflammatorischer Immunreaktionen und der intensivierte Schutz der Organe markieren
den Eintritt in den tdglichen Torpor/Winterschlaf. Durch die Unterbrechung pro-
apoptotischer Prozesse und die erhdhte Produktion von Antioxidantien werden dabei
Gewebeschaden beim Erwachen vorgebeugt. Darlber hinaus bestatigen diese Daten, dass
die transkriptionellen Verénderungen, die fir Torpor im Allgemeinen, aber auch auf der
organspezifischen Ebene erforderlich sind, in Blutzellen nachgewiesen werden kénnen und
sich in diesen widerspiegeln. (iii) Menschen, die in der Antarktis Uberwintern zeigen ein
ahnliches Herabregulierungsmuster des Immunsystems wie Tiere zum Zeitpunkt ZT04.
Jedoch waren die meisten kanonischen Signalwege in menschlichen Probanden eher mit
der Aufwachphase (ZT07) bei Tieren vergleichbar, was einem "kontinuierliches Erwachen"
entspricht, wobei EIF2, der TGF-B-Signalweg, SUMOylierung und der Telomerase-
Signalweg die stirksten Hochregulierung in den Uberwinternden zeigten. Die Postphase
der untersuchten Menschen nach ihrer Uberwinterung &hnelt der Postphase von P.
sungorus (ZT16) und stellt eine Erholungsphase mit einer geringfugigen globalen

Herabregulierung dar, die sich dem Grundniveau der Kontrolltieren annahert.
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Introduction

1 Introduction

1.1 Thermoregulation in vertebrates

In the development of higher vertebrates there is a progression in the direction of a stable
body temperature (Ty), however hibernators seem to go against and rather in the direction
of their ancestral poikilothermic state (Xia, 1995). In living vertebrates, temperature control

occurs in different ways.

In the case of fish, the geographical distribution of many species is limited by the ambient
temperature (T,) of the waters they inhabit. The capillary structure of their gills enforces
temperature equilibration of blood and surrounding water. However, in fast swimming fish,
such as tuna, the swimming muscles are kept warm by the heat retained in these due to their
counter-current exchanger capacity allowing for a maximum Ty, which is significantly
warmer than the circulating water and can buffer temporal drops in T, (Carey & Lawson,
1973). An elevated metabolic rate (MR) coincides with a higher oxygen demand and
therefore increased gill blood flow compensating metabolic heat production by increased
environmental temperature exchange (Stevens et al., 2000). Its high specific warmth
capacity makes water a relatively stable environment for fish compared to terrestrial
vertebrates, which are exposed to rapid seasonal shifts in their environments with

temperature extremes that can vary by up to 50 °C (Lyman, 1982).

Amphibians, in comparison to fish, have a very limited control of their inner milieu and
without means to maintain elevated Ty, levels. This taxon constantly faces the risk of dermal
desiccation when sojourning in dry or hot habitats because amphibian skin is highly
permeable for gases and water (Lyman, 1982). Their T, can thus be reduced to a level
below that of the environment in case of evaporative water loss (Vitt & Caldwell, 2009).
For this reason, if their Ty rises, they will take refuge in a cooler place or seek out water, as
amphibians are able to sense their own Ty, such as the canadian toad (Bufo hemiophrys)
(Forget-Klein & Green, 2021).

Conversely, reptiles generally remain in warm environments without the risk of rapid

desiccation by allowing their Ty, to increase. They maintain a stable Ty, during their active

1
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day phase, which is slightly higher than during inactive night phases. This is regulated by
sunbathing or seeking out cool shelters. However, once they are exposed to very cold
weather, their T, drops and they go into hypothermia from which they do not emerge until
the T, rises (Vitt & Caldwell, 2009).

Birds have been characterised to exhibit a high and stable T, within a range of 39 to 43 °C
throughout their lives. This capability is conferred by an endocrine system, which includes
mechanisms of plastic modulation. This thermoregulatory flexibility allows individuals to
rapidly respond to short and long term environmental temperature shifts (Ruuskanen et al.,
2021).

Mammals show similar thermoregulatory capacities and systems to their avian relatives.
Earliest mammals, such as the monotremes, generally support a Ty, of around 30 °C, while
marsupials span a range of 35 to 38 °C being closer to that of eutherian mammals (Lyman,
1982). Preservation of a T, lower than its living environment is achieved through
transpiration, the evaporation of body water. Significantly elevated body temperatures are
hazardous for mammals, as most proteins denature at temperatures above 45 °C. However,
severe disturbances of physiological functions caused by fevers below this critical value
can also have lethal effects as the balance of enzyme activity, neuronal function and

metabolic interactions is crucial for survival (Geiser, 2021).

Species-specific metabolism includes thermoregulatory processes that are required to keep
the body well-functioning. Some mammals successfully use special strategies to reduce the
amount of energy per unit time that a species needs to operate the body at rest, also known
as metabolic rate (MR). This MR reduction saves energy during harsh periods of

environmental stress by entering a state known as torpor.
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1.2 Torpor in mammals

Torpor is a potential survival strategy used by mammals to escape from harsh
environments, especially in seasons of resource scarcity (Ruf & Geiser, 2015). Throughout
this process, changes occur in the organism and animals capable of torpor enter a temporary
state where they reversibly reduce their endogenous MR, breathing rate and Ty, to reduce
energy expenditure. This physiological mechanism, at low MR, use of fat stores to survive
for a period. It also involves a precise balance between heat generated and heat lost, as in
most mammals, when body or brain temperature deviates from its functional range, it
triggers death (Melvin & Andrews, 2009). Therefore, torpid mammals need to maintain
their physiological equilibrium for hours, days or weeks, thus partially sacrificing their
homeostatic machinery and then spontaneously rewarming themselves to regain their

euthermic state (Lyman, 1982).

Torpor species are classified as heterothermic endotherm, which show two considerable
variations in T, over the course of their adulthood (Ruf & Geiser, 2015) :

e Temporal heterothermic: mammals show large fluctuations in Ty, (Geiser, 2021). In
a torpid state Ty, is regulated around a species-specific minimum (e.g. at around 2.6
°C for marmots (Arnold, 1995) and almost 32 °C for bears (Nespolo et al., 2022)).
Thereby, a new temperature set point can be achieved, during torpor, by increasing
metabolic heat to avoid tissue damage, and this not only compensates for heat loss,
but also, in this way, maintains the rewarming capacity (Geiser, 2011).

e Euthermic or normothermic: the active state of animals capable of torpor, which is
typically characterized by a quiescent T, and MR. A well-controlled T, of
approximately 37 °C is retained over a broad spectrum of T, (Geiser, 2021). The
euthermic condition requires two important factors: body size and species-specific

MR. In mammals these two are closely associated by Kleiber's rule.
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In 1947 Kleiber described an allometric relationship in mammals relating the basal MR to
surface area rather than weight since the ratio of a body's heat output to its environment is
roughly proportional to its surface area (Niklas & Kutschera, 2015). Exemplary, it can be
observed that the MR of the small rodent Muscardinus avellanarius is around twenty fold
higher compared to the MR of an elephant (Figure 1, the curve). During torpor, however,

this rule is switched off and small animals have the same specific MR as larger mammals

(Figure 1, the striped part in blue).

10 1 Hazel Mouse
< 8 -
o
=
E 6 Common Dormouse
% Ground Squirrel
(14 Hamster
.‘_;’ 4 Hedgehog Human
2 Marmot Infant 10 kg
©
g - Adult 70 kg
s 2 /
Elephant g, ¢ Whale
0 -

102 107 10° 10! 102 103 10% 10° 108

Body Mass [kg]

Figure 1. The Kleiber rule is “switched off” in mammals exhibiting torpor. The upper curve shows
the overall increase in MR with decreasing body mass. Mammals during torpor show a uniform
minimum specific MR that equals the MR of larger mammals, also human newborns, striped in the

blue rectangle (Singer, 2004).

1.2.1 Mammalian torpor types and their geographical distributions

To date, 5,416 mammal species have been classified into 29 orders (Solari & Baker, 2007).

Torpor-bearing mammals comprise 13 different orders (Geiser, 2021) (Table 1).



Table 1. Listed orders of mammals exhibiting torpor
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Order Family/ies Geographical distribution
Bathyergidae, Cricetidae,
Dipodidae, Gliridae, Africa, Asia, Australia, Europe
Rodentia Heteromyidae, Muridae, Madagascar, New Zealand, North
Nesomyidae, Sciuridae, America and South America
Zapodidae
Molossidae, Nycteridae,
Phyllostomidae, Pteropodidae,  Africa, Asia, Australia, Europe
Chiroptera Rhinolophidae, Madagascar, New Zealand, North

Dasyuromorphia

Erinaceomorpha

Primates

Diprodontia

Carnivora

Afrosoricidae
Macroscelidae
Didelpimorphia
Cingulata

Monotremata

Microbiotheria

Rhinopomatidae,
Vespertilionidae

Dasyuridae, Myrmecobiidae

Erinaceidae, Soricidae

Cheirogaleidae, Galagidae

Acrobatidae, Burramyidae,
Petauridae, Tarsipedidae

Hyaenidae, Mephitidae,
Mustelidae, Ursidae

Chrysochloridae, Tenrecidae

Macroscelididae
Didelphidae
Chlamyphoridae

Tachyglossidae

Microbiotheriidae

America and South America

Australia and New Zealand

Africa, Asia, Europe, Madagascar and
North America

Africa and Madagascar

Australia and New Zealand

Africa, Asia, Europe, Madagascar and
North America

Africa and Madagascar
Africa and Madagascar
South America
South America

Australia and New Zealand

South America
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Torpor is used by many species (Table 1, Figure 2) and their geographic distribution is

diverse (Geiser, 2021). Until now, 3 types of torpor types are known in mammals:

a)

b)

Hibernation (multi-day torpor): mostly seasonal and typically between
meteorological autumn and spring (Geiser, 2021). The minimum Ty ranges from
-2.9 t0 29.4 °C and the torpor state lasts more than one day (Geiser & Ruf, 1995).
During hibernation, the MR is reduced to 4 - 25% (Christian & Geiser, 2007;
Bertile et al., 2021). This type of torpor is mostly used by small mammals, with a
weight varying from 10 to 1,000 g. However, it is also performed by bears that
weigh around 100 - 500 kg employing a hibernation pattern that deviates from that
of small hibernators (Ruf & Geiser, 2015). As a source of energy prior to the
hibernation season, a fattening pattern, like hyperphagia, is often observed and
dependence on stored body fat (up to 12 months), thus adopting a spherical shape
(Humphries et al., 2003). Additional food storage is known for a limited subset of
hibernators, for example chipmunks (Tamias spp.). Examples of hibernating
species: Pygmy possum (Cercartetus nanus), little brown bat (Myotis lucifugus),
american black bear (Ursus americana), european hedgehog (Erinaceus
europaeus), arctic ground squirrel (Spermophilus parryii), fat-tailed lemur
(Cheirogaleus medius).

Daily torpor: compared to hibernation lower seasonal specificity, but preferentially
in the winter periods (Geiser, 2021). The Ty, is usually reduced to 10 - 25 °C with a
duration of less than or equal to one day, and the MR rate is usually reduced by 10 -
80% (Geiser, 2011). Furthermore, most species that exhibit daily torpor are small
and nocturnal, with most weighing between 5 and 100 g (Geiser & Ruf, 1995). This
type of torpor can be triggered by external factors such as food shortage or diurnal
light cycle reduction. A common use is also adjusting energy expenses, even in
times of ample food supply. Unlike hibernation preliminary generation of energy
dense storage tissue is rare. Instead daily torpor is primarily entered when the body
mass is already decreased (Heldmaier & Steinlechner, 1981). Examples: the mullet

(Dasycercus cristicauda), honey possum (Tarsipes rostratus), white-toothed shrew
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(Crocidura suaveolens), striped skunk (Mephitus mephitus), Djungarian hamster
(Phodopus sungorus).

Estivation: also known as hot T, or summer torpor, without apparent functional
differences from other torpor classes (Geiser, 2010). Quantitative information on
this type of torpor is limited but a new set of data is available suggesting that torpor
use at moderate temperatures is not uncommon (Geiser, 2021). Some species start
their estivation cycles in the ceasing summer period, often during the annual
temperature peak, and can maintain their hibernating state until spring (Stawski &
Geiser, 2010). The Ty, is below 30 °C and lasts for days or weeks. Examples: the
summer-acclimatised African dormice (Graphiurus murinus), marmots (Marmota
monax), juvenile flying bats (Eptesicusfuscus), the South American drylands vesper
mouse (Calomys musculinus) and juvenile insectivorous shrews (Crocidura

russula).
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Figure 2. Torpor mammals around the world. A world map pointing out the distribution of the 13
mammalian orders to date described that are able to exhibit torpor according to Ruf & Geiser, 2015.
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1.2.2 Metabolic implications of torpor

Mammalians undergo physiological changes during torpor that regulate metabolism. These
are briefly described in main topics, which are energy and cell metabolism reduction, tissue

and systemic responses, and cellular protection (Figure 3).

1.2.2.1 Energy and cell metabolism reduction

Torpor leads to a drop in Ty, as a result of a decreased MR. Energy consumption in the
organism can be reduced by up to 98% (Heldmaier et al., 2004). Due to the drastic
reduction of all metabolic functions, mitochondrial respiration stops, heart-, ventilation rate
and oxygen consumption are reduced. In addition, it causes a general decrease in gene
expression, inhibition of protein synthesis and cell cycle arrest (Cerri et al., 2016). As
crucial reorganisation of central metabolic pathways, a switch from glycolysis to lipolysis
(B-oxidation), as well as the associated reduction in tissue glycolysis in torpid animals is
well documented (Diedrich et al., 2023) and is triggered immediately during torpor entry
(Choukeér, 2020). Glycolytic enzymes are marked for degradation via post-translational
modifications and succinate dehydrogenase (SDH) is in part inhibited by high levels of
oxaloacetate during torpor (Armstrong & Staples, 2010), selectively reducing the electron
flux through some components of the electron transport chain, while retaining others.
However, while torpor specific post-translational modifications of the electron transport
chain such as phosphorylation or acetylation have been proposed as source of the observed
metabolic changes, the exact mechanisms remain unclear (Staples, 2014). Moreover, the
release of growth hormones, specifically insulin-like growth factor 1 (IGF-1) (Scherbarth et
al., 2015; Mabhlert et al., 2018; Cubuk et al., 2016), was also shown to be inhibited during
torpor in some species, causing a reduction in blood glucose levels and reduced activity of
different MAP-kinases (Chouker, 2020).

1.2.2.2 Tissue and systemic responses

Species undergoing torpor spend a certain amount of time in prostration, depending on the
type of torpor. It has been noted that neither muscular atrophy nor decreased bone mass

occurs, although there is no mobility, digestion or absorption of nutrients during this
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period. It is also known that in black bears (Ursus americanus), bone strength which was
measured during two months of hibernation lost no more than 29% and in some muscle
measures such as in soleus, the strength was not altered at all in hibernation (Harlow et al.,
2001). Given that pregnant female bears give birth and suckle during hibernation, hind limb
muscles have been observed only to decrease by a maximum of 4-10% (Shimozuru et al.,
2013).

In both large and small torpor exhibiting mammals the absolute muscle tissue mass is
largely unaffected due to active increase of striated muscle associated protein stability
(Bertile et al., 2021). To compensate for the decreased rate of protein degradation, protein
synthesis in those skeletal muscle cells is reduced accordingly (Jansen et al., 2019). While
most innate and adaptive immune system components are suppressed in small hibernating
mammals (Bouma et al., 2010, 2011) as well as the bear species Ursus arctos (Sahdo et al.,
2013), overall immune capabilities might be retained in some other Ursidae (Chow et al.,
2013). This divergent regulation even within the same genus underlines the importance of
further research needed to reach a definitive conclusion, as bears enter an anuric state
during hibernation, minimising urine production, where renal fluid decreases significantly
during the transition from the active summer state to hibernation (Stenvinkel et al., 2013;
Bertile et al., 2021).

1.2.2.3 Cell guard

In terms of cellular protection, blood flow is severely limited during torpor, but fully
restored upon arousal thermogenesis, which conforms to an ischemia-reperfusion cycle (Ma
et al., 2005). Rapid reperfusion causes a sudden increase in blood oxygen concentrations
and subsequently mitochondrial activity. This abrupt increase in respiration is well
established to induce radical oxygen species (ROS) production by insufficient oxygenic
reduction in the mitochondrial electron transport chain (Choukeér, 2020). Small or moderate
levels of ROS act as important second messengers during cell growth and differentiation
(Sauer et al., 2001), however elevated levels are a major source of protein, lipid and DNA
damage, so called oxidative stress (Schieber & Chandel, 2014). To counteract potential

oxidative injury during early torpor and interbout arousal, important parts of the anti-
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oxidative defence system are up-regulated, an example being superoxide dismutase 1 or
glutathionine peroxidase 1 (Wei et al., 2018). Furthermore, during late torpor the Kelch-
like ECH-Associated Protein 1-Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2/Keapl)
pathway is activated presumably in the act of protective measure against oxidative stress
(Tessier et al., 2021). Additionally, dopamine and subsequently activated H,S producing
enzymes are suggested to be of relevance for preserving tissue integrity upon arousal
(Dugbartey et al., 2015).

The state of torpor further increases resistance to ionising irradiation due to anti-oxidative
countermeasures against radiation-induced ROS as well as potential hypothermia-induced
alterations of DNA repair mechanisms (Puspitasari et al., 2021, 2022). This effect is not
only observed in natural hibernators, but also in induced hibernation making it a promising

tool in medical application and exploration of areas with elevated radiation levels such as

space.
Torpor

/- - <%+ [+

2o 5D o

We Zily

systemic responses

Figure 3. lllustration of the physiological regulations that take place during torpor. (1) Reduced
energy, which is affected by reduced metabolic-, heart and breathing rate; (2) Reduced cellular
metabolism, including inhibited/arrested gene expression, protein synthesis and cell cycle; (3)
Tissue and systemic responses, preservation of muscle and bone mass, despite no digestion and
absorption of nutrients. However, immune system is shut down; (4) Cell guard, during torpor there
is radiation resistance and reduced oxygen radical damage. The symbols: “-“ indicates reduction or

inhibition; “+” indicates preservation or protection.
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As described, the physiology during torpor differs strongly among different species. To
investigate those mechanisms, especially those related to daily torpor, the Djungarian

hamster was used as the model animal in this presented thesis.

1.3 The animal model Djungarian hamster (Phodopus sungorus)

Around 1968, Dr Figala, a Czech scientist, brought to Andechs two breeding pairs of P.
sungorus for scientific work. Together with his colleagues Dr Hoffmann and Dr Goldau,
observations on seasonal changes, body weight and fur were made. Already in 1980 there
were many laboratories all over the world working with P. sungorus from Dr Hoffmann's
breeding stock analysing the occurrence of torpor. Hoffmann recognised this hamster
species as an animal model for pineal research. Additionally, since that time it has been
used for a variety of studies concerning seasonal adaptation, reproduction, photoperiodic
time measurement daily torpor and circadian characteristics (Steinlechner, 1998; Scherbarth
& Steinlechner, 2010; Cubuk et al., 2017).

The Djungarian hamster originates from the Russian border region of north-eastern
Kazakhstan, with different physiological and morphological parameters during summer and
winter. This species is used as a model organism for mammalian torpor research because of
its small size (67 - 103 mm) and thus easy housing conditions, but also because its seasonal
adaptations (body mass in summer: 35 - 45 g; in winter 25 - 30 g) can be easily triggered in
a laboratory context by adjusting the light-dark cycle without the need for cold exposure or
food restrictions (Steinlechner
& Heldmaier, 1982).

This animal survives the harsh
winter through a series of
seasonal adaptations and daily
torpor.

N i) L
e . R

R R T VAIEER v
Figure 4. P. sungorus has different fur colours. This picture
shows the usual dark brown fur, summer phenotype (right), and
a white fur with the typical dark band on the back, winter
phenotype (left) (Palchykova et al.2003)
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It can reversibly acclimatise to long and short photoperiods (Cubuk et al., 2017).

When the hamsters are adapted to winter, there is a regression of the reproductive organs,
reproduction stops, food intake ceases, and the body mass is significantly reduced
(Heldmaier & Steinlechner, 1981).

The morphological characteristics are very clear. The summer hamster, a robust,
reproductive hamster with brown fur as opposed to the winter hamster, a slender hamster
with white fur with greater thermal insulation (Figure 4) (Palchykova et al., 2003). Two
phases can be denoted. The scotophase, where P.sungorus shows nocturnal behaviour, and
the photophase, where spontaneous torpor manifests itself during the daylight hours. These
torpor episodes are called spontaneous daily torpor, meaning they manifest irregularly
during the daylight hours, not on a predictable daily basis (Haugg et al., 2021). During
torpor, the Djungarian hamster is lying with eyes closed and a clear reduction in Ty, (< 32
°C) and heart rate. Normometabolic values are reached on arousal from torpor by chemical
thermogenesis without shivering. The onset of light is considered to be an important
external zeitgeber, since torpor occurs under rigorous circadian control, with the beginning
and end of torpor coincide with the onset and end of light (Haugg et al., 2021; Kirsch et al.,
1991).

To properly synchronise the seasonal changes the Djungarian hamster transmits the
photoperiodic signal via the pineal gland, through its hormone melatonin (Hoffmann, 1973;
Larkin et al., 2003; Cubuk et al., 2016). This is controlled via the suprachiasmatic nucleus
(SCN) which is consecutively regulated by the circadian clock (Bryan-Brown, 1988). This
parameter is of vital importance for a reliable measurement of the photoperiod. Previous
studies have further shown that torpid P. sungorus reduce their MR by 44% compared to
normothermic resting individuals while their Ty, during this on average six hours long
period has a minimum around 13 °C (Heldmaier & Steinlechner, 1981; Steinlechner &
Heldmaier, 1982).
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1.4 Transcriptomic approaches in the field of torpor: organ sequencing

The fundamental canon of molecular biology defines the flow of information encoded as
desoxyribonucleic acid (DNA) contained in the cell nucleus to the observable functions of
cells and multicellular organisms, the so-called phenotype (Crick, 1970). In this process,
proteins of the RNA polymerase family transcribe genes into messenger ribonucleic acid
(mRNA), a short-lived information carrier (Crick, 1970). Ribosomes then transform the
MRNA into proteins, functional polymers of amino acids. However, although all cells in an
organism share the same genetic information, not all genes are constitutively expressed.
Instead, gene expression is mediated by transcription factors and alterations in chromatin
state, allowing for cell-type-specific transcriptional profiles depending on external stimuli
and genetic fate (Botchkareva, 2017). Transcriptomics describe the set of molecular
biology methods that allow the correlation of specific sample conditions and respective
transcriptional changes at the cellular level (Shanker et al., 2015). The nowadays most
commonly used method, RNA sequencing (RNA-seq), utilises recent advances in
massively parallel sequencing to quantify gene expression by sequencing millions of RNA
fragments. This allows to obtain frequency as well as the underlying sequences of RNA
molecules captured as temporal snapshot of an isolated cell type, whole organ or specific
tissue (Shanker et al., 2015).

Existing transcriptomic studies to understand gene expression differences between non-
torpor and torpor states have mainly been focused on different species of squirrels and
other rodents, bats, primates, and bears. Comparing these mammalian orders, the rodents
are significantly over-represented because of their size and because torpor can be set off by
exogenous factors such as limited food supply or reduced light. For instance, for the
golden-mantled ground squirrel (Callospermophilus lateralis) a database of different
sequenced organs and a proper annotation of the transcriptome are already publicly
available. Many transcriptome studies compare different tissue types, including spleen,
liver, heart, muscles, kidney, brain and brown as well as white adipose tissue, which are
assumed to be highly involved in metabolic reduction (Hampton et al., 2011; Cooper et al.,
2012; Grabek et al., 2015; Hampton et al., 2013; Schwartz et al., 2013; Cubuk et al., 2017).
The part of the brain showing the most interesting differential expression during torpor is
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the hypothalamus, which plays a role in thermoregulation, control of energy expenditure
and circadian rhythm. The liver, which is the metabolic centre of the body and processes
and detoxifies macromolecules to provide essential fuels for the brain, muscles and other
organs throughout the body, is another promising target for torpor focused research.
However, the exact transcriptional alterations, which lead to survival at a reduced MR and

span the whole organism instead of singular organs, have not yet been fully uncovered.

1.5 Blood as a potential mirror of torpor related systemic changes

Blood is the largest liquid organ of the body, generally amounting for 3 - 8% of the body
volume (Rasmussen & Rasmussen, 1917). It harbours a variety of different cell types,
including thrombocytes (platelets), erythrocytes (red blood cells), and leukocytes (white
blood cells) in a protein matrix (plasma), as well as fat, sugar, salt and water (Behrends et
al., 2021a), which flows through blood vessels and comprises an extensive transport system
interconnecting the entire body. This circulating system enables the exchange of energy,
gas, and essential nutrients (Brandes et al., 2019) and gas, playing a unique vital role in
signalling, thermoregulation and homeostasis, and has various protective functions, such as

coagulation and enabling rapid immune responses (Behrends et al., 2021b).

Conventional blood analysis has long been used to perform moderately invasive disease
diagnosis, yet whole blood transcriptomics were shown to enable the detection of diseases
which are not normally detectable or are even fully localized in other tissues (lupus
nephritis (Nagafuchi et al., 2022), rheumatic diseases (Ha et al., 2022), some rare diseases
(Frésard et al., 2019), and others. Instead of measuring metabolites, immunoglobulins or
surface proteins, the detection is performed indirectly by monitoring transcriptomic
changes instead that relate to signal transduction or triggered immune responses according
to an altered body condition (Chow et al., 2013). Blood can also reflect local and systemic
metabolic changes, such as those caused by torpor. This makes the whole blood a rich
source where different transcriptional states can be visible to explore the regulation of gene

expression in physiological, pathological and even inaccessible tissues.
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1.6 The relevance of torpor research for humans

As aforementioned, a variety of mammalian species spread all over mammalian phylogeny
are capable of performing torpor, which may suggest an underlying genetic programme for
MR reduction being present in the genome of most mammals. So far, neither individual
molecules nor endocrine properties have been described that include or exclude humans
from the torpor programme. Evidence exists that also humans are able to lower their MR on
demand. During deep sleep, for instance, the MR is reduced by 15% and Ty, drops — when
compared to morning values - by about 1 °C (Sharma & Kavuru, 2010) and during deep
meditation the MR can even be reduced around 64% (Benson et al., 1990). Another
example is the adaptation to reduced MR found in Australian natives who can sleep
unsheltered at low temperatures during the night (Scholander et al., 1958). Similarly,
evidence has been found, dating about half a million years, that during an extreme
glaciation at Atapuerca, hominids hibernated (Bartsiokas & Arsuaga, 2018).

Other developmental stages which indicate a general ability for human torpor are foetal
stages and the first hours and days of life ex utero. Kleiber's rule is based on the increase in
mass-specific basal MR with decreasing body mass where it is assumed that smaller and
therefore lighter mammals have a higher specific energy expenditure than larger mammals.
Human foetuses, in contrast, have in utero a low MR, with a specific rate of turnover that is
well below the level which would be expected in adult mammals of comparable body size,
thus disconnecting the metabolic allometry described by Kleiber and hence foetuses behave
like “an organ of the mother” (Singer & Miuhlfeld, 2007). This is considered as an
adaptation to the low oxygen availability in utero, which also prepares to risks during birth
such as temporary oxygen deprivation while transitioning to pulmonary respiration and
period of circulation after birth. A similar observation can be made during torpor, where the
MR drops significantly like for instance in a hibernating hazel mouse, of which the mass-
specific MR during torpor is approximately equal to that of a blue whale (Singer, 2006;
Singer & Miihlfeld, 2007).

Another analogy between neonates and torpid animals is the sudden activation of the

oxygen supply-dependent chemical thermogenesis without shivering via brown adipose
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tissue that can be observed after birth and during torpor arousal (Singer, 2004). With
insufficient oxygen supply, newborns are hypothermia vulnerable, as chemical
thermogenesis is suppressed. This process shows striking similarities to the tolerated drop
in T, upon entering into torpor, as well as the rewarming upon arousal from torpor due to
the sudden activation of non-shivering thermogenesis in brown adipose tissue (Singer,
2004, 2006).

1.6.1 Adaptations during torpor and during human overwintering in the Antarctic
Concordia station

The continent Antarctica is the harshest place on Earth, seasonally with lows of -89.2 °C,
and it contains 90% of the ice on the planet (Hodgson et al., 2004). Not surprisingly, in
addition to having a windy, cold, and dry climate, it is the only continent without an
indigenous human population. Due to its geographical disconnection from the other
continents, it has been gone unnoticed by humans for 35 million years. Its minimal flora
and fauna as well as its completely undeveloped land is inadequate to provide the basic
resources required for survival of larger human populations. In concession to its unique
environment, Antarctica was internationally acknowledged as a nature reserve for peaceful
collaborative purposes, where all human activities in the area are focused not only on year-
round scientific research, but also on extremely reduced forms of tourism and sustainable
fishing (De Boer et al., 2014; Khandelwal et al., 2015).

For the latter purpose there are 82 operating scientific bases that form the only permanent
human habitats with a continuous flux of residents (Grondahl et al., 2009). A typical period
of residence spans between 3 to 15 months depending on the specific study conducted.
Human research in the last decades was mainly devoted to the analysis of the complex
seasonal variations observed in the Antarctic environment and how human physiology
responds to these adverse conditions. The Antarctic summer and winter are characterized
by many months of full light and darkness respectively. This significantly absent
night/daylight variations disrupt the circadian rhythm and thus general mood, sleep, and

executive functions (Sandal et al., 2018; Buchheim et al., 2020).
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Especially during the winter period, individuals face challenging situations of stress,
extreme weather and isolation. This not only leads to different psychological irregularities
such as feelings of anguish, anxiety and sleep problems but also results in metabolic
changes, which in turn manifest via cortisol or adrenaline mediated heartbeat acceleration

and hypertension (Sandal et al., 2018).

These changes also cause everyone to go through a multifactorial stress process; selection
of proper coping strategies and possible stressor evaluation encourage favourable activation
levels by either focusing on the problem, by decreasing emotional reactivity, or by negating

stress sources (Fletcher & Sarkar, 2013).

Expeditioners may respond differently, thus showing parallels with animals that are capable
of exhibiting torpor. As mentioned before, in torpor the MR is reduced to basal levels and
there are numerous adaptations to low temperatures, energy demand, lack of nutrients and
general stress. To date, metabolic changes in humans overwintering in Antarctica have not
been compared to metabolic adaptations in hibernating animals or animals capable of daily

torpor despite environmental and physiological similarities.
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2  Aim of the work

This work aims to investigate whether different mammalian species exhibit similar or
comparable changes in gene expression regulation, which would support the idea of a
common genetic “torpor-programme” anchored in the mammalian genome. For this
endeavour the transcriptomic profile was measured in blood of P. sungorus in different

phases of daily torpor.

In the first part, transcriptional dynamics between the different phases of torpor entry
(ZT01), torpor nadir (ZT04), arousal (ZT07) and the post-torpor phase (ZT16) were
assessed.

Afterwards, in the second part, relevantly regulated genes from mid torpor were subjected
to an extensive comparative literature research to verify comparable transcription patterns
in blood of torpid P. sungorus and other mammals in deep torpor/hibernation. These

analyses were performed independently of the investigated organ or tissue.

Lastly, in the third part, transcription patterns in the different phases of daily torpor in P.
sungorus were compared to transcriptomic profiles from blood of human overwintering in
the Antarctic Concordia station (during different timepoints of mission) to get for the first-
time insights into putative similarities in gene expression regulation which might be

associated with reduction in MR.

Since there was no annotated genome for P. sungorus, a de novo assembly was performed.
After differential gene expression analysis, data was imported in the bioinformatic analysis
tool Ingenuity pathway analysis (IPA) (QIAGEN Inc.,
https://digitalinsights.giagen.com/IPA) to distinguish and determine signalling pathway
candidates involved in torpor and to detect protective as well as detrimental consequences

of the respective regulation pattern (QIAGEN, Inc., https://targetexplorer.ingenuity.com/).
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3 Material and Methods
3.1 Equipment and reagents

3.1.1 RNA Isolation Kits

Table 2. List of kits used and their manufacturers

Material and Methods

Kit Manufacturer

NucleoSpin® RNA Blood Midi MACHEREY-NAGEL

Lysis Buffer DL

Wash Buffer RB2

Wash Buffer RB3 (Concentrate)
Membrane Desalting Buffer MDB
Reaction Buffer for rDNase
rDNase, RNase-free (Iyophilized)
Liquid Proteinase K

RNse-free H20

NucleoSpin® RNA Blood Midi Columns
(plus Collection Tubes)

20 Collection Tubes for lysis, elution, and
washing steps

NucleoSpin® RNA Clean-up MACHEREY-NAGEL

Lysis Buffer RA1
Wash Buffer RA2

Wash Buffer RA3 (Concentrate)
RNase-free H20

NucleoSpin® RNA Clean-up Columns (light
blue rings — plus Collection Tubes)

Collection Tubes (2 mL)

Collection Tubes (1.5 mL)
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Qubit™ RNA IQ Assay Kit Thermo Fisher Scientific

Qubit™ RNA IQ Reagent
(Component A)

Qubit™ RNA IQ Buffer
(Component B)

Qubit™ RNA IQ Standard #1
(Component C)

Qubit™ RNA 1Q Standard #2
(Component D)

Qubit™ RNA IQ Standard #3
(Component E)

3.1.2 Reagents

Table 3. List of reagents used that are not included in the reaction Kit

Reagents Manufacturers

96-100 % ethanol (to prepare Wash Buffer

RA3 and to adjust RNA binding conditions) Merck

3.1.3 Equipment

Table 4. List of equipment used for the RNA Isolation

Equipment Manufacturer

Eppendorf 5430/ 5430 R centrifuge Eppendorf
ThermoMixer® C Cooling/Heating block Eppendorf
Rotary mixer RS-TR 5/10 Phoenix

Nanodrop One, NanoDrop™ One/OneC
Microvolumen-UV/VIS- Thermo Fisher Scientific
Spectralphotometer with WLAN

Qubit 4 Fluorometer Thermo Fisher Scientific
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3.1.4 Consumables

Table 5. List of consumables

Consumable Manufacturer

1.5 mL microcentrifuge tubes Sarstedt

1.5 mL sterile RNase-free tips Sarstedt

Quibit sterile RNase-free tips Thermo Fischer Scientific

3.2 Experimental animals

3.2.1 Breeding and housing

In accordance with the local ethics committee (z.231-1, RP Tibingen), P. sungorus (n=36,
18 males, 18 females) were bred and raised by Professor Dr Herwig's Research Lab in
December 2018 and in January 2019 in the indoor breeding colony of the Institute of
Neurobiology (Ulm University, Germany) using an outbred crossing scheme. A constant
environment with an ambient temperature of 20 £ 1 °C and artificial light at 200-250 lux
was provided. Summer-like long photoperiods were simulated by illumination of 16 hours

per day and winter-like short photoperiods (SP) by illumination of 8 hours per day.

Animals were acclimatised to SPs at an age of 16 + 3 weeks. To allow sampling during
dark phases a permanent red-light LED (<5 lux) was used. Food and tap water (Altromin
hamster breeding diet 7014, Lage, Germany) were provided ad libitum. Once a week the
diet was enriched with sunflower seeds, oat flakes, and cucumber. Makrolon Type 111 cages
(820 cm?) including nesting material and wooden bedding were used for single housing

adult hamsters (Cuyutupa et al., 2023).

3.2.2 Radiotelemetry

Body temperature, date and time were used to determine the correct sampling time point.
Ty and locomotor activity were measured using a radiofrequency transmitter (Data Sciences

International (DSI), Harvard Bioscience Inc., St. Paul, MN, United States) that was
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implanted at an age of 30 = 3 weeks intraperitoneally under isoflurane anaesthesia (2.5%
and 1 ml/min for induction, 0.75-2.0% and 0.4 ml/min for maintenance) and carprofen
analgesia (5 mg/kg, i.p.; Rimadyl, Zoetis Deutschland GmbH, Berlin, Germany). To
promote fast recovery from surgery animals were nourished with additional cucumber,
sunflower seeds and oat flakes. Additional nesting material was also provided. Behaviour,
posture, coat care and body mass were used as scoring parameters over a period of around a
week. The Regional Council of Tuebingen, Germany (1411) approved the surgical and

experimental procedures (Cuyutupa et al., 2023).

3.2.3 Sampling scheme

A spontaneous daily torpor episode has four phases with the following characteristics
(Figure 5):

(D) torpor entry, also zeitgeber time 1 (ZT01), Ty: around 30 °C,

(2) mid-torpor or torpor nadir, also zeitgeber time 4 (ZT04), Ty: around 22 °C,
(3 arousal, also zeitgeber time 7 (ZT07), Tp: around 30 °C, and

(4) post-torpor state, also zeitgeber time 16 (ZT16), Ty,: around 35 °C.

Spontaneous daily torpor, which was detected in the form of a drop of Ty, < 32 °C for >= 30
minutes, was observed in all 36 SP acclimatised animals. Over different sampling times, 18
hamsters were hypothermic (HT) and expressed torpor, while 18 other non-torpor
expressing animals served as normothermic controls (NT). During torpor entry (ZT01)
samples were obtained from 6 NT and 5 HT animals; during torpor nadir/mid torpor
(ZT04) samples from 4 NT and 5 HT animals; during torpor arousal (ZT07) samples from 4
NT and 4 HT animals, and post-torpor (ZT16) from 4 NT and 4 HT animals. Animals were
sacrificed for analysis at an age of 32 + 4 weeks inside their home cages by carbon dioxide

inhalation (Cuyutupa et al., 2023).
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Figure 5. Illustration of the different sampling points of hamsters subjected to short day light (SD).
Blood samples were taken at different zeitgeber times: torpor entry (ZT01), during torpor nadir/mid
torpor (ZT04), arousal (ZT07), and post-torpor (ZT16). The grey line indicates torpor individuals,
the black line indicates normothermic individuals (Cubuk et al., 2017).

3.2.4 Blood samples and processing

After the hamsters were sacrificed, a puncture was made in the right ventricle of the heart
and 500 pl of whole blood were sampled. For the blood analysis, samples were taken
during the previously defined torpor periods and the respective controls. Samples were
deposited in microvettes containing EDTA and immediately placed on ice. These were then
centrifuged for a period of 10 minutes at 2,000 rpm at a temperature of 4 °C to separate
plasma from blood pellet. The two different specimen were then stored separately and kept
at -80 °C until the RNA extraction (Cuyutupa et al., 2023).
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3.3 RNA isolation, quality control and Next Generation Sequencing

3.3.1 Column chromatography

This method is based on the different adsorption rates of substances in a solution (mobile
phase) on a solid substrate (stationary phase). It is used to perform the purification of mixed
substances of different polarity at different
scales. In the context of this work, only
columns that bind the target RNA together
with a silicon matrix were used. The

principle of this method lies in the high

affinity of negatively charged nucleic acids

for positively charged silicon particles.

Figure 6. Column chromatography. Image based
on Squidonius, 2008

Sodium ions serve here as a cation bond by attracting the negatively charged structures of
the nucleic acids and, under high salt concentrations, by breaking the hydrogen bonds
between the hydrogen contained in the water and the negatively charged oxygen ions
contained in the silicon matrix (Squidonius, 2008), Figure 6. Once tightly bound nucleic
acids can be purified by intense washing steps and then eluted with distilled water or Tris-
EDTA.

3.3.2 RNA isolation from hamster blood

Frozen blood pellets (400 pl) were first resuspended in 400 pl of DL solution to enhance
cell disruption and to achieve additional inhibition of RNAases. These were placed in the
roller mixer for approximately 8 minutes until they were thawed. After this, the samples
were split into two different tubes in equal amounts of 200 pl, as the blood was very heavy
and occasionally clots were formed in the columns, thus avoiding clogging and making the
assay run smoothly. Then, 5 ul of proteinase K were added to each tube and set at 20 °C for
15 minutes in a Thermoshaker. After this step, 200 pl of ethanol were augmented and after
a brief vortexing, the entire sample mix was transferred to a NucleoSpin® RNA Blood

Column and the samples were centrifuged for 30 seconds at 11,000 x g, the supernatant was
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discarded, and the column was placed in a new collection tube. After adding 350 ul MDB
(Membrane Desalting Buffer) onto the column, the samples were centrifuged for 30
seconds at 11,000 x g and the flow-through was eliminated. Following, a digest was
performed with 95 pl rDNase. Subsequently an additional incubation step of 15 minutes at
room temperature, two washes were performed with different solutions discarding the
supernatant and the column was placed in a new collection tube, first with 200 pl Buffer
RB2, then with 600 pul Buffer RB3 and centrifuged as before. The last and third wash was
performed with 250 pl Buffer RB3 where the samples were centrifuged for 2 minutes at
11,000 x g. The ethanol was removed from the column. Thereafter, the columns were
placed in a nuclease-free collection tubes. The supernatant from the previous step were
discarded. The respective column was then relocated into a new reaction tube with 60 pul of
RNase-free water and centrifugation just as the beginning. A total of 60 pl of RNA per
sample was obtained.

3.3.3 RNA Clean-up

Once the RNA (60 pul) was isolated, the collection tube was filled up to 100 pl with H-O.
The samples were resuspended in 600 pl of Buffer RA1-ethanol-premix (300 ul RA1 with
300 pl ethanol, which makes a mixture of six times the volume of the RNA sample). This
mixture was mixed very well by vortexing. Then 700 pl or all of the mixture was placed in
a NucleoSpin® RNA Clean-up Column, centrifuged for 30 seconds at 8,000 x g, the flow-
through was discarded. Then a first wash was performed with 700 pl Buffer RA3,
centrifuged as before and the flowthrough was discarded. This was followed by an
additional washing step with 350 ul Buffer RA3, centrifugation for 2 minutes at 8000 x g
and discarding the supernatant. The NucleoSpin® RNA Clean-up column was then
relocated in a nuclease-free collection tube. The cap of the column was left open, and the
membrane was dried for three minutes. Afterwards, for RNA elution, the respective column
was relocated to a new collection tube and the RNA was flushed by including 60 ul of
RNase-free water and centrifugation for 1 minute at 8,000g. This final step yielded 60 ul of
purified RNA.
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3.3.4 RNA Integrity

Once purified RNA was obtained, the RNA concentrations were quantified using a
NanoDrop fluorometer (Thermofisher Scientific, Waltham, MA, USA) and RNA integrity
(RIN) was assessed using a Qubit with the RNA 1Q Assay (Thermofisher Scientific,
Waltham, MA, USA). Measurement of the RNA integrity of blood RNA was done with the
Qubit™ RNA IQ Assay kit, which detects RNA degradation using the Qubit™ 4
Fluorometer. It uses two unique stains; one that binds to highly structured RNA, and the
other that selectively binds to smaller, degraded RNA fragments. In this way, the quality of
an RNA sample can be assessed using its integrity as a metric. RNA 1Q is a numerical
value indicating the integrity and quality of the RNA sample ranging from 1 to 10, with 10
being an excellent result. Additionally, 190 pul of Qubit™ working solution and 10 pl of
each standard solution, which is used for calibration for the selected assay, were prepared
separately. Different measuring tubes were also prepared for the samples with Qubit™
working solution and the sample to be analysed, according to the concentration ranges
recommended by the kit, which vary between 180 and 199 pl. The final volume of all three
standard and sample tubes was 200 pl. Dilutions were mixed by vortexing for 2-3 minutes,
avoiding the formation of bubbles. The tubes were incubated at room temperature for two

minutes. Then samples and according standards were measured.

Cellular RNA was then classified into different RIN (RNA integrity number) categories,
ranging from values 10 to 1 with increasing degradation. These are determined by
automated assignment of signal intensities of ribosomal RNAs (28S and 18S rRNAS).
Progressive degradation of the RNA is accompanied by a decrease in rRNA signals and an
increase in smaller RNA fragments (Schroeder et al., 2006). In the present experiments, the
cellular RNA samples showed a purity of 2.08 and 2.11 and a RIN of 8.85 £ 0.76 (Mean £
STDEV) (Table 6), which passed internal quality control (Cuyutupa et al., 2023).
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Table 6. Information about the hamsters (P. sungorus) analysed in this work. All hamsters (n=36)
were capable of torpor and SD adapted. Additionally, RNA concentrations and RINs are included.
Abbreviations ID: identification number; gender: m: male, f: female; SD (short day): 8 hours with
and 16 hours without light; ZT: Zeitgeber; HT: torpor at day of sampling; NT: no torpor at day of
sampling; RIN: RNA integrity number.

General information Timepoint RNA concentration RN'.A‘
quality
. Body
D Gender A% emp |zt HT/ | homi A260/A280 A260/A230 | RIN
weeks °C] NT

1823 5/8 f 28 30.87 1 HT 448 2.13 2.22 7.9
1823 3/5 f 30 30.09 1 HT 416.1 2.1 2.26 9.4
18N3 3/5 f 33 30.53 1 HT 4532 2.11 2.21 9

18N1 1/1 m 39 26.41 1 HT 708.6 2.09 2.27 7.7
18N3 4/4 m 30 25.20 1 HT 5284 2.03 1.84 9.2
18F1 4/3 m 29 35.16 1 NT 440 2.07 1.98 9.1
18N1 4/1 m 30 35.26 1 NT 326.8 2.09 2.31 7.9
1823 2/2 m 35 34.73 1 NT 1931 2.08 2.23 9.8
18X12/4 m 40 34.66 1 NT 686.4 2.09 1.94 8.8
18N3 4/6 f 30 34.24 1 NT 3215 2.09 1.98 8.6
18F1 4/7 f 28 35.14 1 NT 6122 2.08 2.02 8.9
18N1 3/3 f 32 24.94 4 HT 5222 2 2.03 9.2
1873 3/4 f 38 23.69 4 HT 3481 2.09 2.05 10
1823 5/7 f 24 25.78 4 HT 3233 2.1 2.15 9.2
18X3 2/2 m 28 23.34 4 HT 4319 2.09 2.28 7.9
18N3 4/2 m 29 20.66 4 HT 331 2.11 2.29 7.8
18F1 4/4 m 30 35.58 4 NT 317.8 2.09 2.14 10
18N1 4/2 m 31 36.30 4 NT 3292 2.09 2.19 7.7
18X1 2/5 m 39 35.69 4 NT 368.1 2.09 2.28 8.6
18F1 3/3 m 33 35.20 4 NT 4171 2.12 2.28 8.1
18X3 2/7 f 28 31.24 7 HT 3138 2.06 1.97 8.8
18N3 3/6 f 33 32.84 7 HT 3405 2.11 2.23 10
1873 2/6 f 34 29.07 7 HT 446.6 2.11 2.28 8.7
18N1 2/1 m 36 27.79 7 HT 474 2.1 2.16 7.6
18F1 4/6 f 30 36.24 7 NT 3255 2.04 1.85 9

18N3 4/7 f 31 34.29 7 NT 190.7 2.08 2.28 8.5
18F1 3/7 f 35 34.55 7 NT 4218 2.13 1.99 7.7
1823 2/4 m 34 35.27 7 NT 4398 2.1 2.16 10
18X3 2/6 f 29 36.14 16 HT 2984 2 1.62 9.3
1823 3/6 f 31 36.91 16 HT 4242 2.12 2.27 10
18N1 3/4 f 34 35.86 16 HT  207.7 1.87 1.23 9.3
18F1 3/6 f 34 35.01 16 HT  465.2 2.08 2.04 8.9
18F1 4/2 m 30 37.93 16 NT 5183 2.08 2.26 8.8
1823 3/2 m 31 35.73 16 NT 3208 2.09 2.29 9.1
18N3 3/2 m 34 35.31 16 NT 3904 2.07 1.9 8.3
18X1 2/3 m 36 36.33 16 NT 601.2 2.1 2.27 10
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3.3.5 Next Generation Sequencing

The transcriptome of P. sungorus was assessed by bulk RNA-Seq employing the high-
throughput capabilities of the Illumina HiSeq platform. RNA was transformed into its more
stable complementary DNA (cDNA) counterpart by using virus derived reverse
transcriptase. During the subsequent amplification known sequencing adapters were ligated
to the cDNA fragments. These adapters were then bound by complementary surface-
coupled probes to fix each fragment. Subsequently the complementary strand was
synthesised using fluorescent-dye-coupled nucleotides. After each polymerisation step the
process was temporarily terminated and the fluorescent properties of the last bound
nucleotide were measured to derive the sequence of the respective fragment (Wang et al.,
2009).

The cDNA library preparation and RNA-Seq was performed by the commercial service
Eurofins Genomics Europe Sequencing GmbH Konstanz, Germany). After quality control
by fragment analyser, an accurate short insert cDNA library with an insert size of 2 x 150
bp was prepared with a minimum of 30 million reads per sample, analysed separately for

sequencing on HiSeq 2500 employing the paired-end module (Cuyutupa et al., 2023).

3.4 Bioinformatics

3.4.1 Genome assembly of the Djungarian hamster

The raw sequencing reads were performed by bioinformatician Dr Yiming Cheng of the
Gene Centre and Department of Biochemistry of the Ludwig-Maximilians-University
Munich and assessed for quality using fastqc 0.11.9
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Pre-processing of all reads

was performed by clipping adapters at 3” and primers at 5” ends.

Removal of adapters and low-quality bases was performed with trimmomatic (version
0.39). Additionally, reads containing uncertain base readings were eliminated as were
duplicates (those with identical sequences). The cleaned reads were further processed for

sequencing error correction (Figure 7). Due to the absence of an annotated P. sungorus
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genome, a de novo assembly of the transcriptome was created. Trinity (version 2.8.6) was
used to merge individual FASTQ files into reference contigs. An annotation coverage of
99.3% was measured using BUSCO (version 5) utilizing the “-m transcriptome —auto-
lineage-euk” parameters. Human ortholog discovery was performed by translating each
contig into all potential reading frames and blasting the obtained hypothetical proteins
against human references. A BLAST bitsorce of 50 has been used as cutoff for potential
hits. The best hits were then used to map the human genes to the predicted transcripts. The
analysed samples were aligned with custom-made PERL scripts to the created reference
genome using histat2 and gene expression data was quantified (Cuyutupa et al., 2023).

Illumina PE sequencing Merge reads and Clip

Raw reads uality Control
(2x100bp) Q ¥ adapters
Trim 3' low quality Filter reads of low Remove read
. ) Clean reads
bases complexity duplicates
. Blast against human Differential gene .
Transcript assembly genome expression of HT vs. NT IPA gene import

Figure 7. Flowchart depicting the bioinformatic pipeline for this work. Steps used to generate
quality control and Djungarian hamster transcriptome assemblies.

3.4.2 Differential gene expression (DGE) analysis

Deseq 2 was used for the assessment of DGE of HT against NT for each ZT. To perform
biological differential analysis, genes were imported into IPA
(https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-
and-visualization/giagen-ipa/) using a fold change (FC) >|1.25] and p-value <0.05 as cut-
off. Furthermore, the IPA regulator effects tool was used to select target molecules that
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represent relevant regulated genes from the P. sungorus transcriptome dataset. As well, this
tool algorithm of IPA is widely used to formulate an initial hypothesis to explain the
influence of specific transcriptional regulators and their respective inhibition or activation
on the expression of the target molecule and further on down-stream metabolic processes
and associated diseases. At least 1 iteration was used for this process. Merging of networks
was performed if a statistically significant overlap (Fisher's exact test p-value of <0.05) was
present. Additionally, potential phenotype defining mechanisms can be determined by
estimating the biological impact of significantly regulated target molecules. Moreover, to
analyse the longitudinal comparison of the four timepoints (ZT1-16), the tool "comparison
analysis™ was used, maintaining the established cut-off values and adding the significance
value |z-score = 1.5|, this highlight that an equal value represents a real change and any
value lower than this only a trend. Also, the networks and molecules involved in these
pathways were available, which were chosen by a criterion of torpor-related themes
(Cuyutupa et al., 2023).

3.5 Humans overwintering at the Antarctic Concordia station

These data were collected in an expeditionary study in 2017 and have been already
published with data related to endocannabinoids, epinephrine values and some immune

system changes (Strewe et al., 2018; Buchheim et al., 2020).

3.5.1 Sampling scheme

Samples were collected during the 2017 winter campaign at the Antarctic Concordia station
from 8 male participants. The average age range of the study participants was 36 years,
they were 1.75 m tall and 77 kg in weight and non-smokers. Blood sampling was done in 3
phases: before the deployment at the Concordia station; during the stay at the station in
January, April, July; October and the post phase 5 to 6 months after the period of loneliness
(Buchheim et al., 2020).

3.5.2 Blood sample processing and RNA isolation

Venous blood (2.5 ml) was collected under sterile criteria in PAXgene® RNA tubes (BD
Biosciences, Germany) and reserved at -80 °C. The study was conducted in accordance
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with the code of the World Medical Association (Declaration of Helsinki). The institutional
review board of the Ludwig-Maximilians-Universitat in Munich (LMU), Germany, and
from the medical board of the European Space Agency (ESA) issued their ethical approval.
RNA isolation was performed in the Laboratory of Translational Research — Stress and
Immunity of the Hospital of the LMU employing the Paxgene Blood RNA Kit
(PreAnalytiX GmBH, Germany). Sample purification was realized with RNeasy columns
(Qiagen, Germany). Quality and RNA amounts were quantified with the nanoDrop
fluorometer (Thermofisher Scientific, Germany). Paired-end 150bp next generation
sequencing (NGS) RNA-seq was performed by Eurofins Genomics Europe Sequencing
GmbH (Konstanz, Germany) on an Illumina HiSeq 2500 platform with at least 30 million

reads per sample (Buchheim et al., 2020).

3.5.3 Analysis with IPA

After sequencing, the data from the Concordia crew blood samples were entered into the
IPA software (QIAGEN Inc., https://digitalinsights.giagen.com/IPA). The alignment
procedure with the human genome was performed with OmicSoft Aligner OSA. Using
DESeq2, comparisons were made for gene expression in comparison to the control point,
which were samples taken in Europe 2-4 months prior to departure to Antarctica, termed
baseline data collection (BDC). For gene expression the cut-off points used were: fold
change (FC) = 2, g 0.01, false discovery rate (FDR); for post-isolation point (Post), the FC
was 1.5. This database with the timepoints; January, April, July; October and Post; was
used for comparisons with the P. sungorus blood transcriptome database (Buchheim et al.,
2020).

3.6 Literature research based of transcriptomic changes during torpor in mammals

Online Public Access Catalogue (OPAC), an LMU meta-database, was used for research
and collection of studies and analyses concerning transcriptome studies with focus on
“torpor” and/or “hibernation” and “no torpor” and/or “no hibernation”. Those keywords
were searched, and in a next step the duplicates in identified publications were discarded,
resulting in 621 articles. Publications carried out in other species were also excluded, so

that only 314 mammalian studies remained. Finally, 13 publications were chosen that
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fulfilled the search criteria (see Figure 8), as the objective was to find matches regardless of
order, species and organ. A gene expression comparison was performed, and exact matches
were identified, discarding also studies with no matches, with no listed genes, i.e. only
reviews, or with orthologous genes without being the identical exact same TMpa genes
(Cuyutupa et al., 2023).

724 transcriptome publications
using OPAC with the key words:
(no) hibernation/(no) torpor

l ___________ > 103 duplicates removed

» 307 non-mammalian
publications discarded
314 publications on
mammals

301 publications excluded:
i - 254 without listed torpor genes

——————————— 9 | - 27 focus on other torpor phases
- 20 publications with other
orthologous genes

13 studies included

Figure 8. Descriptive flowchart of the literature analysis. From a large number of studies on
transcriptomic analyses, those concerning mammals were selected. These were further filtered for
reports offering a high level of detail in order to contrast the analysed genes with TMpa (Cuyutupa
etal., 2023).
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3.7 Data presentation

3.7.1 Gene clustering

As part of the bioinformatic analysis of the DGE associated with the four stages of torpor,
the Qiagen IPA system data set (QIAGEN Inc., https://digitalinsights.giagen.com/IPA) was
used for the main analysis and then superimposed onto the Ingenuity Pathways Knowledge
Base global molecular. Highly significant gene networks and canonical pathways were
identified and categorised from the “IPA Pathway Knowledge Library”
(https://geneglobe.giagen.com/us/knowledge/pathways) (Kramer et al., 2014).

3.7.2 Graphic edition

Figures were created with the Adobe Illustrator (Adobe Inc., 2018) graphics editor.
Heatmaps were produced with R version 4.1.0 (R Core Team, 2021) using the package
pheatmap version 1.0.12 (Kolde, 2019).
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Results

4  Results

4.1 Part 1: Dynamics of the gene expression profiles and Canonical pathway

analysis in the blood transcriptome of P. sungorus in different torpor phases

4.1.1 Overview of gene expression during the daily torpor cycle of P. sungorus

In order to perform a comprehensive investigation on changes of the molecular
mechanisms underpinning the distinct points of daily torpor in Djungarian hamsters, gene
transcription during torpor was compared within all analysed timepoints. For this purpose,
blood transcriptome samples from 18 torpid animals and 18 non-torpid control animals
were analysed in short photoperiods. Differential gene expression analysis between NT and
HT within the four distinct zeitgeber time points revealed numbers of regulated genes as
follows: at the entry of torpor (ZT01): 12,476 genes; at torpor nadir (ZT04): 11,422 genes,
during arousal (ZT07): 11,211 genes and post-torpor (ZT16): 2,315 genes. After setting
cut-offs/level of fold change (FC) >|1.25| and significance with p-value < 0.05, the number
of the remaining regulated genes was as follows: ZT01 = 559; ZT04 = 1763; ZT07 = 2832;
ZT16 = 306. Differentially expressed genes were classified according to the Ingenuity
pathway knowledge base significance level |z-score = 1.5|. Canonical pathways indicating

the value |1.5| upwards indicate a real change and any lower value only a trend.

The canonical pathway dynamics show variations between the phases entry (ZT01), torpor
nadir (ZT04), arousal (ZT07) and post-torpor (ZT16). A total of 484 genes (Figure 9) were
identified to be part of torpor-related changes in canonical signalling pathways which were
ranked in a Top 20. These genes were regulated differently at each sampling time point and
are listed in Table 7 of the Appendix.
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Figure 9. Gene expression levels at each timepoint of daily torpor in the P. sungorus blood
transcriptome. Gene expression levels were indicated by colour bar. Cut-off criteria were set with
fold change (FC) >|1.25|, p-value < 0.05 and |z-score = 1.5|.Blue colour indicates downregulation,
red colour indicates upregulation, while grey colour indicates no change compared to the controls.
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4.1.2 Top 20 Canonical pathways

To obtain an in-depth impression of the molecular mechanisms underlying daily torpor, the
data from each phase were subjected to IPA core analysis (QIAGEN Inc.,
https://digitalinsights.qgiagen.com/IPA). DGE results were classified into torpor-associated
canonical pathways (Figure 10). These 20 canonical pathways (Krdmer et al., 2014) were
categorized into five essential physiological systems, which ranged from Gene expression
and Protein metabolism, Immune system, Cellular growth and maintenance to senescence.
The significance value |z-score = 1.5| was set to indicate a real change and any value below
this indicates only a trend.

Within the timepoints:

a) Entry of torpor (ZTO01): significant differences were shown in 6 of the 20 canonical
pathways. These were downregulated and were tRNA Charging, Leukocyte
Extravasation Signalling, Insulin Secretion Signalling Pathway, Senescence
Pathway, Sirtuin Signalling Pathway. The only pathway that was highly upregulated
during this phase was Natural Killer Cell Signalling. All except tRNA Charging (|z-
score = -2.24|) were non-significant and only showed a trend (|z-score < 1.5|).

b) Torpor nadir (ZT04): in this phase most of the pathways were downregulated and
show a significant change (Jz-score > 1.5|), except for Insulin Secretion Signalling
Pathway (|z-score = -2.19|) which was upregulated compared to the ZT01 phase and
the NRF2-mediated Oxidative Stress Response (|z-score < 1.5|). Sirtuin Signalling
Pathway (|z-score = 2.61|), and SUMOylation (jz-score < 1.5|) were both
upregulated at this timepoint.

¢) Arousal (ZTQ7): in this phase most of the canonical pathways were upregulated,
with the exception of the Assembly of RNA Polymerase Il Complex (|z-score <
1.5|), Chemokine Signalling (|z-score < 1.5|) and Crosstalk between Dendritic Cells
and Natural Killer Cells (|z-score = -1.51]).

d) Post torpor (ZT16): at this stage the canonical pathways were altogether
downregulated, most of them show a significant change (|z-score > 1.5|), and some

show no significant difference to control hamsters.
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Figure 10. Heatmap showing Top 20 canonical Pathways. Comparative transcriptome analysis
between HT and NT, based on IPA predictions across the four distinct zeitgeber timepoints (ZT): at
the entry of torpor (ZT1), at torpor nadir (ZT4), during arousal (ZT7) and after torpor (ZT16). The
blue colour indicates downregulation, the orange colour indicates upregulation and grey colour
indicates no detectable change compared to the controls. Numbers inside the boxes are the
significance value (|z-score = -1.5|) to indicate a real change, any value below this indicates only a

trend.
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Additionally, this Top 20 of most important differentially expressed pathways were
grouped into 5 categories based on cellular function (Figure 10). Pathways definitions were
generated from the IPA database as the number of involved molecules with the torpor

dataset of this work (QIAGEN, Inc., https://targetexplorer.ingenuity.com/):

(1) Gene expression: there were four pathways related to gene expression. These were
Assembly of RNA Polymerase 11 Complex, which denotes the first step of highly
dynamic eukaryotic gene expression in mammals and forms part of the general
transcription factors in the DNA promoter. The tRNA Charging pathway involves
signalling after tRNA aminoacylation, which is of utmost importance for the
initiation of translation, in which the aminoacyl tRNA and the mRNA transcript
bind to the ribosome. These two pathways involve 16 molecules. The third pathway
related to gene expression is HMGB1 Signalling, where the high mobility group
protein B1, involves 39 molecules, the intracellular process of transcriptional
regulation, DNA replication and repair as well as nucleosome assembly. EIF2
Signalling (eukaryotic translation initiation factors) elucidates the role of EIF2 in
the regulation of transcription. For this pathway 21 involved molecules were
identified.

(2) Protein metabolism: the SUMOylation Pathway; this pathway comprises various
aspects of protein function, such as transcription, subcellular localisation, DNA

repair and the cell cycle. Of the involved molecules, 32 were identified here.

(3) Immune system: the pathway with the most identified involved molecules (56) was
B Cell Receptor Signalling, which involves B cell activation prompted by the B
cell receptor (BCR) mediated antigen binding. This is important for processing and
presentation of an antigen to T helper cells. The next pathway, Chemokine
Signalling, is involved in the control of leukocyte migration during development,
homeostasis and inflammation. Crosstalk between Dendritic Cells and Natural
Killer Cells is involved in signalling the regulation of immune defence against

viruses and tumours and the secretion of chemokines and cytokines. The latter two
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pathways comprise 23 of the identified molecules. Leukocyte Extravasation
Signalling is a process by which leukocytes migrate from the blood into tissues
during inflammation. From this pathway, 44 relevant molecules were identified.
Natural Killer Cell Signalling (59 molecules) is a pathway which is linked to
lymphocytes and involves the cascade of cytolytic processes and the secretion of
cytokines and chemokines. The Role of Pattern Recognition Receptors in
Recognition of Bacteria and Viruses pathway contains 38 differentially expressed
enzymes relevant for recognition of pathogen-associated molecular patterns and
dysfunctional cells. Furthermore, for the pathway TGF-§ Signalling 29 proteins

related to leukocyte activity, competence and proliferation were identified.

(4) Cellular growth and maintenance: For the ERK/MAPK Signalling 59 molecules
were identified. This pathway regulates the growth factor-mediated action of a wide
range of cell development events including mitosis, differentiation, senescence, and
apoptosis following irradiation in function of MAPK pathway. Cardiac
Hypertrophy Signalling (59 molecules) mediates the cardiac growth response by
activating receptors and downstream signalling peptide release. Insulin Secretion
Signalling points out the increase in glucose uptake in fasting states at different
levels of stress in which insulin increases, including 67 of the identified molecules.
The Sirtuin Signalling Pathway covers signals that regulate diverse processes
related to aging, cellular stress and metabolism, while comprising 94 of the
identified molecules. NRF2-mediated Oxidative Stress Response which is an
antioxidant pathway that is activated in response to ROS presence, with 68
molecules. Xenobiotic Metabolism General Signalling Pathway which deals with
the regulation of endogenous primary and secondary toxic substances by active
transport and subsequent enzymatic degradation, 41 associated molecules were

identified therein.

(5) Senescence: Two signalling pathways were identified, the first Senescence
Pathway involves cell cycle arrest and the release of inflammatory cytokines,

restricting the propagation of cells under various types of stress and inducing
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telomere shortening, which is detected in part through DNA damage responses, in
which 106 of the identified molecules act. The second pathway, Telomerase
Signalling (42 identified molecules) targets the mechanisms that regulate telomere
length, and genome-wide studies have helped to map the genes involved in telomere

length control, which are crucial for cancer initiation and tumour survival.

4.2 Part 2: Whole-body regulatory mechanisms during torpor are reflected in blood

transcriptomics

In the second part of this work, as already published in (Cuyutupa et al., 2023), the focus
was set on gene expression regulation in ZT4 and its comparison with findings in
transcriptomic alterations in different mammalian species and organs. This comparative
analysis was performed using target molecules identified in the dataset from the P.
sungorus transcriptome in torpor nadir (ZT04 = 11.422), as the most notorious changes of
torpor are demonstrated in this phase. By IPA, these genes were classified with the
threshold criteria (P < 0.05, FC £1.25), and thereby 1,763 genes were shown to be
differentially expressed between torpor vs. non torpor group. Significantly up- or
downregulated genes and target molecules (TMpa)  (QIAGEN, Inc,
https://targetexplorer.ingenuity.com/) were obtained using |z-score = 1.5| to indicate a real
change, otherwise values below this indicates only a trend. These TMpa (215 genes) were
subjected to a comparative literature analysis including 13 publications related to
transcriptomic changes in torpor. The literature search was focused on the keywords torpor
or/and hibernation and that the studies were conducted in mammals. Only those that
provided a detailed list of identical up- or downregulated genes were considered for
comparative analysis (see Figure 8) with TMpa, regardless of species, duration and torpor
type. By this, 13 different transcriptome studies were chosen under these criteria and were
analysed in comparison with TMpa. The rate of matches between TMpa derived from P.
sungorus and the data extracted from the literature was 68.8%. This ratio could be
attributed to the fact that ZT04 comprises the nadir phase of daily torpor, which best

corresponds to the deep torpor/hibernation state reported in the literature.

41


https://targetexplorer.ingenuity.com/

Results

4.2.1 Analogies in different species and organs based on torpor nadir matches
From the 13 studies applying the criteria which were specified above, genetic matches with

the P. sungorus were found in 9 species and ten different organs (Figure 11).

The species Ictidomys tridecemlineatus showed the highest overlap with more than 120
matching genes in various organs, followed by Myotis lucifugus with > 60 matching genes

in a single organ. Other hibernating species showed only minor overlap over a range of
different organs (Figure 11).
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Figure 11. Circular chart illustrating the target molecule overlap according to IPA when comparing
existing literature on mammalian hibernators to the Djungarian hamster. The bars are clustered by

the different species with distinct torpor types. The gene count per organ is denoted next to the
respective cluster (Cuyutupa et al., 2023).

42



Results

4.2.2 Degrees of kinship in the overlapping torpor species

The order classification of these species showed different phylogenetic correlations as
shown in Figure 12. These species belong to the taxa Theria, which includes marsupials

(Metatheria) and higher mammals (Eutheria).

P. sungorus belongs to the Eutheria group, within phylogenetic proximities are the mice
(Mus musculus), being of different families. On the one hand the P. sungorus of the family
Cricetidae (the Voles) and the mouse of the family Muridae (rats and mice), both belonging
to the superfamily Muroidea and to the order Rodentia (the rodents). The next species
belonging to the same order, which showed overlap in gene regulation and torpor, are the
sciurid family (the squirrels), the arctic ground squirrel (Urocitellus parryii) and the
thirteen-lined ground squirrels (Ictidomys tridecemlineatus). Next closest were two species

of the order Primates.

Both rodents and primates belong to the superorder of placental mammals Euarchontoglires
which is composed of two clades Glires (the rodent and rabbit group) and Euarchonta
(which includes the primates, colugos and tupayas). Matches in gene regulation of P.
sungorus occurred with two species, from the Cheirogaleidae (fork-marked lemur) and the
lemuriformes, the grey mouse lemur (Microcebus murinus) and the dwarf lemur

(Cheirogaleus medius).

Next closest in kinship to the order Artiodactyla (even-toed ungulates) and Pholidota (scaly
anteaters), were two species of the order Chiroptera (vampires) of the families
Rhinolophidae (horseshoe bats) and the greater Vespertilionidae (microbats). These were
the little brown bat (Myotis lucifugus) and the greater horseshoe bat (Rhinolophus
ferrumequinum). Thus, there were also matches with a species of the order carnivora the
black bear (Ursus americanus). Finally, and most distantly related is a species belonging to
the rank of metatheria within the order microbiotheria. This species is the bush
monkey/monito del monte (Dromiciops gliroides).
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A brief description of the species that showed regulatory matches with the P. sungorus
transcriptome can be found in the supplementary material and was recently published
(Cuyutupa et al., 2023).

Phodopus
SUNZOTUS Mus
rusculus
Cricetidae Muridae  Ictidomys Urocitellus
tridecemlineatus parryii
| 1
Ictidiomys | Urocitellus
) Cheirogaleus
Muroidea . Muyotis
o Sciuridae | medius yoits
I lucifugus
Cheirogaleidae  Lemuriformes -
l Rhinnlophidae| Vespertilionidae
Rodentia
. Ursus
Primates I .
- anmericants
I Chiroptera |
Carnivora

Euarchontoglires

Artiodactyla and
Pholidota
]

Dromticiops
| gliroides
Eutheria
Microbiotheria

Metatheria —I

Theria

Figure 12. Species arranged in a cut-out simplified phylogenetic tree, to make visible the distances
to P. sungorus. The blue boxes highlight the orders, and at the top are the family names of the
species, with which similarities in genetic regulation were found (Cuyutupa et al., 2023).

4.2.3 Cellular maintenance and physiological changes during torpor

By the IPA network analysis tool, the assumed (predicted) consequences which are based
on transcriptional regulation of TM;pa were displayed. Here physiological processes were
selected according to the belonging in one of the following categories “Basic cellular

mechanisms”, “Immune system” and “Other organs” (Figure 13 and 14).

a) Basic cellular mechanisms, which includes physiological processes such as
transcription, metabolism of protein, cellular homeostasis, autophagy, apoptosis and
necrosis that are essential for cell subsistence and homeostasis.
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b) Immune system, that broadly encompasses predictions about the inhibition or activation
of processes associated with the focusing on lymphopoiesis, recruitment of leukocytes,
migration of cells, quantity of T lymphocytes, quantity of B lymphocytes, activation of
T lymphocytes and viral infection.

c) Other Organs, covering the protective effect, which was detected in blood cells, liver,
kidney and heart. The processes in these organs were proliferation of heart cells,
angiogenesis, proliferation of hepatocytes, proliferation of kidney cells, protective
effects liver lesion, liver regeneration, damage of kidney, infarction of heart, apoptosis
of cardiomyocytes and inflammation of heart and nephritis.

The prediction according to Figure 13 indicates that the diseases and functions related to
the three categories of mechanisms, the basic cellular mechanisms, the immunological
system and the other organs, are inhibited during the nadir torpor and this is to be expected,
as it is known that the mechanisms involved in gene expression, cell cycle, immunological
system and cell proliferation in orphans in these mechanisms are arrested by the low

temperature regulation and energy saving that occurs during the deep torpor.

The relation of TMpa to functions or diseases in the different torpor phases were predicted
to be very different. The heatmap which is displayed in Figure 14 depicts the predictions
(either activation or inhibition) on the activity of the physiological processes as shown in
Figure 13, but for all four torpor timepoints (ZT01-16). These changes are based on the
direction and magnitude of regulation of TMpa, Which were initially identified for ZT04.
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Figure 13. Physiological changes based on prediction of key target molecules (TMpa) regulation.

Categories: Basic cellular mechanisms, immune system, and other organs. Diseases and functions

downregulation, orange symbols:

upregulation, crosses: diseases, octagons: functions. Regulated genes in dataset (green: decreased

measurement, red: increased measurement) (Cuyutupa et al., 2023).

expected are denoted in the colouring. Blue symbols:
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Also here, significance value |z-score = 1.5| was set to indicate a real change and any value

below this indicates only a trend (Figure 13). According to these results, changes in daily

torpor at the four zeitgeber timepoints were as follows:

a)

b)

d)

Entry of torpor (ZTO01): in the category Immune system, diseases and functions are
minimally upregulated, with no significant change (|z-score < 1.5|), except for
migration of cells (Jz-score = -4.39|). In the Basic cellular mechanisms category,
there are significant changes in up- or downregulated pathways, except for
metabolism of protein and apoptosis (|z-score < 1.5]). In the category other
organisms there is a noticeable change in most of them both up- and downregulated
(Jz-score > 1.5|), however no change for Infarction of heart, Inflammation of heart,
Nephritis (|z-score < 1,5]).

Torpor nadir (ZT04): all Basic cellular mechanisms, Immune systems and others
were downregulated and showed a significant change (|z-score > 1.5|), except for
Quantity of B lymphocytes (|z-score = 1.62|) and Viral Infection (jz-score = 1.16|),
which were upregulated.

Arousal (ZT07): most pathways were upregulated and show a significant change
(Jz-score > 1.5]|), with the exception of metabolism of protein, autophagy, quantity
of T lymphocytes, inflammation of heart and nephritis which were down-regulated,
as well as proliferation of kidney cell and infarction of heart which did not differ
significantly from controls and also do not show a significant change (|z-score <
1.5)).

Post torpor (ZT16): in this phase all mechanisms are downregulated in Basic
cellular mechanisms, Immune systems, others show a significant change (|z-score >
1.5]), with the exception of apoptosis (|z-score = 3.12|), necrosis (Jz-score = 2.06|)

and infarction of hearth (|z-score = 1.56|) which are upregulated.
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10 Diseases and functions
Immune System

Basic cellular mechanism
Recruitment of leukocytes 5 Other organs

Lymphopoiesis

Migration of cells 0

Quantity of T lymphocytes 5

Quantity of B lymphocytes

Activation of T lymphocytes

Viral Infection

Transcription

Metabolism of protein

Cellular homeostasis

Autophagy

Apoptosis

Necrosis

Proliferation of heart cells

Angiogenesis

Proliferation of hepatocytes

Proliferation of kidney cells

Liver lesion

Liver regeneration

Damage of kidney

Infarction of heart

Apoptosis of cardiomyocytes

Inflammation of heart

Nephritis

11z
v1z
117

Figure 14. Enriched diseases and functions, based on IPA predictions, through all daily torpor
timepoints (ZT01-ZT16). Blue coloured squares denote downregulation, orange squares indicate
upregulation. Numbers inside the boxes are the significance value (|z-score = 1.5|) to indicate a real
change, any value below this indicates only a trend.
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Figure 15. SUMOylation Pathway predicted to be upregulated during torpor nadir and arousal
(ZT04 and ZTO07). The pathway described as small ubiquitin like modifier (SUMQO) conjugation
contains a multitude of ubiquitination target proteins that are themselves part of a wide variety of
cellular processes. SUMOQylation has the ability to amplify TGF-B/SMAD, SMAD proteins transmit
extracellular TGF receptor signals to the cell nucleus to subsequently regulate gene transcription.
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Figure 16. The ERK/MAPK signalling cascade is a crucial regulator of signalling in the immune
system. In Figure A it acts by inhibiting the regulation of Smad2/3 which acts with TGF-
signalling. During nadir torpor TGF-p is predicted to be downregulated, phosphorylation of
Smad2/3 inhibits transcription and translation. In contrast, during arousal, Figure B shows how this
cascade is upregulated and inhibits Smad2/3 phosphorylation, thus allowing transcription and
translation to proceed. Figure C and D relate this cascade to the regulation of B Cell Receptor
Signalling where it is inhibited or upregulated, respectively.
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4.3 Part 3: Comparison of metabolic adaptations reflected in blood transcriptomics

of P. sungorus and humans overwintering at the Antarctic Concordia station

The results for this third part of the work, focus on P. sungorus blood transcriptome gene
expression data from a comparison of the Top 20 canonical pathways, described in the first
part, during daily torpor (NT versus HT) and the changes found in the expeditioners
(January - Post versus BDC). These data were normalised before comparisons with their
respective controls. To indicate a real change, significance value |z-score = 1.5| was set and

any value below this indicates only a trend (Figure 17).

Overall, the January samples were taken after the crew arrived at the station, in April and
July many changes were recognised, and these were downregulated in October and upon
return. Within the Gene Expression category, significant upregulation of EIF2 Signalling
(Jz-score > 1.5|) was seen throughout the entire duration of the stay (except for Post; with
shows no change) and is comparable to the arousal phase of P. sungorus (ZT07). In
comparison, Assembly of RNA Polymerase 11 Complex and tRNA Charging did not show
any significant changes in humans overwintering at the Antarctic Concordia station in
comparison to BDC. These two canonical pathways were shown to be downregulated
during torpor in P. sungorus (ZT04). HMGB1 Signalling shows a varied dynamic with the
lowest peak before and after the stay and the highest peak during July (|z-score < 1.5]|). The
upregulation in this category (July) is comparable to the arousal phase of torpor (ZT07),

which was also highly regulated.

In the Protein Metabolism category, activation of SUMOQylation Pathway is denoted
throughout the whole mission in Antarctica (|z-score > 1.5| in January) and a surprising
drop in activity after the stay (|z-score = -2|), and these results are comparable with both the
torpor nadir phase (ZT04) and the daily torpor arousal phase (ZT07).

In the category of the immune system (|z-score > 1.5| in the Post phase), the mechanisms
that were downregulated were Crosstalk between Dendritic Cells and Natural Killer Cells,
Leukocyte Extravasation Signalling, Natural Killer Cell Signalling and Role of Pattern

Recognition Receptors in Recognition of Bacteria and Viruses and these results are
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comparable with the nadir torpor phase (ZT04), where these canonical pathways are also
downregulated. However, on the other side, there are three pathways that were upregulated
in different months, and these were B Cell Receptor Signalling in April and July which is
comparable with the arousal phase of torpor. An upregulation of Chemokine Signalling,
which can be observed in April and July, doesn’t correspond to torpor results where this
pathway is completely downregulated. Moreover, TGF- Signalling (|z-score < 1.5|), which
was active during all the months sampled, is comparable with the arousal phase of torpor
(ZT07).

In the category Cellular growth and maintenance, with a significant change (|z-score > 1.5|)
in the Post phase, an almost uniform upregulation of all mechanisms in the months of April
and July is remarkable for most of the canonical pathways: Cardiac Hypertrophy
Signalling, ERK/MAPK Signalling, Insulin Secretion Signalling Pathway, Sirtuin
Signalling Pathway, Xenobiotic Metabolism General Signalling Pathway. Except for
NRF2-mediated Oxidative Stress Response which was downregulated during all sampling
timepoints. The activation of these canonical pathways during hibernation at Concordia
station is mostly comparable with the arousal phase of torpor (ZT07), as can be seen in

Figure 17.

In the Senescence category, an activation of the two signals of both the Senescence
Pathway (|z-score > 1.5| in the Post phase) and Telomerase Signalling (|z-score > 1.5],
January - July) is clearly visible throughout all timepoints in mission, which is at least for
the Senescence Pathway comparable to the arousal phase (ZT07). However, despite this
similarity, senescence-associated pathways are predicted to be downregulated during

torpor.

Previously published results by Buchheim and colleagues (Buchheim et al., 2020) were
related to viral infections and the immune system and fit the general impression of a

dysfunctional immune status.
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Figure 17. Comparative heatmap of P. sungorus and humans at the Concordia station. This based
on IPA predictions across the four distinct zeitgeber timepoints (ZT01-ZT16) and measurements on
Concordia station crewmembers (January-Post). 5 Categories: Gene expression, Protein
metabolism, Immune system, Cellular growth and maintenance and Senescence. Orange indicates
upregulation, while blue indicates downregulation. The dark lines served to better frame the
categories, numbers inside the boxes are the significance value (Jz-score = -1.5|) to indicate a real
change, any value below this indicates only a trend.
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5 Discussion

Drastic shutdown of cellular mechanisms to save energy and ensure survival occurs during
torpor and hibernation, but up to this date it is still unclear how these mechanisms operate
in detail. However, the existence of a conserved genetic programme in all mammals has
previously been suggested. Although daily torpor lasts only a few hours, it is a
multidynamic event with many adaptive changes. In this work the most noteworthy,
regulated signals during daily torpor found in the blood transcriptome of P. sungorus will
be discussed in the first part. In the second part the evaluated target molecules of torpor
nadir will be discussed according to the comparative findings with the literature. And
finally, in the third part comparative results between P. sungorus and human blood
transcriptome analysis sampled from humans overwintering at the Antarctic Concordia

station will be discussed.

5.1 Part 1: Transcriptional gene dynamics between the different torpor phases of

torpor entry, nadir (deep torpor), arousal and the post-torpor phase

5.1.1 Gene expression and metabolism of proteins

Modulation of gene expression is essential for the cellular machinery, but hardly
understood in the context of torpor. Many different components and steps interact to
achieve a responsive expression landscape; these include transcription factors, protein
synthesis and post-translational modifications, which are for example employed to target
the protein end product to its appropriate subcellular destination (Thomas & Chiang, 2006;
Ling & Groop, 2009). Analysis of signalling pathways using IPA revealed predictions
about RNA Polymerase Il Complex, EIF2 signalling, tRNA charging und HMGBL1

signalling.

Although control mechanisms should be gradually activated during torpor entry (ZT01),
which are then maintained during torpor nadir (ZT4) and reversed later, for the majority of
pathways, no changes occurred during ZTO1 compared to the respective normothermic
controls (grey colour in Figure 10). This lack of regulation is consistent with the only minor

temperature reduction in this phase compared to later stages of torpor. During deep torpor
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in mammals, mechanisms to reduce the MR are engaged like reducing transcription and
translation (Tessier & Storey, 2014) by activating different pathways in response to the

stress signal due to the torpor phenotype (Yan et al., 2008).

In all four of the initially mentioned pathways significant downregulation started to be
evident during the torpor nadir (ZT04), probably because during this torpor phase a quickly
reversible reduction of translation must be achieved through the interaction of mMRNA
processing factors and other proteins, protecting and stabilising the mRNA pool to increase
stress tolerance during arousal (van Breukelen & Martin, 2001). This can also be observed
for the EIF2 and HMGB1 signals, which are upregulated in the arousal phase (ZT07) but
downregulated in the post torpor phase (ZT16). Furthermore, RNA polymerase 11 assembly
is downregulated during torpor nadir (ZT04), but slightly upregulated in the arousal phase
(ZT07) and is then restored to control levels in the post torpor phase (ZT16). This is
consistent with previous studies in which the presence of active polymerase Il analysed in
hepatocytes and nuclei of brown adipocytes of hazel dormice (Muscardinus avellanarius)
drops to very low levels during torpor, but remains detectable, indicating a drastic reduction
under hypometabolic conditions, but not a full block of transcriptional activity (Malatesta et
al., 2008). Furthermore, nuclear accumulation of pre-mRNA during hibernation could play
an important role in preserving and maintaining cellular activity as a restorative strategy of

RNA metabolism upon arousal (Malatesta et al., 2008).

On the other side, downregulation of global protein synthesis via EIF2 was detected only
during torpor nadir (ZT04). Potentially different types of cellular stress, including torpor,
cause the aggregation of misfolded proteins in the lumen of the endoplasmic reticulum
(ER), termed ER stress (Palam et al., 2011). Mammalian cells activate ER-associated
protein degradation to prevent this type of abnormal accumulation. EIF2 signalling down-
regulates global protein synthesis as a stress adaptation (Palam et al., 2011). The
mechanism involved in EIF2 guides the tRNA charge (Met-tRNA) to the ribosomal
translation initiation site, which is imperative to start translation and successive elongation
(van Breukelen et al., 2004). Upon EIF2 signalling downregulation, as presented here, a

direct impact on low tRNA charging at the torpor nadir (ZT04) is expected. Contrary, an
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EIF2 upregulation is observed during arousal (ZT07) although the tRNA charging is still
low but almost comparable with the initial phase (ZT01). In the post torpor phase (ZT16)
no difference compared to control individuals was detected. Additionally, the predicted
downregulation of EIF2 is consistent with comparable findings in murine microbats species
and daurian squirrels (Huang et al., 2020). This response to the hibernation phenotype
showed that only a small fraction of translation initiation complexes is active when general
metabolism is suppressed, while a larger fraction is phosphorylated and thus inhibited (van
Breukelen & Martin, 2002). Increased EIF2 activity during periods of arousal has also been
linked to the restoration of protein levels essential for survival (Frerichs et al., 1998).
Moreover, high mobility group protein B1 (HMGB1) is a multivariate functional protein
that plays a role in gene regulation, DNA repair, autophagy induction, acting as a
chemokine and damage-associated molecular pattern (DAMP) causing inflammation
(Logan & Storey, 2018). HMGB1 was found to be downregulated at nadir torpor (ZT04),
however its signalling was upregulated during the arousal stage (ZT07) and showed no
difference within the post torpor phase (ZT16). These findings are similar to those of brown
adipose tissue (BAT) analysed in the ground squirrel, where HMGBL is increased during
arousal and thermal stress, when body temperature returns to euthermic levels. Here it was
linked to levels of proinflammatory markers or tissue damage (Qiu et al., 2016), suggesting

that it may be upregulated during arousal in response to oxidative stress in P. sungorus.

Death is an imminent consequence of global translation machinery shutdown, yet torpid
animals are capable of minimising the rate of protein synthesis as measure of energy
conservation without existential risks (O’Hara et al., 1999). Translational regeneration
during the arousal phase (ZT07) seems to be a key component in achieving this.
Furthermore, a limited but crucial number of proteins continue to be synthesised during

torpor in order to ensure organ subsistence (Hittel & Storey, 2002).

At the torpor entry (ZT01) and post torpor (ZT16) stages, no differences were found with
the controls, but SUMOylation activity was detected just during torpor nadir (ZT04). These
results are comparable to those performed in the kidney, liver and brain of 13-lined ground

squirrels, where SUMOylation was shown to be massively increased (Figure 15) (Lee et al.,
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2007). Since torpor is an innate model of resistance to extremely low blood flow,
hypothermia is a general inducer of SUMO conjugation due to special adaptive changes
and to counteract CNS damage (Lee et al., 2007; Storey, 2010; Lee & Hallenbeck, 2013),
and can enhance the activity of the TGFB/SMAD (Lin et al., 2020). Limited energy
availability and post-translational modifications as a regulatory mechanism for tolerance
play a very important role during this process. SUMOylation is likely active during the
arousal phase (ZT07), where blood flow is restored. Conjugation of ubiquitin decreases
rapidly in the post-torpor phase, indicating a close relationship of hibernation and SUMO
conjugation. While unbound SUMO is ubiquitous in all cellular compartments, the majority
of conjugated SUMO is found in the nucleus, consistent with transcription being the main
target of SUMOylation (Girdwood et al., 2004). The cytoprotective properties provided by
SUMOylation are impressive and therefore important for cell survival; however, additional
research is still needed to thoroughly elucidate the SUMOylation machinery that confers
this hypothermia resistance (Sajeev et al., 2021). The current results hereby suggest that the
increase in SUMOylation during ZT04 may be primarily caused by decreased body
temperature and act as a tolerance strategy to hypothermia-induced ischemia (Lee et al.,
2007).

5.1.2 Immune System

Although the majority of pathways showed no difference in regulation when comparing the
ZTO01 phase to control individuals, the Natural killer (NK) Cell Signalling was found to be
upregulated. NK cells are part of the innate immune system and specifically recognise and
kill aberrant cells such as virus infected, tumorous or severely stressed cells (Paul & Lal,
2017). Thus, upregulation might either represent a protective measure against viral
infections and stress induced damage during torpor entry or might be a co-regulated
consequence of ZTO1 related stress reactions and regulatory responses observed during
deep torpor (ZT04).

In general, all immuno-related pathways are predicted to be downregulated during torpor
nadir (ZT04), most likely because there is no stimulation by cytokines or chemokines.

Their secretion typically promotes leukocyte migration during development, homeostasis
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and inflammation (Tessier et al., 2015); therefore their absence impedes any activating
immune responses until their re-activation during the arousal phase (ZT16). In addition,
chemokines, a group of cytokines, which selectively recruit leukocytes to areas of tissue
inflammation or injury (Baggiolini et al., 1993; Lukacs et al., 1995), are also shown to be
downregulated during ZT04. In addition, Crosstalk between Dendritic Cells, Leukocyte
extravasation signalling and Role of Pattern Recognition Receptors in Recognition of
Bacteria and Virus pathways and the transforming growth factor beta (TGF-B) pathway are
predicted to be downregulated during ZT04. Also, B cell receptor signalling is predicted to
be downregulated during torpor (Figure 16, C and D). This may be because there is no
stimulation by cytokines or chemokines, which are also downregulated and therefore there
is no activation response of this mechanism. Until its activation during the arousal phase
(ZT16) (Figure 16, A and B). These pathways are mostly upregulated again during arousal
(ZT07). Immune latency being a result of torpor is widely recognised as an energy
conservation strategy by decreasing the functions of innate and adaptive immune cells (Wu
& Storey, 2016; Tessier et al., 2021). The immune processes predicted by IPA to be
inhibited are consistent with studies in Syrian hamsters (Mesocricetus auratus) and
hibernating ground squirrels in which the reduction in body temperature resulting from
metabolic suppression in torpor is the main driving force constituting a versatile, yet
rapidly reversible system of reduced immune function (Bouma et al., 2010; Wei et al.,
2018). Furthermore, previous studies in bats and torpid 13 lined ground squirrels showed
that during torpor, cytokine levels were decreased in the duodenum, jejunum, ileum and
large intestine and the immune system became active immediately before the mammals
returned to their active state (Kurtz et al., 2021). In addition, this decrease is also attributed
to the downregulation of the leukocyte extravasation signalling pathway, since
leukocytopenia is closely associated with torpor entry. This resembles analyses in squirrels,
where endothelial processes such as adhesion, accumulation, activation and subsequent
extravasation of circulating leukocytes decreased in localised foci of inflammation and
confirmed the occurrence of leukocytopenia with the onset of torpor (Bouma et al., 2010).
Extravasation is active in the arousal phase (ZT07) and is downregulated again during the
post torpor phase (ZT16).
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The TGF-B pathway is associated with a large variety of cytokines and plays an important
role as inhibitor of cellular proliferation (Wu & Storey, 2012). In the blood of P. sungorus,
a downregulation was observed which is consistent with results from ground squirrels, as
this signalling pathway is able to induce cell cycle arrest by expression of cyclin-dependent
kinase inhibitors via TGF-p/Smad signalling (Wu & Storey, 2016) (see Figure 17) and
induces torpor associated cell cycle arrest in the G1 and S transition phases (Wu & Storey,
2012, 2018). The immune system returns to its baseline state in the post torpor phase
(ZT16).

5.1.3 Cell growth and maintenance

In the ZT01 phase ERK/MAPK signalling such as cardiac hypertrophy signalling show no
significant regulation compared to control animals. However, in the ZT04 phase a
downregulation of both can be observed, probably because the ERK signalling pathway
depends on G-protein activation, leading to subsequent phosphorylation-mediated
activation of a three-level cascade including MAPK kinases (Biggar et al., 2015b). MEK,
RAF and ERK are kinases involved in the ERK cascade, which ultimately phosphorylates
various targets and are connected to mechanisms that affect all epithelia (Biggar et al.,
2015b; lhermann-Hella et al., 2014) e.g. intestine (Hommes, 2003), skin, kidney, etc.
(Cuarental et al., 2019), and specifically in the pathways obtained in this work, it plays a
significant part in the cardiac hypertrophy signalling activation system (Tessier et al.,
2021). It is therefore not surprising that upon ERK/MAPK downregulation in the torpor
nadir phase (ZT04), the Cardiac Hypertrophy Signalling is subsequently down-regulated,
thereby controlling cell proliferation, growth and survival. This is consistent with studies in
lemurs in both BAT and WAT, where a major decrement of relative ERK1/2 and MAPK
protein phosphorylation levels was observed during torpor due to decreased levels of
mitogenic stimuli, implying suppression of proliferation and cell growth during torpor in
response to cellular stress and implying the enforcement of tissue-specific survival
programmes (Biggar et al., 2015b). Processes responsible for the maintenance of glucose
metabolism and the circadian clock, which are related to the insulin secretion signalling
pathway and Sirtuins, are also part of cellular homeostasis (Zhou et al., 2018). These two

appear to be closely related in their regulation. Here, both showed a similar pattern of
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regulation during torpor (see Figure 10). In the ZT04 phase, upregulation of insulin
secretion was predicted, as well as upregulation of the Sirtuin signalling pathway.
Upregulation of SIRT1 increases insulin secretion and is involved in anti-apoptotic and
protective functions as result of cellular stress through various pathways, such as distinct
histone targets alterations and the transcription factor p53 (Rouble & Storey, 2015).
Remarkably, hibernating organisms do not show signs of hyperglycaemia with the
consequent glycosuria and gradual depletion of energy, which is known from fasting states,
despite the elevated insulin resistance (Gilbert et al., 2015; Zhou et al., 2018). In torpor
conditions, insulin secretion is maintained at levels that provide sufficient insulin to limit

hepatic glucose release (Bertile et al., 2021).

In addition, the increased amount of circulating insulin leads to a further suppression of
hepatic glucose release due to torpid individuals not feeding or reabsorbing nutrients
(Palumbo et al., 1983). Consistent with this regulation, analysis of the protein level of
SIRT1, SIRT2, SIRT3 and SIRT6 in 4 ground squirrel tissues showed increased relative
levels of liver muscle BAT during the torpor-arousal cycle (Rouble & Storey, 2015). In
other systems, increases in SIRT6 are established as consequence of oxidative stress,
bolstering repair of DNA double-strand breaks to resolve genomic detriment from
increased ROS prevalence, and are noted to be downregulated during the post torpor phase
(ZT16), which appears to indicate a resting phase (Rouble & Storey, 2015). Nuclear factor
erythroid 2-related factor 2 (Nrf2) is a basic leucine transcription factor responsible for
modulating a number of detoxification and antioxidant enzymes thus the "general signalling
pathway of xenobiotic metabolism™ also involves the regulation of Nrf2 (Y. Li et al., 2012).
Nrf2 is active during the ZT04 torpor phase, as it is indispensable for maintaining cellular
homeostasis, especially in response to oxidative stress, by transcriptional regulation of a
wide range of different xenobiotic transporters, detoxification proteins and antioxidant
carriers (Tessier et al., 2021). This is consistent with results in the nadir torpor phase
(ZT04), and further increases their activation during the arousal phase (ZT16) as reaction to
oxidative stress, activating a number of antioxidative genes and linking this alarm signal to
the immune system (Tessier et al., 2021). This is also consistent with pre-existing data of

the late torpor phase in thirteen-lined ground squirrels, where in liver, heart and brown
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adipose tissue the level of ROS was increased and an excess of pro-oxidants were detected
(Wei et al., 2019; Tessier et al., 2021). This caused Nrf2/Keapl signalling and thus
phosphorylation of Nrf2. Furthermore, it was suggested that activation of Nrf2 transcription
factors is maximal during the arousal of the torpor (ZT07), when tremendous increases in
blood oxygen occur within minutes, making the hibernator more susceptible to harmful
ROS (Wei et al., 2019). This in turn indicates a working together in the organism, if the
gene expression machinery is running and activated during arousal (ZT07) and goes into a

downregulated or resting state in the post torpor phase (ZT16).

5.1.4 Senescence

Two aging-related signalling pathways were identified, first the "senescence pathway" and
second "telomerase signalling”, which are downregulated during torpor (ZT04) and
upregulated during arousal (ZT07). These findings are also in agreement with available
reports on ground squirrels, where this process could not actually be observed during torpor
but is rather assumed to be a transitional arrest period during torpor (ZT04), thereby
suspending cell division and growth (Wu and Storey, 2012). Natural hypometabolic
suppression of cell cycle pathways in the torpor state might also explain these observations.
It has been observed in telomere studies in P. sungorus that attenuated cell turnover during
torpor may minimise relative telomere length (RTL) loss (Turbill et al., 2012). In addition
to reducing energy expenditure, the use of torpor may also delay somatic aging during
periods of unfavourable environmental conditions. This is also denoted by changes in
telomerase signalling that regulates telomere length (Lépez-Otin et al., 2013). The IPA
prediction indicates that telomerase enzyme activity, which would guard cells against
premature ageing, is strongly downregulated (ZT04). If the senescence or aging pattern is
inactive or down-regulated, telomerase has no role in protecting against aging, a behaviour
seen in the nadir phase (ZT04), in contrast to the arousal phase (ZT07) where senescence
related pathways can be observed to be activated while telomerase signalling is still down-
regulated, this could be due to the fact that aging is still active if telomerase is not active or
downregulated and is reversible with telomerase activation (Jaskelioff et al., 2011). The
process of senescence decays in the post torpor phase (ZT16), thus telomerase signalling

does not differ from that of controls.
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5.2 Part 2: Whole-body regulatory mechanisms during torpor are reflected in blood

transcriptomics

Gene expression results of the P. sungorus blood transcriptome will be discussed in the
three proposed categories, Basic cellular mechanisms, Immune system and Other organs;
based on the findings of TMpa during nadir torpor, as already published in (Cuyutupa et
al., 2023).

5.2.1 Basic cellular mechanisms

During torpor nadir (ZT04), network analysis of 148 TMpa predicted an overall inhibition
of diseases and function on this category (Figure 13 and 14). This is in consistent to
previous analysis outlining that a balanced transcription is required according to cell
function demands, as protein biosynthesis is an energetically costly cellular process (van
Breukelen & Martin, 2002). Furthermore, transcriptional depression during torpor is argued
to be a reversible process as low temperatures are associated with inhibition of transcription
onset and subsequent elongation (Zhang et al., 2015). In this work, the T, were maintained
constant at 20 £ 1 °C suggesting that the main reason for the observed transcriptional
downregulation is energy conservation rather than cold. TMpa regulation during nadir
torpor (ZT04; Figure 13) indicates that both cellular homeostasis and autophagy signalling
pathways were downregulated. Sustaining signalling pathway function, proper regulation of
ion pumps and adequate protein turnover according to energy demands are extremely
critical for maintaining a cellular physiological balance (Biggar et al., 2015a). Cell cycle
control, growth and survival during torpor are controlled by effects of central cellular keys
such as AMPK and mTOR (Storey et al., 2010). Autophagocytosis degrades damaged cell
structures to build new cells or to provide ATP and metabolites. Autophagy is activated
during torpor (Mizushima & Levine, 2010; Dias et al., 2021), contrary to the IPA
prediction. However, torpor associated autophagy is typically assessed in the arousal phase,
during which functionally impaired proteins are cleared and energy demand is high
(Wiersma et al., 2018), and thus does not well reflect the metabolic state during torpor
nadir. The predicted down-regulation of apoptosis and necrosis match existing literature

pointing to diminished apoptotic activity and in return promotion of cellular survival,
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modification of signalling pathways, establishment of reversible post-translational protein
modifications, and mechanisms that prevent antioxidative damage (Logan & Storey, 2017,
Jain & Jani, 2020), also contributing to the prevention of necrotic tissue damage (Bouma et
al., 2011). The TMpa based prediction of inhibited basic cellular mechanisms in torpid P.
sungorus clearly shows that the full blood transcriptome is a function representation of

changes affecting the whole organism.

5.2.2 Immune System

According to TMppa predictions, the immune system associated processes also show
inhibition or activation of expression profiles (Figure 13 and 14). In line with TMpa
prediction results inhibition of lymphopoiesis during winter periods was previously
described by Bouma et al. 2010. Further, the predicted inhibition of leukocyte recruitment
and migratory potential matches retention of the majority of the immune cell pool as
observed in lung intestine, and spleen (Bouma et al., 2010, 2013). Decreased Ty is
considered to be the main factor in regulation of immune cell number and function during
torpor (Bouma et al., 2011). Yet, the predicted low number of T-lymphocytes in the
Djungarian hamster implies the underlying mechanisms to be partially independent of body
temperature. IPA predictions are further confirmed by showing an increased number of B-
lymphocytes despite overall lymphocyte retention, which corresponds to findings in the
intestinal connective tissue of ground squirrels and bats (Bouma et al., 2011; Kurtz et al.,
2021). Additionally, this demonstrates that the transcriptomic alterations found in blood
resemble the protective immune state in the gut during torpor, both in microbial defence
and inflammation. The limited repertoire of immune cells during dormancy may increase
susceptibility to infection (Bouma et al., 2010). Moreover, the predicted decrease in T-
lymphocyte activation is consistent with observations made in hibernating artic yacutian
ground squirrels, where T-lymphocytes showed reduced proliferation after stimulation with
the mitogen Concanavalin A (Novoselova et al., 2000). Increased rates of viral infections
were predicted based on the downregulation of various genes related to antiviral immunity
during torpor. Previous studies in hibernators reported a reduction in IFNy production after
stimulation and decreased numbers of activated CD8+ T cells through cytolytic

mechanisms (Bouma et al., 2010). Despite these results torpid mammals do not experience
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viral infection or reactivation. Most likely viral quiescence is caused by the overall
reduction of metabolic and transcriptional activity of the host during torpor (Gerow et al.,
2019).

5.2.3 Other organs

Organ damage is inevitable due to the cellular stress caused by torpor, however
modulations of gene expression during the daily torpor cycle make the organism capable of
resisting such injury. The adaptive effects that were identified in blood cells in different
organs such as the heart, kidney and liver, inhibition of proliferation, different protective
effects and inflammation during the torpor nadir and comparison with the different other

phases can be seen in Figure 13 and 14.

The transcriptomic state further implies reduced blood vessel formation (angiogenesis),
probably due to a stop of cellular proliferation during dormancy as it is an energy intensive
process. Additionally, it has been observed that during hibernation a great amount of cells

is reversibly arrested in the GO step of the cell cycle until arousal (Dias et al., 2021).

In cardiac tissue of torpid animals cardiomyocytes show GO-associated hypertrophy to
compensate for the elevated workload due to increased blood viscosity and reduced blood
vessel elasticity (Zhao et al., 2011; Xie et al., 2021). Yet, during torpor the renal function is
extremely depressed resulting in minimal glomerular filtration rate and thus urine
production, mainly due to vasoconstriction of the kidney due to hypothermia and decreased

blood flow caused by sparse cardiac output (Jani et al., 2012, 2013).

Despite this, no structural remodelling has been observed to date, which ensures readily
available renal function directly after arousal. The reduction of hepatocyte proliferation
during torpor is mainly caused by reversible cessation of cellular activity (Wu & Storey,
2012). Tissue damage is rapidly regenerated by hepatocytes of active animals during the

summer season due to their formidable proliferative capabilities.

The lower functional performance of heart, kidney, and liver as well as regarding immunity

indicate overall decreased inflammatory levels during torpor. The transcriptional
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downregulation the transmembrane receptor TLR4 observed in the TMpa further supports
this. TLR4 is a high abundance receptor during cardiac inflammation (Fairweather, 2007),
suggesting a diminished organ specific inflammatory capacity during torpor. Furthermore,
hepatic inflammation, immune activation and corresponding signalling pathways have

previously been described to be greatly suppressed in torpid animals (Kurtz et al., 2006).

Hibernators have evolved a protective mechanism that exploit signalling pathway plasticity
to precisely regulate ion exchange rates for fine-tuning basal cardiac functions such as
contraction and relaxation. Additionally, the upregulation of antioxidant enzymes and anti-
apoptotic genes throughout a torpor cycle serves to protect against cardiac tissue damage
(Givre et al., 2021; Xie et al., 2021). In the kidney similar adaptations help to resist blood
(re-)perfusion related injury and low T, (Jani et al., 2013). Furthermore, these organ
protective adjustments associated with torpor and ischemic reperfusion (IR) have also been
observed in liver hepatocytes where upregulation of both antioxidant and anti-apoptotic
proteins occurs (Kurtz et al., 2021). Unpublished data also indicates, protection against an
impaired glucose metabolism and brain damage in hibernating animals (Betz & Enerbéck,
2015; de Veij Mestdagh et al., 2021).

Overall, protection from organ damage in torpid animals is provided by adaptations such as
reduced MR, respiratory rate, Ty and pre-protection mechanisms mainly present in the
heart, liver and kidney. Otherwise, in the case of species, that do not exhibit torpor, specific
adaptions hibernators would suffer from heart attacks, cardiac arrhythmias, organ damage
and IR lesions during arousal. Even more incredible, this genetic programme seems to be

activated independently of Ty,

53 Part 3: Comparison of metabolic adaptations reflected in the blood
transcriptome of P. sungorus and humans overwintering at the Antarctic

Concordia station

This part focused on the adaptive metabolic processes in the blood samples of Concordia
expeditioners and how they respond differently, thus showing parallels with animals that

are capable of exhibiting torpor, as during torpor MR is reduced to basal levels and
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numerous adaptations caused by low temperatures, energy demand, lack of nutrients and
cellular stress occur. To date, metabolic changes in humans overwintering in Antarctica
have not been compared with metabolic adaptations in hibernating animals or animals
capable of daily torpor, despite environmental and physiological similarities. This question
Is addressed here in a comparative manner. For the studies that frame adaptations of the
metabolism, subjects voluntarily agree to be part of the research in the Antarctic stations.
This environment is extremely harsh, inhospitable and cold, which altogether leads to
severe stress on the body causing changes that are detectable in the organisms through
different stress response tests. Comparative results together with torpor analysis at the
transcriptomic level revealed that gene expression regulations were very pronounced for the
EIF2 signalling pathway at all sample times and comparable with the arousal phase of
torpid animals (ZT07). In addition to strong upregulation of the EIF2 signalling pathway
most immune pathways were inactivated. EIF2 modulates proteostasis, extends lifespan
and is likely to be high in Concordia hibernates as low glucose, nitrogen or amino acid
conditions activate EIF2a kinases (Jiménez-Saucedo et al., 2021). It may be that the high
levels of stress result from the growing insufficiency of vital nutrients produced by cellular
processes (Chouker, 2020). Furthermore, EIF2 activity has been associated with senescence
in animal models, where a decrease in longevity was revealed in incapable cells of
phosphorylating EIF2a and thus reduce overall translation (Lopez-Otin et al., 2013). Aging
Is counteracted in two ways, by reducing the generation of new proteins; and by promoting
limited gene translation (Martin et al., 2013). In these results the sensing signal is
upregulated (January to October) in all phases, which is comparable to the arousal phase
(ZT07) thus the telomerase signal is upregulated in all months of the season (January to
October). The higher the activity and upregulation of the senescence pattern, the stronger
the telomerase activity to counteract aging. The upregulation of the ERK/MAPK pathway
and the other cell growth and maintenance pathways (April and July comparable to the
arousal phase, ZT07) is coupled to glucose deprivation (Graham et al., 2012) and
modulates transcription to handle oxidative cellular stress (Lopez-Otin et al., 2013). As a
response, elevated levels of insulin are secreted, as shown for the time points January, April
and July in comparison to torpor and arousal (ZT04, ZT07). While stopping protein

synthesis seems to be coupled to potential severe cellular damage (Sanchez et al., 2019),
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stress associated activating phosphorylation of EIF may enhance the cell viability by
activation of autophagy pathways (Pakos-Zebrucka et al., 2016). Nevertheless, EIF2a
dependent regulation of immune response and autophagy via post-translational
modifications is still an active research topic. TGF-B, an important, pleiotropic signalling
molecule, regulates amongst others lymphocyte viability, growth, and phenotypic
conversion (Fortunel et al., 2000). Furthermore, it is a key component in the intricate
process of leukocyte activation, chemotaxis, and immune tolerance, significantly
influencing the overall immune response (Li et al., 2006). Thus this upregulated signal
(January to October) inhibits the self or non-detrimental antigen immuno-recognition while
retaining the ability to respond to pathogenic agents (Figure 17). What can be seen is that
the B cell signalling pathways are active (B cell Receptor Signalling and Chemokine

Signalling) in the months of April and July and is comparable to the ZT07 phase of torpor.

5.4 Limitations

The data was compiled from a keyword-based literature search. It is thus possible, that
some literature on specific hibernating species could not be retrieved with the used
keyword filter. All reviewed organs have well documented immune system specific genetic
changes upon hibernation. A potential explanation for the high similarity of the compared
data is the ubiquitous presence of tissue resident immune cells, that will even persist in
perfused tissue. Overall, a distinct, common gene set related to a decreased immune

capacity during torpor can be observed when comparing blood and other organs.

Also, it is questionable how well the washing and cleaning procedures of the organs treated
in each of these studies were carried out, how free of blood they were and, therefore,
whether this is the reason for the number of similarities in our analysis. In addition, for
complete analysis and identification of up- and downregulated genes within a species, a
more detailed transcriptome analysis of all organs from the same specimen, with and
without blood, could be considered in the future to verify validations. Furthermore,
database about the progression of infections in humans overwintering at the Antarctic
Concordia station during and after the isolation period at Concordia were not collected at
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the day of the blood sample. Thus, the use of drugs to combat discomfort or symptoms of

illness was not collected, in order to check whether this had an influence on the results.

6 Conclusions

(1) The suppression of cellular processes in the five presented categories (gene
expression, protein metabolism, immune system, cellular growth and maintenance,
and senescence), whether due to low temperatures or to conserve energy, iIs a
compensation of all systems to keep the animal organism in torpor state with life,
and in turn, in species capable of torpor, a reversible process. In this part of the
work, it was shown that during torpor entry (ZTO01), there were in general no
remarkable changes, and in most cases no differences with the controls. In contrast
to this, the machinery of transcriptional proliferation, translation and protein
production was largely arrested during nadir torpor (ZT04) and active during
arousal (ZT07). The torpor nadir-arousal torpor phase (ZT04-ZT07) during the daily
torpor, has an “off-on system”, where it is not yet clear which mechanism shuts-
down first, nor how long time exactly everything is fully active. On the other hand,
the data show that the post-torpor phase is a relative resting phase after the rapid

“switched-on” in the arousal phase.

(2) Processes during torpor based on TMpa findings are shut down, as comparison
with the literature have shown, with other hibernators regardless of torpor type
(daily torpor, hibernation or estivation), duration (days or months) or species
(rodents, primates, carnivores, and others). While the nadir phase is heavily
associated with global cellular stress, tissue damage during this process is actively
counteracted by increased production of antioxidants and downregulation of pro-
apoptotic, immune-related, and generally energy intensive pathways. Additionally,
the presented data clearly shows that blood mirrors the torpor induced genetic

programme of other organs.

(3) Canonical pathways presented comparatively with the torpor timepoints (ZT01-16)
and the samples of the humans overwintering at the Antarctic Concordia station,
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have a lot of similarity in the immune system with the ZT04 phase of the daily
torpor, however they seem to be in general in a “continuous arousal” phase as there
is a great analogy with the arousal phase (ZT07). With EIF2, TGF-B signalling,
SUMOylation and Telomerase Signalling as the most highly upregulated pathways
in the humans overwintering at the Antarctic Concordia station. In contrast, the Post
phase of both (P. sungorus and humans overwintering at the Antarctic Concordia
station), appears to be like a resting phase for the organism where either a
downregulated mechanism is shown or in some cases no change was found at all

compared to the controls with the controls.

7 Outlook

The presented results suggest blood transcriptomics as an accessible and representative
analysis method to track and unravel torpor associated metabolic changes in mammals. To
further validate this claim blood and tissue of different organs of the same individuals in the
respective torpor stages need to be compared in a future work. However, evaluation
software, reference genomes of different torpor type, model organisms and the levels of
statistical testing for various torpor exhibiting species need to be standardised first to allow
for comparable results that also enable integration from and into the work of other groups
dedicated to torpor inversion.

Additionally, to provide evidence of torpor as an anchoring system in human newborns a
comparative transcriptome analysis of newborn blood samples is currently in progress.
Three different timepoints are evaluated, (i) intra-utero life, to show potential torpor related
adaptations, (ii) the transition to extra-uterine life, and (iii) postnatal life to verify the
capacity for torpor is inhibited or silenced due to metabolic increase in humans a few days
after birth.
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10.3 Supplementary Data

Table 7. Fold Change of genes for the respective zeitgeber time point (ZT). At the entry of torpor
(ZT1), at torpor nadir (ZT4), during arousal (ZT7) and after torpor (ZT16).

Gene name ZT1 ZT 4 ZT7 ZT 16 Gene name ZT1 ZT 4 ZT7 ZT 16
AARS1 -1.14 -1.20 -1.89 -1.25 MAP3K8 112 1.04 1.39 NA
AARS2 -1.19 1.52 117 NA MAP4K1 -1.32 1.12 -1.18 1.88
ABCA1l 1.16 1.38 2.10 NA MAPK13 1.07 1.53 2.75 NA
ABL1 131 1.45 1.19 NA MAPK15 -14.22 -2.41 NA NA
ACADL -1.58 -1.12 -1.65 -1.15 MAPK3 1.05 1.02 1.13 -1.35
ACLY 1.07 -1.36 -1.37 1.12 MAPK6 1.15 1.78 1.93 NA
ACSS2 -1.60 -1.12 -1.59 NA MAPK9 -1.02 1.16 1.55 NA
ACTN1 1.08 143 -1.34 -1.09 MARS2 -1.10 -1.97 -2.30 NA
ACVR2A 1.39 -1.07 1.70 NA MAVS -1.04 -2.04 -2.08 NA
AKT1 1.30 1.56 1.39 NA MDM2 -1.07 1.28 1.80 -1.04
AKT3 1.05 -1.65 -1.11 NA MLYCD 1.09 1.77 1.63 NA
ANAPC10 1.30 -2.47 -1.21 NA MMP11 1.10 1.39 2.17 NA
ANAPC11 -1.16 NA -6.04 NA MMP2 1.32 -2.03 -2.17 NA
ANAPC13 1.22 1.02 1.67 NA MMP8 3.61 24.91 5.38 NA
ANAPC2 1.14 1.32 142 NA MMP9 1.53 1.73 2.79 NA
ANAPC7 -1.16 -1.47 -1.30 NA MYL6 -1.16 1.13 -1.60 -1.39
APP 1.07 144 -1.68 -1.45 NARS2 1.30 -1.02 1.82 NA
ARG2 -1.64 1.05 -1.99 NA NCF1 -1.02 -1.34 -1.51 -1.13
ARHGAP4 1.23 1.67 142 NA NCF4 1.07 -1.04 1.73 1.06
ARHGAP6 1.02 1.53 -1.25 NA NCR1 1.62 -1.77 -2.00 NA
ASXL1 1.08 1.70 1.92 -1.00 NDUFA13 141 2.49 2.29 NA
ATF5 -1.50 1.80 1.34 NA NDUFA4 1.00 1.04 -1.50 NA
ATG101 1.12 1.66 142 NA NDUFAS8 -1.28 -1.11 -1.66 NA
ATG12 -1.19 17.98 3.04 1.07 NDUFB1 1.27 2.09 2.93 NA
ATG13 1.12 1.26 1.62 NA NDUFB11 1.20 249 3.91 NA
ATG14 -1.11 1.36 1.46 NA NDUFB4 1.15 1.27 152 NA
ATG16L1 1.04 1.29 1.85 NA NDUFB5 -1.13 -1.78 -1.62 NA
ATG2A 1.08 1.53 150 NA NDUFB9 -1.05 1.19 1.45 NA
ATG2B 1.13 1.56 1.68 NA NDUFS1 1.19 1.13 1.56 NA
ATG3 1.19 212 2.26 NA NDUFS5 1.13 -1.15 -1.58 NA
ATG4A 1.29 1.31 111 NA NDUFV3 1.04 -1.14 -1.54 NA
ATG9A -1.05 1.28 112 NA NF1 1.35 1.07 1.52 NA
ATGOB -2.11 -1.77 -2.31 NA NFATC3 -1.06 -1.32 117 -1.01
ATP5F1C 1.06 1.05 131 1.15 NFKB1 1.20 -1.19 -1.47 1.01
BCL2L1 -1.09 -1.49 -1.76 -1.20 NFKBIA 1.00 1.42 1.73 1.01
BCL2L11 1.40 1.75 171 NA NOD2 1.01 -1.63 -1.32 NA
BHLHE40 1.49 2.01 3.38 NA PAG1 1.10 1.15 143 -1.08
BMAL1 1.02 -1.04 1.39 NA PAK1 -1.07 -1.15 -1.73 NA
BTK -1.04 -1.47 -1.15 1.04 PAK3 -1.30 1.56 3.02 NA
C10B -1.36 1.10 2.39 NA PAM16 -1.12 -1.64 -1.51 NA
C1QC -1.10 1.15 1.80 NA PARS2 -1.71 -1.19 -1.89 -1.17
CACNALA 1.85 2.99 -1.43 -1.51 PAX5 -1.01 141 1.50 1.18
CACNALE -2.33 3.22 1.80 NA PCK1 -1.84 -1.08 -2.08 NA
CACNB4 -1.93 1.19 -1.00 NA PCK2 -1.50 -1.33 -1.95 NA
CACNG5 1.30 1.54 3.75 NA PCNA -1.05 -1.73 -1.37 NA
CALM1 1.11 2.08 1.99 NA PDHA1 -4.35 8.16 NA NA
CAMK1 1.09 1.05 -1.65 NA PDHB -1.02 1.19 1.47 NA
CAMK1D 1.65 1.98 -1.21 NA PECAM1 1.19 1.19 -1.26 -1.33
CAPN1 -1.15 -1.38 -1.75 -1.55 PIK3C2A 1.10 1.48 1.48 NA
CAPN2 1.28 1.28 -1.20 -1.03 PIK3CB 111 -1.02 154 NA

96
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CBX7
CBX8
CCL4
CCL5
CCND2
CCND3
CCR5
CCR7
CD28
CD48
CD69
CD83
CDC25B
CDC26
CDC27
CDK11A
CDK2
CDK4
CDKN2B
CEBPB
CGAS
CLCF1
CLOCK
CNTF
COL11A2
CPS1
CREB3L4
CREBBP
CSF2RB
CTBP2
CTNNB1
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CXCR4
CYBB
DAPP1
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DAXX
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1.17
-1.47
1.01
1.10
-1.56
-1.06
1.29
-1.22
1.05
1.09
-1.04
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1.20
1.02
-1.35
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1.50
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-1.72
1.16
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1.04
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1.72
1.59
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-1.54
-1.45
-2.07
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1.35
1.01
-1.55
-1.45
-1.47
-1.42
1.43
1.13
1.76
-1.26
1.83
1.14
-1.58
121
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1.23
1.71
-1.08
-2.77
1.30
-1.36
-1.76
-1.32
2.00
-1.83
1.15
1.20
-1.38
-1.32
-1.80
-1.09
1.39
-1.38
4.75
-1.37
-1.20
1.23
-1.45
-1.84
6.86
1.48
-1.35
1.00
1.14
1.33
-1.29

1.46
-1.66
1.49
1.23
-1.56
-2.54
1.03
-151
-1.53
-2.95
-2.03
141
-1.53
-1.05
-1.10
a7
-1.38
250
231
1.65
-151
-1.79
-1.02
-1.24
1.37
1.66
1.68
-1.50
-1.80
-2.06
1.40
-1.63
131
-1.23
-1.94
1.54
1.63
151
-1.36
-1.53
-1.03
-1.80
1.44
-1.43
3.81
211
-1.70
121
-2.48
-1.68
NA
1.63
-1.19
1.43
-2.07
1.32
111

NA
-1.45
NA
NA
NA
NA
-1.09
NA
NA
NA
1.08
-1.01
-1.14
NA
NA
1.01
NA
NA
NA
NA
NA
NA
-1.73
NA
-1.08
NA
NA
1.09
-1.13
NA
-1.05
NA
NA
-1.01
NA
-1.49
-1.13
NA
-1.21
NA
NA
-1.13
NA
NA
NA
NA
NA
-1.42
NA
NA
NA
NA
-1.05
NA
NA
NA
-1.12
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PIK3CD
PIK3CG
PIK3R4
PIK3R5
PIK3R6
PLA2G10
PLA2G2D
PLA2G6
PLCB2
PLCB4
PML
POLR1A
POLR1B
POLR2B
POLRZ2E
POLR3D
PPIF
PPP1CB
PPP1R10
PPP1R14A
PPP2CA
PPP2CB
PPP2R5B
PPP2R5C
PPP2R5E
PPP3CB
PPP3R1
PRF1
PRKAA2
PRKACA
PRKAR2B
PRKCD
PRKCZ
PTPA
PTPNG
PVR

PXN
RAF1
RALA
RALB
RAP1B
RAPGEF1
RAPGEF3
RASSF5
RCC1
RCOR1
RDX

REL
RELB
RFC1
RHOB
RHOD
RHOQ
RNF4
RPA1
RPL7L1
RPS6KAS5

1.14
1.08
1.09
-1.11
-1.14
1.24
-1.20
1.06
-1.14
-1.25
-1.04
-1.14
1.16
1.05
-1.48
-1.28
1.05
-1.11
1.04
-1.13
-1.00
-1.03
1.02
111
-1.04
1.08
1.02
121
1.26
1.34
1.29
1.04
-1.13
1.27
1.14
1.10
1.10
1.08
-1.17
112
1.08
1.07
-16.20
1.14
131
-1.06
1.02
1.01
-1.03
-1.15
-1.05
-25.97
-1.74
1.10
1.02
1.15
-1.56

1.28
-1.27
-1.73
-1.26
-1.20
2.52
-1.93
-1.43
-1.16
1.18
-1.37
1.00
-1.54
-1.71
-1.56
-2.12
-1.01
1.00
-1.83
1.59
-1.34
1.01
-1.35
131
-1.06
1.23
-1.41
-2.07
1.58
-1.59
1.22
131
1.33
1.89
1.34
1.78
1.33
1.17
-1.41
-1.46
1.23
1.16
NA
1.04
-1.08
-1.02
-1.44
1.26
1.44
-1.61
-1.49
-1.50
-1.46
1.20
-1.19
1.53
1.06

1.33
-1.00
-1.30
-1.32
-1.54
-1.72

131
-1.52
-1.51
-1.54
-1.48
-1.59
-1.21
-1.57
-1.81
-1.71
-1.47

1.05
-2.94
-2.53
-1.09

1.50
-1.68

1.68

1.37

1.68

1.08
-1.44

1.66
-1.81
-1.46

1.40
-1.88

1.74

1.35

4.04

1.19

1.32
-1.58
-1.64

1.39

131

NA

131
-1.88

1.42

1.04

3.02

1.27
-1.26
-1.10
-3.35

1.16

1.46
-1.30

1.81
-1.62
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1.16
-1.38
NA
-1.09
NA
NA
NA
NA
1.23
NA
1.02
NA
NA
NA
-1.08
NA
NA
-2.00
NA
NA
1.05
NA
NA
1.03
NA
1.08
NA
-1.02
NA
NA
-1.06
NA
NA
NA
1.00
NA
-1.03
-1.25
NA
NA
-1.05
-1.09
NA
-1.06
NA
NA
NA
NA
NA
NA
NA
NA
NA
1.03
NA
112
-1.08



EIF3D
EIFAE

EIF4EBP1

EIF4G3
ELF1
ELF2
ELK3
ERCC2
ESRRA
EZH2
FARSB
FCER1G
FCGR2B
FER
FOS
FOX03
FOX04
FYN
FZR1
GAB1

GABARAP

GABPB2

GADDA45A
GADDA45G

GLS
GLUD2
GOT2
GTF2A1
GTF2E1
GTF2E2
GTF2H1
GTF2H4
GTF2H5
H1-0
H1-10
H1-3
H3-3A
HARS1
HBP1
HDAC1
HDAC?2
HSPALA
HSPA4
HSPAS8
IARS2
ICAM3
IFNB1
IGHD
IGHG2
IKBKB
IL2RG
IL3RA
IL6
INPP5B
INPPL1
IRF3
ITGAL

-1.04
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1.16
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-1.13
1.22
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3.35

-1.41
1.38
-2.74
1.18
1.35
1.42
-1.40
-1.44
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181
-1.89
2.44
-1.57
1.32
1.60
-1.06
-1.70
121
-2.23
-1.59
-1.70
1.33
-1.75
3.25
161
NA
-1.46
-1.20
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-1.80
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NA
1.37
-1.00
1.10
-1.70
1.50
-1.15
152
-1.98
-1.34
-1.68
-1.77
9.32
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1.62
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-1.46
1.42
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1.42
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3.26
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NA
NA
-1.03
-1.16
NA
-1.08
1.08
NA
NA
NA
NA
1.03
NA
NA
-1.38
-1.64
1.06
-1.65
NA
-1.20
NA
-1.12
NA
-1.00
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
1.09
-1.73
NA
1.03
121
NA
NA
-1.07
-1.13
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NA
NA
NA
NA
NA
1.08
NA
NA
NA
NA
1.28
NA
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-1.00
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1.37
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-1.03
-1.53
1.64
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1.18
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112
-1.34
-1.08
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111
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1.05
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1.37
-1.01
-1.28
1.29
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1.05
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1.19
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-1.43
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-1.41
1.25
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1.01
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1.02
-1.26
-1.66
-1.41
1.35
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-2.46
-2.32
-2.79
-1.47
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-2.21
-1.16
1.20
1.35
5.58
-1.88
-2.53
-10.13
1.33
1.47
-2.36
1.42
-1.35
-1.30
5.10
-2.12
1.40
1.40
1.65
1.72
1.41
1.14
1.52
-1.15
-1.66
1.49
1.62
1.34
3.45
1.46
1.66
-1.59
-1.62
-2.21
-1.13
1.05
1.79
1.07
-1.31
-1.89
-1.10
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-1.21
-1.45
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-1.70
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-1.36
1.50
-1.63
-1.14
-2.77
-1.75
1.02
-2.91
-1.72
-4.49
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NA
NA
NA
111
NA
NA
NA
NA
NA
NA
NA
-1.08
-1.04
1.18
NA
NA
NA
NA
NA
-1.13
NA
1.02
NA
-1.57
-1.33
NA
NA
-1.08
NA
NA
-1.02
NA
1.17
NA
NA
1.06
NA
NA
NA
-1.12
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
-1.18
NA
NA
NA
NA
NA
NA



ITGA2B
ITGA3
ITGA4
ITGA7
ITGB1
ITGB3
ITGB5
ITGB7
ITK
ITPR3
JAK3
KARS1
KAT2A
KDM1A
KIR3DL3
KLRD1
KRAS
LAMTOR3
LARS1
LAT
LDHB
LTA
MALT1
MAP1LC3B2
MAP2K1
MAP2K3
MAP3K10
MAP3K11
MAP3K13
MAP3K2
MAP3K7

-1.05
1.42
-1.32
121
117
1.20
1.22
2.33
-1.04
-1.05
1.04
-1.09
1.02
-1.01
1.33
1.26
157
1.02
1.10
-1.18
-1.28
1.08
1.00
1.52
-1.06
1.07
1.06
1.18
-1.42
-1.07
1.01

1.87
-1.82
1.26
1.20
121
1.35
-21.17
1.00
-1.35
1.40
1.39
NA
-1.53
1.68
-2.77
-2.50
3.41
1.06
-1.40
1.20
-2.79
1.73
1.24
3.71
-1.50
1.05
-1.04
1.14
-1.72
151
1.30

-1.52
-4.69
1.16
-6.28
-1.12
-1.70
NA
-1.43
-1.60
1.16
1.15
NA
-1.34
1.60
-3.83
-2.89
3.86
1.37
-1.99
-1.37
-3.05
1.62
1.58
1.90
-1.25
-1.49
-2.09
1.68
-2.41
244
1.85

-1.46
NA
-1.25
NA
-1.34
-1.24
NA
1.05
-1.07
1.07
121
NA
NA
NA
NA
NA
NA
NA
NA
1.06
NA
NA
1.09
NA
-1.07
-1.15
NA
NA
NA
NA
NA

TMEM173
TNFSF10
TNFSF11
TNFSF14
TNFSF8
TNFSF9
TOMM20
TOMM34
TOMM7
TP53BP1
TRAF6
TREM2
TUBA3C
TUBAS
TYK2
UBE2I
ucP2
UQCRC2
UQCRFS1
VARS2
VCL
VDAC2
VDAC3
VHL
WARS2
WIPF1
XRCC5
YPEL3
ZBTB14
ZEB1
ZFP36L1

-1.14
-1.18
1.02
1.16
1.07
1.89
-1.08
1.04
1.23
-1.17
112
1.01
111
1.49
1.13
1.09
-1.20
-1.33
-1.33
-1.07
1.48
1.05
-1.05
1.05
-1.77
1.02
-1.06
1.29
-1.13
-1.05
1.09

-1.34
-1.77
-2.42
-1.79
-1.32
1.26
113
1.39
-1.13
-1.22
1.74
1.33
5.24
1.09
1.37
1.23
-1.26
-1.15
-1.02
1.49
1.68
1.22
-1.03
1.27
-1.23
1.26
1.47
1.78
1.30
-1.44
1.30

-1.49
1.26
-8.82
-1.25
-1.94
3.30
1.47
1.26
-1.47
-1.95
1.98
-1.48
-1.15
-1.63
1.38
1.58
-2.29
1.28
1.19
-1.12
-1.14
1.55
-1.60
1.63
-1.67
-1.27
1.30
1.32
-1.27
1.16
1.51
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1.01
NA
NA
NA
NA
NA

1.03

1.08
NA
NA
NA

-1.58
NA
NA

1.07

111

-1.79

-1.22
NA
NA

1.04

1.04
-1.13
NA
NA
-1.33
NA
NA
NA
NA
1.14
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