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Abstract — English

MicroRNAs are ~ 22 nt short RNA stretches exhilgtiime-tuning properties on several
cellular processes via either translational infobitor mRNA degradation. The influence of
sports, especially exhaustive exercise, on microRIMgression is just starting to emerge. Thus,
the aim of this study was to determine a microRMAression pattern upon exhaustive exercise.
A microRNA expression profile of whole blood wastetenined from 15 male athletes before,
immediately after the race as well as 1 day andays dafter finishing the Ironman Austria
triathlon. Using a PCR Array consisting of 84 olsbte microRNAs, 26 microRNAs were
more than 2-fold down-regulated and 2 microRNAs entbian 2-fold up-regulated directly after
finishing the triathlon compared to pre-race caondsg. Of note, miR-122 was more than 2-fold
differentially regulated at all three time pointssprace. The six most prominent miRNAs (miR-
96, -15a, -126, -122, -223 and -23a) were furttadidated by RT-qPCR. MiR-15a and miR-126
could be positively verified and were found sigeaintly decreased immediately after finishing
the Ironman compared to pre-race levels. Generallysustained expression of microRNAs
upon exhaustive exercise could be determinednlbeaconcluded, that the expression pattern of
microRNAs is altered directly after exhaustive and is not sustained over a longer period
of time. Especially, miR-15a and miR-126 levels evaltered immediately after the Ironman but

did not show long-term regulation.
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Abstract — Deutsch

MicroRNAs sind ~ 22 nt kurze RNA Stlcke, welchenfeggulatorische Eigenschaften in
verschiedenen zellularen Prozessen, entweder doindbierung der Translation von Proteinen,
oder Degradierung von mRNA, aufweisen. Der Einflue® Sport, im Speziellen extreme
Belastung auf die Expression von microRNAs konmgt lelirzlich gezeigt werden. Deshalb war
es ein Ziel dieser Studie, ein Expressionmuster mocroRNAs bei extremer Belastung zu
bestimmen. Ein microRNA-Expressionsprofil aus Vhltbwurde von 15 mannlichen Athleten
vor, unmittelbar nach dem Wettkampf, ebenso wiead tind 7 Tage nach dem Ironman Austria
Triathlon, bestimmt. 84 verschiedene microRNAs Kenrunter Verwendung eines PCR Arrays
detektiert werden. Unmittelbar nach dem Wettkampfurden, im Vergleich zu
Vorwettkampfwerten, 26 microRNAs mehr als 2-faenumterreguliert und 2 microRNAs mehr
als 2-fach hinaufreguliert vorgefunden. Eine midi#R (miR-122) wurde bei allen 3
Zeitpunkten nach dem Wettkampf mehr als 2-fach rterveguliert detektiert. 6 Kandidaten-
microRNAs (miR-96, -15a, -126, -122, -223 and -28ayden mittels RT-gPCR validiert. MiR-
15a und miR-126 konnten positiv verifiziert werdevierglichen mit Vorwettkampfwerten
konnte fur diese beiden microRNAs eine Verringeraieg Expression unmittelbar nach dem
Ironman Wettkampf bestimmt werden. Es konnte kelédeger andauernde Regulation
beobachtet werden. Aus den Ergebnissen diesereStidt, dass sich das Expressionmuster von
microRNAs auf Grund extremer Belastung veranderes® Veranderung ist jedoch nicht Uber
einen langeren Zeitraum anhaltend. Im Speziellerdies Expression der beiden microRNAs
miR-15a und miR-126 direkt nach dem Ironman ermggdreigte jedoch keine langanhaltende

Veranderung.
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1 Introduction

Sports can be defined as all forms of competitivaan-competitive physical activity with
the aim to maintain and improve physical fitnegstitsand health. Moreover, moderate sports
activity increases healthy life years as well &s déixpectancy partially by counteracting several
diseases, e.g. sarcopenia and metabolic, cardiolaasy atherosclerotic diseases. However, the
beneficial effects of sports are reduced upon leggrcise intensity / training volume. Among
others, one observed effect is an enhanced rigkdaire and infection upon exhaustive exercise.
Nevertheless, from the perspective of elite atsletegaged in high-intensity trainings, it is of
great importance to understand the mechanisms dbedninincreased susceptibility to acquire
infections. Especially, infections such as coughd aolds, throat infections and middle ear
infections, commonly referred to as upper respigatact infections (URTI) [22], are of major
importance since they can dramatically reduce hletats performance. A J-shaped model has
been suggested for the relationship between exentiensity and URTI episodes. According to
this model, moderate exercise is beneficial whengadicipating in acute bouts of intense
exercise and involvement in heavy schedules onitrgiand competition increases the relative
risk of URTI to above that of sedentary control3][{Figure 1). Whether or not an impaired
immune response upon exhaustive load is assoamitedn even trigger this susceptibility for
infection is not yet wholly clarified. It is thusnaaim of this study to further improve the

knowledge of URTI after exhaustive exercise.
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1.1 The Immune System

The human immune system is a multi-cellular systemsisting of several cell types. It is
capable to combat against viruses, parasites defiea@nd hence creates protection against
foreign substances and organisms. A variety oktbfit cell types of the immune system must
be precisely orchestrated to recognize, attackdastroy foreign elements. The immune system
splits into two major groups, the innate immunitydathe adaptive immunity which work
together synergistically. A primary defense laygrestablished by cells of the innate immune
system, granulocytes (neutrophils, eosinophils,  oplaks), agranulocytes
(monocytes/macrophages) and natural killer (NK)scélhese cells often initiate the activation
of the secondary defense layer termed adaptive memsystem. The adaptive immunity
comprises of B and T cells with several sub-categoand different responsibilities for
combating against certain pathogens. In generagcandary immune response aids the innate
immune systems defense mechanisms via specifictiadapf its defense capabilities against
specific pathogens. Moreover, it creates an impbmaachinery to avoid overreaction against
harmless antigens as well as to discriminate betwemponents of “self” and "‘non-self’. Thus, a
precise temporal and spatial orchestration of libéhinnate as well as the adaptive immune
system is crucial for a proper clearance of pathedrom a host since a false regulated immune
response can do severe damage to the host. Wiethet an impaired immune response upon
exhaustive load is associated with URTI is notwikolly clarified. It is thus an aim of this study

to further improve the knowledge of molecular pagtens after exhaustive exercise.

1.2 Immune Function in Sport and Exercise

1.2.1 Innate Immunity

Leukocytosis is observed upon acute as well as @pdraustive exercise [23-26] and is
mainly due to release of neutrophils from the bome&row [23, 26, 27], elevated monocyte
counts [28] and elevated numbers of circulatingddigic cells [29, 30]. A second elevation of
blood neutrophil numbers related to the intensitg auration of the exercise performed is
detected after this primary elevation [25, 31]ehestingly, an acute bout of exercise leads to

increased activity of degranulation, phagocytosid axidative burst mediated by immune cells
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whereas during recovery, bacterial stimulation cedudegranulation and oxidative burst activity
[25, 31, 32].

In addition, monocyte numbers are elevated afteiteaexercise lasting for ~ 2h. The
increase in monocyte numbers is most likely dumtdilization of marginated monocytes into
the blood circulation and are destined to becomdumatissue macrophages [28]. The
circulating monocytes show reduced IL-6, IL1-a afidF-o production which might be a
consequence of down-regulated TLR expression [33MBIC Il is decreased in macrophages
with ongoing exercise as well as their antigen gméstion capacity [37-39]. Moreover, alveolar
macrophages display reduced anti-viral capacitynugdaustive exercise favoring susceptibility
to Herpes simplex virus -1 infection [40, 41]. lantrast, moderate and intense acute exercise
can have a positive effect on macrophages, e.@neeld phagocytosis [42], anti-tumour activity
[43-45], reactive oxygen and nitrogen metabolisd gb] and chemotaxis [28, 46].

Lymphocytosis upon acute and exhaustive exerciseost exclusively a result of elevated
cell numbers of NK cells in the blood stream [47]-49 single bout of moderate or exhaustive
exercise strongly enhances NK cell cytotoxicity,[5Q]. This effect is observed mainly due to
increased NK cell numbers in the circulatory systgh]. A prolonged bout results in the
repression of NK cytotoxicity which can last forveeal hours and might indicate a period of

reduced ability to respond to an infection [52].

1.2.2 Adaptive Immunity

Increasing numbers of circulating cells in the blostream immediately after exercise
originates to a large extent from cells of the tenanmune system. Nevertheless, a minor
fraction of elevated cell numbers can be attributed® and T cells. Similar to cells from the
innate immune system, the intensity and duratioesponsible for increased circulating B and T
cell levels during and immediately after exercidd,[53-55]. During the early stages of
recovery, a drop below resting levels in B and T ewembers is observed, before returning to
baseline values eventually. During the restingestiat 24h after the last training session),
lymphocyte numbers resemble those of non-athl&gls [

Of note, T cell populations are more affected tBarell populations [27, 57]. More exactly,
the circulating 1 subpopulation is responsible for the observeg d@noT cell levels whereas
Ty2 levels remain almost steady [58, 59]. Whetherdbeline in type 1 T cell numbers results
from enhanced apoptosis or redistribution to ottwnpartments is unknown. Nevertheless, a

reduced responsiveness of T cells to certain patiwgpon defective T cell functionality was
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noticed to increase the incidence of viral infeetid60] which might give a hint of enhanced
susceptibility to viral re-activation following ea&bstive exercise. B cell populations contribute
less to the observed changes in cell counts. Timmunoglobulin (Ig) levels slightly increases

or remain unchanged upon brief or prolonged exellé$-63].

1.2.3 Cytokine Response upon Exercise

Upon exercise, the cytokine response is differdra@ntfrom infections (Figure 2).
Production of TNFe and IL-13 are typically increased during an infection wheréaey are
generally not elevated with exercise (reviewedod])]. The first cytokine produced and secreted
into the circulatory system is the pro-inflammatanplecule IL-6 and typically reaches its
maximum level directly after exercise until it deels during the post-exercise period [65-67].
IL-6 is expressed in type | and Il skeletal muddders upon contraction [68] and released into
the circulatory system during exercise [69, 70]wDestream signaling involves gpl138/R_6-

Ra homodimer, AMPK and PI3K and increases fat oxatatnd glucose uptake [64, 71]. IL-6
can inhibit the production of TNE-{72] and stimulates the expression of the antammatory
cytokines IL-1ra and IL-10 [73-75]. Thus, exerciaduced IL-6 secretion establishes an anti-

inflammatory environment via IL-10 and IL-1ra p@stercise.

Pro-Inflammatory

Figure 2. Expression Pattern of Circulating Cytokines. Dwrisepsis (A), TNE-is increasedfollowed by elevate
IL-6 levels. In contrast, exerc-induced (B) II-6 expression is not preceded by elevated-a. [ 5]
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In contrast, strenuous physical exercise can aevhe production of the pro-
inflammatory cytokines TNFe-and IL-18 which in-turn stimulate IL-6 production most lileby
macrophages [75]. Elevated TNFlevels after exhaustive exercise were observedanous
studies [67, 73, 76-78] which might be a resultbefginning inflammation upon muscular
damage [77].

To what extent cytokine response upon strenuousrciege contributes to the
susceptibility to acquire upper respiratory infen8 or to the development of upper respiratory
symptoms (URS) remains unknown. By comparing cytekevels in healthy and illness-prone
athletes, Cox et al. (2007) demonstrated that @xencise, IL-6 elevation is markedly higher in
the latter group [79]. Moreover, IL-10 and IL-1lravéls were lower in the resting and post-
exercise state in this group. This observation rdauties to a scenario, where a dysregulated

inflammatory response upon exercise favors theegpixlity to acquire URTI or develop URS.

1.2.4 Exercise and Infection Risk

Runners participating in a marathon or ultramanatfeported a 2 — 6 fold increase in upper
respiratory infection symptoms in the following Wwed80, 81]. Remarkably, in a large cohort of
elite athletes showing upper respiratory symptamesyespiratory pathogen could be identified
suggesting other mechanisms triggering these eggsotirespiratory symptoms [82]. It is now
questioned whether URTI are caused by an acqumfedtion per se or by other inflammatory
stimuli [83, 84]. Since infections are not usualrified by pathological examinations, meaning
that clinical investigations to examine the undedycauses of upper respiratory symptoms are
rare [82, 83, 85], the concern must be raised vendifiRS are really caused by - newly acquired
- infections or by an enhanced susceptibility tmptoms mimicking an infection as a result of
immunosuppression / immunodysregulation after estiagiexercise [82, 83].

Interestingly, elite athletes experience URTI syonpg at a similar rate as the general
population does [82, 86, 87] but encounter episadddRTI more frequently during or around
competitions [81, 88-90] which endure ~ 1 - 3 df84, 88]. Moreover, URS reports increase
with increasing intensity of the training or compeh load performed [81, 90-94]. Thus, the
observation that URS last for a very short peribtinoe and that they occur especially during or
after intense loads of exercise suggests thatgperted symptoms might be either due to viral
re-activation rather than a primary infection aredto other exercise-induced dysregulated
inflammatory responses [84, 88].
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Further evidence supporting the ‘viral re-activatidnypothesis was reported in studies
which included a clinical test to determine possipathogens and noted that only ~ 5% of the
episodes reported accounted for bacterial infest|84, 95-97]. The majority of symptoms were
identified as viral infections. Nevertheless, thedections were responsible for only 30 — 40%
of the upper respiratory symptoms reported [82, #dditionally, the viral pathogens were
identified as common respiratory pathogens which associated with URTI in the general
population [98]. Thus, URS observations might deleast in part, a consequence of viral re-
activation [84, 88] which would give an explanatidor the short period of symptoms
encountered.

Importantly, the health state of an athlete itsah contribute to an enhanced number of
URS episodes [82, 84]. In general, the contribubbimfluencing parameters such as drying of
the airways [99], asthma and allergic airway inftaation [83], psychological impacts of
exercise on membrane integrity and immunity [100d a&he migration of inflammatory
cytokines, generated during the damage of musaoleccentric exercise to the airways [101,
102] causing upper respiratory symptoms should ¢y kn mind although little or no direct
evidence is yet available to support these issues.

To date, the most predictive factor favoring URTdgnosis is salivary immunoglobulin A
(SlgA). Selective deficiency of SIgA [103] or lovalsra flow rates [104] were related to a high
incidence of URTI. Moreover, low levels of SIgA B,0106] or even a transient fall [107] were
associated with increased susceptibility to acquipper respiratory tract infections and vice
versa [108]. Saliva IgA levels decline during irdeme periods of training [88, 105-107, 109-
113]. Of note, some studies noticed an increastdfor infections [105-107, 110, 111] related
to SIgA levels whereas other did not [109, 1121]11

There is evidence that non-viral triggered inflaniora can explain upper respiratory
symptoms [115] meaning that aside viral-inducedysregulated inflammatory response upon
exhaustive exercise mimics a URTI [79] and can esas an explanation for the symptoms
reported. A genetic variant leading to elevated Iexpression was demonstrated to correlate
with an increased number of athletes reporting URI%]. Additionally, IL-6 elevation after
exercise was more pronounced in individuals prameadquire upper respiratory illnesses
compared to healthy participants [79]. Interesyngithletes using anti-inflammatory sprays
before a marathon race developed URS with the d$segaency but less severe symptoms [91,
117]. Thus, proper regulation of the pro- and arftammatory responses after exhaustive
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exercise seems of great importance since a dystegul excessive inflammtory response can
mimic an URTI.

Whether or not an impaired immune response upoluwstive load is associated or even
triggering a URTI episode is yet not wholly claedi. It is thus an aim of this study to further
improve the knowledge of molecular parameters aftbaustive exercise.

Several fields in research (e.g. genomics, proteemmetabolomics, and expression
analysis) help to improve and elucidate the knog#edf molecular mechanisms which lead to
upper respiratory symptoms observed upon exhaustwezcise. Recently, microRNAs were
demonstrated differentially expressed upon exerd¢ikE8-120] and could be related to
inflammatory processes [119, 120]. The ability dRMAs to fine-tune the amount of various
gene products at the translational level make theime for further detailed studies in relation to
exercise, immunodysregulation / immunosuppressiit$ and even URTI development. Thus,
an aim of this thesis was to gain an overview @f ithpact of extreme physiological exercise
(Ironman Austria) on whole blood miRNA expressiavdls with a focus on parameters
involved in the immune system. Moreover, a hypatiabtoutlook on downstream processes
should be established. Thus, miRNAs involved duragphase of immunodysregulation /

immunosuppression should be further elucidated ésima of molecular biological approaches.
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1.3 MicroRNAs

1.3.1 Biogenesis

1.3.1.1 Transcription

Canonical microRNAs are typically transcribed frartergenic or intronic sequences by
the RNA polymerases Il or lll [121, 122] and arented primary microRNAs (pri-miRNAS)
(Figure 3, panel i and ii). RNA pol Il is the mopeominent transcription machinery for pri-
mMiRNA generation since most observed transcriptéude a cap structure and a poly-A tail
tailored by this RNA polymerase similar to messengdlAs (mMRNAs) [123]. RNA pol 1lI
derived pri-miRNA transcript sequences are locatedepetitive sequences or downstream of
ALU elements [121, 124] whereas pri-miRNA sequenicasscribed by RNA pol Il originate
from intronic sequences of messenger RNAs. Intremvdd pri-miRNAs are spliced from
MRNA transcripts in a process that is neither fetarg with mRNA splicing itself nor
downstream mRNA processes [125]. Alternatively, rofiRiNAs can originate from small introns
of host genes (Figure 3, panel iii and iv). In thas-canonical pathway, pri-miRNAs are created

via splicing and are independent of Drosha proogsseviewed in [126]).

A CURRENT MODELS — miRNA gene
(i) Intergenic (i) Within a host gene — intergenic
— intron
[ exon

(iii) Mirtron (iv)

Figure 3. MiRNA Gene Model€anonical microRNAs can be transcribed from paieinfergenic or (panel ii
intronic sequences. Natenonical miRNAs, termed mirtrons (panel iii anjj originate from small introns of hc
genes[9]

1.3.1.2 Pri-miRNA Processing

Pri-miRNA transcripts are processed via a two-stigavage mechanism. Initially, pri-
MiRNAs are cleaved inside the nucleus into ~ 70ong RNA stretches, termed premature-
MiRNAs (pre-miRNASs) [127] via a multiprotein compgleermed microprocessor [128]. Drosha,
an RNAse class lll enzyme, and DGCRS8 are the mamstduents of this machinery [128-130].
DGCRS8 binds to the pri-miRNA and acts as a moleculéer for the subsequent cleavage by

Drosha [20]. Furthermore, DGCRS8 stabilizes Droske protein-protein interactions [14]. A
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more flexible basal sSRNA segment and to some extéarger terminal loop may be beneficial
for the correct binding and orientation of DGCR&l dhus for the whole processing procedure
[20]. Interestingly, Drosha protein levels are dated via an autoregulatory feedback loop. At
high Drosha protein levels, Drosha mRNA destaksligeelding to lower Drosha protein levels

and decreased microprocessor activity [14] (Figire

Ca p—jL—\/—\pA
‘ru-_’ g 'I Ca D—-—-NQ-L—\_’\QA
Stability control of » jl
other mRNAs? .f’ Ca A

' mRNA cleavage
[] and destabilization
I

Drosha protein /—N f [ jl DGCR8 mRNA

S UTR

\— Translation
Protein
stabilization

DGCRS protein

Figure 4. Model for The Autoregulatory Feedback Loop betwBeosha and DGCR&rosha protein destabiliz
DGCR8 mRNA by cleaving the hairpins of the DGCR8\mRTranslated DGCR8 protein stabilizes Drc
protein levels via prote-protein interactions. [14]

Drosha cleaves pri-miRNAs via its two distinct RHdH enzymes, RllIDa and RIIIDDb.
These subunits form a dimer and act independemtlgither the 3" (RIIIDa) or the 5°(RIIIDb)

strand of the double stranded region of pri-miRNEg (Figure 5).

we RIID

ENM0/D44 =pl
E37 mefl S E4
W,

inei i
§ strand 5 ¥ 3 strand

Figure 5. A Model for The Cleavage Mechanism of RNase Idinder is formed by two RIIID units yielding i
two processing centers. Each processing centeodatéd in the double stranded region of a @MiIRNA an
contains two catalytic sites that cleave two mgaphosphodiester bonds on the opposite RNA strahdsRN/

W-C, Watson-Crick base pairs. [18]

Single stranded RNA flanking sequences followedaby 80 nt stem/loop structure are
important factors for proper cleavage [131]. Meractly, the length of the stem (~ 30 nt) and
the size of the terminal hairpin loop (> 10 nt) aracial for this process. Drosha prefers larger
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hairpins (> 10 nt) and measures about two heligaist (~ 22 nt) from the stem / loop junction
and cuts the small RNA into ~ 22 nt long RNA sthete with a terminal loop and a single-

stranded overhang [132] (Figure 6).

Pri-miRNA

}‘—,—,=O

— =}
~11bp ~22bp

f

Substrate recognition step /Drosha

DGCR8
N\

"J\:'—',—zo

Processing center

Catalytic reaction step

Products

\. Fi F2 (pre-miRNA
/ F3
—

—
~11bp ~22bp

Figure 6. A Model for The Processing of Pri-miRNA by DGCR8 and Drosha. DGCRS binds to the pri-miRNA and acts
as a molecular ruler for the subsequent processing by Drosha. After target recognition, Dosha cleaves pri-miRNA
in its double stranded region (yellow circle) at ~ 11 bp from the basal segments. [20]

1.3.2 Nuclear Export

After transcription and pri-miRNA processing, a $nRNA molecule consisting of ~ 22
nt long stem with a single-stranded overhang oncine and a loop region on the other end,
termed premature-miRNA (pre-miRNA) is created. Pi&NAs are exported from the nucleus
to the cytosplasm via binding to Exportin-5 (Expfb33, 134]. Notably, Exp-5 only is able to
facilitate pre-miRNA export, partially via bindingequence-independently to dsRNA but also
via interactions with the single-stranded 3"-ovedhaut not with the loop region [135, 136]. 5°
overhangs were shown to block Exp-5 / pre-miRNA plax formation and are not exported
into the cytoplasm via Exportin-5 suggesting anothechanism for the nuclear export of such
RNA species [137].

RanGTP is essential for Exp-5 to bind to pre-miRNE34] and thereby greatly enhances
this export mechanism [133]. More precisely, fre@h is quite flexible and the 2 nt 3" pre-
MIRNA stretch is hindered to insert into the birgdlpocket/groove (a tunnel comprised of four
negatively charged amino acids) from Exp-5. BindindQRanGTP stabilizes Exportin-5. In turn,
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pre-miRNA can bind to Exp-5:RanGTP via its 2 nb8erhang forming a stable ternary complex
(Figure 8 (A)). Further stabilization is not seqoerspecific and mainly achieved via hydrogen
bonds and ionic interactions rather than baseaontens [8, 16]. Additionally, the Exportin-
5:Ran-GTP binary complex protects the stem of anpRNA from degradation by nucleases
[137]. Thus, RanGTP-stabilized Exp-5 strongly bipds-miRNA at its 3" overhang whereas the
stem contributes less (Figure 7).

Pre-miRNA
&\( .
fi w - -
lm _G.. A
] e |
Exp-5 |
i L_-\ .
5
>
R 5’ 5.nt
overhang

Figure 7. A Schematic Representation of The Exp-5:RanGEMPRNA Ternary Complex. [8]

The ternary complex enters the cytoplasm where R&n@ydrolyzes which in turn
greatly reduces the binding affinity to the pre-ikand Exp-5. Hence, pre-miRNA is released
into the cytoplasm (Figure 8 (B)). Of note, hydzalion and release of pre-miRNA may occur

more or less simultaneously rather than as a sarait [16].

RanGTP I pre-miRNA

voo

free Exp5 Exp5-GTP Exp5-GTP-RNA

free Exp5

U RanGDP
%@ Exp5-GTP-RNA

Figure 8. Schematic Representation of RanGTP-assisted &luEbeport of Pre-miRNA.A) Binding to RanGT
stabilizes Exportin-5. Subsequently, pre-miRNA liad to this stabilized Exp-5:RanGTP binary compléxits
2nt 3"overhang forming a dike tertiary complex. The formed export complexanslocated through the nucle
pore complex (NPC) into the cytoplasmB) RanGTP from exported Exp-5:RanGTP:pnéRNA complex
hydrolyzed and thus binding affinity to the pre-hMiRand Exp-5 is reduced. Subsequently,piBNA is release
into the cytoplasm. [16]
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1.3.3 Effects by Exported MiRNAS

1.3.3.1 RISC Loading Complex Formation

Prior pre-miRNA incorporation, Dicer and TRBP (HIVTAR RNA binding protein)
form a complex that is stabilized by the latter tpno [138]. Subsequently, TRBP recruits
Aronaute-2 (Ago2) to form a pre-assembled trimeamplex, termed miRNA loading complex
(miRLC) or RLC (RISC loading complex) [139-142].

Dicer is important during miRNA biogenesis to prodi21 — 23 nt long SSRNA products
[143, 144]. Unlike D. melanogaster human Dicer cleaves its substrates without ATP
consumption [145, 146]. The PAZ domain (Piwi Argohand Zwille domain) of Dicer interacts
with the 3"overhang and TRBP (via a dsRBD (doubiensl RNA binding domain)) binds to the
dsRNA region of a pre-miRNA [147, 148].

The processing center of Dicer is built-up of twabwsnits, Rllla and RIllIb, which
dimerize to form a catalytically active site anéales dsRNA in a two-step cleavage process
[11, 148]. In this mechanism, pre-miRNA is cuttiineleased and rebound inversely for another
round of cleavage producing ~ 23 nt long short RNvkth 2 nt 3"overhangs (Figure 9).
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5 A A A G,
GGGUGUCGGGUAGCUUAUC GACUG LGUUG CUGUUCA,

111 el el | [LILL LLLIT leel u
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Figure 9. Model of Two-step Processing of Pre-miRNA by DRmtein. In this mechanism, praiRNA is cL
first, released and rebound invers by the same or different Dicer molecdta another round of cleava
producing ~ 3 nt long short RNAs with 2 nt 3"overhangs. Lighgninarks indicate the cleavage siteshe RNA
[11]
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Additionally, PACT (protein activator of PKR (PKRrotein kinase dsRNA dependent))
protein interacts with Dicers” N-terminal helicad@main via its dsRBD [149]. Importantly, a
RLC has the capability of dicing, selecting thedgustrand and slicing of pre-miRNAs [141].
Moreover, ATP is neither required for RLC assenmmy is it for the cleavage of pre-miRNAs or
the unwinding of dsRNA species [140, 142-144, 150].

1.3.3.2 Dicer-dependent Pathways

Double-stranded pre-miRNA is incorporated in annaswetrical manner into a pre-
formed RLC and either Dicer activity only (Figurgléft arm of the pathway) [140, 142, 151] or
Ago2 and subsequent Dicer activity (Figure 9, rigintn of the pathway) [19] mediate the
cleavage of the passenger strand from a pre-miRBGih Ago2 and Dicer are involved as
catalytically active enzymes in the latter pathwiaythis pathway, Ago2 cleaves the pre-miRNA
at its 3’overhang about 11-12 base pairs awayiogeatpre-miRNA intermediate, termed Ago2-
cleaved pre-miRNA (ac-pre-miRNA). The unwinding @ees of the passenger strand from the
pre-miRNA may be improved by this initial cleavagiep. In a next step, ac-pre-miRNA is
further cut into mature miRNA via Dicer [19] (Figuf0).

P e
(Dicer TRBB) L=
DicsRe] ( Dicer X TRBE) o L
+ —_— “Thg : SRNA
o= N re-microRNA
(na® P
4 N Dicer  TREP
cleavage
opposite hairpin arm
‘ac-pra—micmﬁﬁ: 3
Ao (TRBB)
QTBB_@ cleavage cleavagel .£§T_/
T Yy duplex unwinding e LI T,
microRNA duplex _W microRNA duplex
s W B B
L\I?E.r\}:[ii%?) TITTTTaT T i] B R LR R
mature microRNA
active RISC passenger strand
degradation
~protein factor rrrrrimicroRNA precursor p b
= by L
‘:}active RNase o riiomature microRNA durt o

Figure 10. Schematic Drawing of MicroRNA Processing. Afteclaar export, the pre-miRNA incorporates iato
preassembled trimeric complex, termed miRNA loadmmgplex(miRLC) or RISC loading compléRLC). Eacl
miRLC/RLC consists of Dicer, TRBP and Ago2 protEither Dicer activity only (left arm of the pathyaor
Agoz and subsequent Dicer activity (right arm of theéhyeay) mediate the cleavage of the passengendtfiern
pre-miRNA. In the latter model, Ago2 cleavage creatpse-miRNA intermediate, termed ac-préRNA, which i
further processed via Dicer into a miRNA duplexteAfcleavage by Dicer, the resulting miRNA duple
unwound, Dicer and TRBP dissociathe passenger strand of the miRNA duplex is disgtaand the matu
miRNA forms the RISC together with Ago2. [19]
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1.3.3.3 Dicer-independent Pathway:

Alternatively, a third, Dicer-independent pathwaywswidentified recently. Instead of
Dicer, Ago2 slicer activity facilitates the cleaeagf pre-miRNAs into functional mature
mMiRNAs indicating that the secondary structure &-miRNAs may be an important factor for

the choice between the Dicer-dependent and -indipepathway [152].

1.3.3.4 Argonautes and RISC Formation:

Generally, miRNAs incorporate into all human Argoteproteins (Agol — 4) without
discrimination for its sequence and facilitate miRNenesis. This might be established either
through enhancing the production or by stabilizingture miRNAs [19, 153]. The structures of
human Agol-4 are similar to those of fly Agol buwt fly Ago2 [150]. It is speculated that
translational inhibition is the major effect sustd by miRNAs rather than mRNA cleavage
[153] since only Ago2 protein can actively cleavBNAs via its Slicer activity [140, 150, 153,
154]. Hence, the role of Ago2 in miRNA biogenasight be of major importance, unlike Agol
or Ago3 [151, 154].

The crystal structure of Argonaute froRyrococcus furiougl3] (Figure 11 (A)) and
recently from human Argonaute-2 [21] (Figure 11)(Bjve hint of how Argonaute proteins
might interact with small RNAs. It is proposed, tttlee PAZ domain binds the 3’end of RNAs
and the PIWI domain consists of an active site (8&Nd domain). Overall, the spatial alignment
of the respective domains establishes that mRNAnaiRINA are bound to Ago in a way that the
catalytic center of PIWI mediates mRNA cleavage A3 (Figure 12).

A B

1 152 276 351 545 770
W ————

Figure 11. Schematic Diagram of The Domain Borders of The @hStructure of (A) P. Furiosus [13nd (B
Human[21] Ago2 Protein.
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Figure 12. Drawing for MiRNA-guided Cleavage of MRNA by Argote. The miRNA (yellow) binds with ifs 3
end in the PAZ cleft. The mRNA (brown) incorpordtetsveen the N-terminal (blue) and PAZ (rddains. Th
active site in the PIWI (purple) domain (shown eissors) cleaves the mRNA opposite the middleeofrtRNA
guide strand. [13]

After processing of pre-miRNA to mature miRNA, teRNA-loaded Ago2 dissociates
from the loading complex and forms an active RIRBIA-induced silencing complex) [141]
facilitating cleavage of mRNA with full sequencengglementarity to the guide strand of pre-
mMiRNA [140]. ATP is not necessarily needed for theavage step but enhances RISC activity
[140].

1.3.3.5 Targeting Messenger RNAs

There are 2 major groups describing how miRNAs iogeract with a 3° UTR sequence
of mMRNAs. The first, “5” dominant sites”, contaiwg sub-types; a “canonical type” (Figure 13,
left) which shows binding at both the 5 but alstha 3" region and the other, called “seed type”
(Figure 13, middle) that interacts mostly via ifsrégion without hardly any 3" pairing support.
In this class 7 — 8 base-pairs are sufficient mgét recognition, pairing and translational
repression. Additional binding sites enhance thectionality of pairing [10, 155]. The second
major group of miRNAs, called “3"~ compensatory sitéFigure 13, right), interacts mainly via
its 3" region whereas 5" base-pairing ability dueed. 5 — 6mers are needed for proper binding
functionality [10]. Interestingly, the “seed typgfoup may be the largest group among the
enormous amount of miRNAs [10, 155].

5" daorminant 5" dowminant 3 compensatory
{Canonicall {senad]
g IR i, S , —
- ! i I —'\.\_\_'_,."_\'

Figure 13. lllustration of The Three Classes of MiRNA Targites. Model of canonical (left), seed (middled &n
compensatory (right) target sites. The mode of pairing between target sitpdupine) and niRNA (lower line
color) is illustrated. [10]
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1.3.3.6 Translational Repression or Target Cleavage

Partial sequence complementarities of a miRNA ® 3AUTR of an mRNA results in
translational repression of this messenger RNA edetotal alignment leads to target cleavage.
Notably, only the antisense strand is used for tischanism [156, 157]. Additionally,
translational repression or target cleavage cammbdiated by the same miRNA on several
MRNAs depending on the binding properties of th&NA to its mMRNA target [158]. Thus, a
set of different miRNAs may show different inhibigaeffects on a certain mRNA.

A vast majority of miRNAs were found associatedhwRNAS during translation at
polysomes. Importantly, miRNAs are bound to mRNA®l anot to ribosomes per se [159].
Moreover, microRNAs seem to interfere with polypégtgrowth [160] by blocking elongation
of translation - rather than inhibition of initiati - and maintain subsequent ribosome drop-off
from mRNA in eukaryotic cells [12] (Figure 14).

Yy o

ribosome drop-off

Figure 14. lllustration of The Influence of MiRNAs on Riboss. MiRNAs incorporated into Argonaute prot
bind with mismatches to thé @TR of a target gene mRNA causing translating ribosomes to drop-off from the
open reading frame of the mRNA. [12]

MiRNAs promote translational repression of mRNAs \nteraction of Argonaute
proteins with the cap structure (m7G) of messe®EAs. Furthermore, repressed mRNAs
accumulate as processing bodies (P-bodies or GWefodwvithin the cytoplasm. Thus,
processing body formation was suggested to be secomence of translational inhibition of
MRNAs via miRNAs [161]. More exactly, Argonaute f@ims contain an m7GTP-cap binding
domain which shows strong similarities with the4#Fm7GTP-cap binding domain known to
interact with the m7G-cap of mMRNAs during tranglatilt is suggested that Argonautes can bind
both the m7G-cap and miRNA simultaneously and themehibit translation by competing with
elF4e [15] (Figure 15). Interestingly, cap-indepemtdtranslation events are also repressed via
small RNAs [12]. Notably, mRNA isoforms carryingfférent 3° and 5"UTR variants behave
different to miRNA mediated translation inhibitiokliRNA composition on the 3’'UTR on the
one hand and 3"UTR binding-sites for miRNAs on thther are important factors for
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maintaining the translation pattern. Thus, miRNAan cmaintain protein levels due to
translational inhibition [162, 163].

Ano2

MC Domain Q
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Translating ribosomes

re
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Figure 15. Proposed Mechanism of TranslationalpRession via MiRNAs. The MC domain of Ago2 can
both the m7Gap structure and microRNA simultaneously and termhibit translation by competing w
elF4e. [15]

The main objective of miRNAs was proposed to deligertain proteins to the right

AAAA

location during translational inhibition [164]. Bir Argonaute proteins 1 and 2 were shown to be
concentrated at certain cytoplasmic focis [1653, [diter together with GW182 which is to some
extent necessary for proper miRNA mediated mRNAdiaion inhibition and formation of P-
bodies [166-168]. Agol and 2 may interact with Deahd Dcp2 but not necessarily at P-body
focis but also outside. The interaction of Argomsuivith Dcpla and 2 poses a link to mRNA
decay inside P-bodies [168] which is another effieetiated by miRNAs.

Most factors required for 5° - 3 mRNA decay ardedted in P-bodies; including
deadenylation (hCcr4), decapping (hDcpla, 1b, 2) @éecapping activation (hLsm, rck/p54)
[169]. Among other proteins, GW182 co-localizeshaiLSm4, hDcpl and hDcp2 [170, 171].
HDcp2 was identified to be the catalytic activeygne that mediates mMRNA decapping leading
to m7GDP-intermediate [171] and m7GMP eventuall§2Jlleaving a RNA-fragment with a 5
terminal phosphate-group prone to degradation (@ag5°-3"exonuclease Xm1l). Interestingly,
hDcp2 needs a long mMRNA template as a substratelftlh its function [171]. Since mMRNA
decapping factors and mRNA breakdown intermediatesenriched in P-bodies it is evident
that, among inhibition of translation, decapping &i - 3" exonucleolytic degradation takes
place inside P-bodies [173].

Taken together, canonical miRNAs are transcribed RNA polymerases Il or 1ll and
spliced into primary transcripts, termed pri-miRNAS& multi-protein complex, termed
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microprocessor, cuts these small RNA molecules twastep cleavage mechanism, mediated
by Drosha together with DGCRS, into ~ 70 nt long-prature miRNAs. Non-canonical pre-
MiRNAs are generated from small intronic miRNA (imn) sequences via splicesosome-
mediated splicing followed by lariat-mediated delotaing. Pre-miRNAs are exported into the
cytoplasm in an Exportin-5- and Ran-GTP-dependashibn. After exiting the nucleus, pre-
mMiRNAs are incorporated into a RISC loading complBkC) where they are further cleaved
either with or without the help of Dicer. Moreovée guide strand of the resulting duplex is
sliced out yielding mature miRNAs and together wittgonaute proteins leave the RLC and
bind to complementary sequences in the 3° UTR ofN@® creating an active RISC.
Translational repression or mRNA cleavage is estiabdl depending on either partial or full
sequence complementarity of the miRNA to the 3" UdRan mRNA (Figure 16). RLC
formation, RISC activation, targeting and inhibitideavage may occur inside the same

cytoplasmic compartment, termed P-bodies or GW-dmdi

Canonical miRNA Non-canonical miRNA: mirtron
M . e e Eon
Ly RN gy

lTranscriplion
lTranscriplion
m7G T
Pri-miRNA E: Spliceosome »n LV RV
m7G
AAAAN ]
Interaction with l Splicing

microprocessor o IETBEETR AAAANMRNA
+

Branched

Drosha Pre-mirtron
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« Pre-miRNA
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RISC
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MIRNA* mz "
Ago degradation J,
miRNA/mIRNA* Target mRNA degradation or
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Figure 16. MiRNA Biogenesis and Effects in Animal Cells.-RiBNA is either generated in a canonical path
via Drosha and DGCRS8 function, or in a noanonical pathway via splicesosome and lariat debhanc
mechanisms. Following Exportin-5-mediated nuclegpaet, pre-miRNA is further processed into ~ r#2loncg
mature miRNA via Dicer, TRBP and/or Argonaute protesulting in an active RNA&duced silencing compl
(RISC) eventually. RISC mediates either translaiorepression or target cleavage depending on lig
properties of the miRNA to the mk. Translational repression is caused by partial smce complementariti
of the miRNA to the 3’"UTR of an mRNA. Target clgavia mediated via perfect sequence complementsrity
MiRNA to the 3’"UTR of an mRNA. [6]
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The potential of miIRNAs to modulate the amount ofyene product at the post-
transcriptional level establishes a new layer gutation amidst the already known regulatory
networks in eukaryotes. In contrast to several rothgulatory mechanisms, miRNAs exhibit
fine-tuning, rather than switching properties. grihe recent years, miRNAs have emerged as
important helpers in the innate and adaptive immyuriRegulatory mechanisms to various

extents were demonstrated to influence the celkikte of immune cells.
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1.4 MicroRNAs and The Immune System

The search term “miRNA AND immune system” on the BN PubMed website (
http://www.ncbi.nlm.nih.gov/pubmed/ listed 943 hits (Figure 17). Among others, mib&]1-
223, -17-92 cluster, -146, -181 and 150 are desdrizest and a short presentation of these
microRNAs is given in the following section.
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Figure 17. Screenshot from The NCBI Homepage. The searah“@iRNA AND immune system” listed ¢
hits.

A general perspective of microRNAs in the regulatid cell lineages from both the innate
as well as the adaptive immune system is showmgur€& 18 (innate immune system) and Figure
19 (adaptive immune system). Evidently, microRNAs €ine-tune processes in the majority of

cell types of the immune system.
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Figure 18. lllustration of MiRNAs in The Regulation of Inadmmunity. MiRNAghat have been reported to
involved in the development and function of nedtilspand monocyte/macrophage M GMP, myeloir
progenitor; GMP, granulocy-monocyte progenitor; PAMPSs, pathogen-associatelkoudar patterns. [6]
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1.4.1 Hsa-miR-155

So far, miR-155 is the best characterized miRNAirduithe immune response. It is
located on chromosome 21921 within a 13kb long sege which consists of 3 exons, termed B
cell integrated cluster (BIC) [174]. The transcnpas proposed to act as a non-coding RNA
[174, 175], later identified as the microRNA miRELEL76]. BIC is expressed in the thymus,
spleen, bone marrow and mobilized human peripleoald stem cells [174, 177].

MiR-155 expression is induced in various tissued eell types (e.g., Dendritic cells,
macrophages, granulocytes) of the innate immurptynupoly I:C, INFB, INF-y, [178], LPS [3,
179-184],H.pylori [185, 186] orF.tularensis[187] and enhances TNk-and IL-6 production
[184, 187-189] or reduces IL-8 and GRCexpression [185, 186]. Several direct targets iBi-m
155 were identified negatively regulated by miRsHstivation (e.g., FADD, IKK, Ripkl and
SMAD?2 [184, 186]; BACH1, ZIC3, HIVEP2, CEBPB, ZNFB5ARID2 and SMADS5 [190];
SHIP1 [3, 181, 187]; SOCS1 [179]; TAB2 [180]). Thetwork of activators of miR-155 in
several cell types and the huge amount of targetstioned highlights the important role of
miR-155 in the regulation of the innate immune cese.

Upon encounter of macrophages to certain pathogegsaling via MyD88 or TRIF
[178] and PKC, NReB and AP1 activates miR-155 transcription [176,,1889, 191] which
negatively regulates SHIP1 and activates Akt [18I/]. Aktl in turn further enhances miR-155
expression [179]. As a result, TNFand IL-6 production is positively influenced byRal55
induction [187, 189].

The anti-inflammatory cytokine IL-10 counteractsS-ihduced miR-155 expression via
STAT3-mediated inhibition of BIC/miR-155 transcigot [3]. IL-10 stimulation leads to
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increased SHIP1 protein levels (which was showtimia TLR signaling [188]) due to reduced
miR-155 levels [3] (Figure 20). As a consequendef--b and IL-6 production is blocked [188].

o LPS

)
TLR4
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djo PR @ [nrks
PIPZ  PIP3——>| \opp
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= /
IL-10 —{\ miR-155

Figure 20. Schematic Presentation of a Possible Role for-WBR. MicroRNA-155 is expressedrésponse to LF
and leads to decreased SHIP1 expression, thus iagpRI3K activation of NFeB and MAPK to promote the pro-
inflammatory response. However, IL-10 inhibits MBS expression and allows SHIP1 expression to ecaric
promote the conversion of PIP3 back to its inacBVE2 state, switching off the f-inflammatory responsédal,
MyD8¢€-like adapter protein. [3]

Additionally to the regulating properties of miRBLBbserved in non lymphoid cells, a
role for miR-155 in T and B cells was establishecently where the loss of bic/miR155 resulted
in impaired immune response and increased lungagiremodeling [192]. The humoral reponse
to thymus-dependent and -independent antigens loyoRINA-155 is required for a proper
primary and secondary immune response in extrafddr and germinal center B cells [193].
The expression of BIC to produce mature miRNA-1&Srucial for the proliferative activity of
normal pre-B cells in spleen and bone marrow. $ustiaoverexpression of miR-155 leads to
frank B cell malignancy eventually [194]. MiRNA-158own-regulation and in turn up-
regulation of one of its targets, PU.1, in wild @¢yB cells results in fewer differentiated IgG1
producing cells [193]. The transcription factord=fRwith BCL6, Pax5, IRF8, and PU.1 are co-
expressed in the germinal center in B cells [18fjon PU.1 depletion, B cell development was
totally blocked suggesting a strong necessity for1Ptranscription factor in this cell type to
initiate/maintain proper differentiation [196]. Thua role for miRNA-155 regulating PU.1 in
antigen-driven B cell maturation and differentiatiof IgG class-switched cells was outlined
[193]. BIC/miR-155 induction in B cells was obsedveuring the germinal center response and
in primary spleen cells due to B cell receptor (BOBD40 or TLR activation via ERK and JNK
but not p38 signaling pathways [190, 197]. Moreovike activation of BCR leads to the
induction of c-Fos, FosB and JunB. FosB and Jun®iin are recruited to the promoter region
of BIC and can activate its transcription [190].rDg class switch recombination (CSR),
activation-induced cytidine deaminase (AID) is rtagdy regulated upon miR-155 activation in
B lymphocytes [198, 199]. AID facilitates somaticypermutations and class-switch
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recombination by deaminating cytosine residues iatrdduction of U:G mismatches in DNA
[200, 201]. As a consequence, miR-155 up-regulanamtains the activity of AID and thus has
an effect on class switching recombination and simnfegypermutation in B lymphocytes during
maturation [202]. AID regulation by microRNA-155nhg CSR is important since up-regulated
AID results in impaired affinity maturation and defive peripheral B cells eventually [199].
BIC/miR-155 expression was not detected in non-lyanp tissues (lungs, kidney, brain,
liver, and heart) as well as in naive CD4+ T cellgereas its expression was induced early after
activation [197, 203]. Following miR-155 depletiahe anti-inflammatory cytokines IL-4 and
IL-10 are up-regulated whereas INHs down-regulated in primary T cells [197]. A rdier
miR-155 helping to couple innate and adaptive imityuwas demonstrated by O Connell et al.
in 2010. T cell development upon inflammatory cdiotdis promotes the development of1V
and T4l cell subsets. LPS activated dendritic cells peeducytokines (IL-6, IL-23 p19, IL-12
and IL-23 p40, and TNie-mRNA) necessary for the correct development otllscincluding
Tyl7 subpopulations, in the presence of miR-155. LoksniR-155 resulted in defective
inflammatory T cell development in vivo [204]. LoeE miR-155 results in reduced numbers of
Tregs in thymus and spleen. MiR-155 is required formal Treg development but is not
necessary for proliferation and survival in theipleery [205]. Up-regulation of Foxp3 upon
Treg activation is independent of miR-155 [205] vdas in the presence of IL-2, regulatory T
cell populations require miR-155 expression to namthe proliferative activity and thus cell
numbers [206]. Interestingly, miR-155 expressionmaintained by the transcription factor

Foxp3 and sustained Foxp3 expression is requirgddp miR-155 levels steady [206, 207].

1.4.2 Hsa-miR-223

The microRNA-223 was found exclusively expressethanbone marrow but not in the
thymus or spleen [208]. In contrast, expressionhadf miRNA was detected in bone marrow,
spleen and lung tissues [1]. MiR-223 is involvecenythropoiesis [209] and granulopoiesis [2,
210, 211]. On the molecular level, PU.1 is an essetnanscription factor (TF) to activate miR-
223 production which is further enhanced in comtioma with C/EBR: [212]. Another
transcription factor, NFI-A was demonstrated toivate transcription of miR-223 [210].
Following activation, miR-223 negatively regulathe TF E2F1 [210] and Mef2c [211] which is
involved in granulocytic differentiation [213]. Thuincreasing levels of miR-223 promote
granulocytic differentiation[210] (Figure 21, uppkustration). In contrast, E2F1 is an inhibitor

of miR-223 and is repressed upon rising miR-222IkvRepression of miR-223 by various
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mechanisms leads to accumulated numbers of mypleicursor cells [214] (Figure 21, lower
illustration). Sustained miR-223 levels in granyl@s are necessary to maintain the cells proper
state and avoid hypermature and hypersensitiveulgraytic cells [211].
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Figure 21. Schematic Representation of a Model for The BoliR-223 in Innate ImmunityiR-223 expressic
promotes granulocytic cell fate via blocking E2Elpon various mechanisms inhibiting C/E-a and hence miR-
223 expression, granulocyte differentiation is lked and myeloid cell proliferation is promoted. [2]

MiR-223 is also involved in the adaptive immunepi@sse. It is up-regulated in naive
and memory B cells where it negatively regulatesQ2/[215, 216], a germinal center (GC)
specific transcription factor [217] and MYBL1 [216LMO2 expression was detected in
erythroid and myeloid precursors, megakaryocytedpthelial cells, spleen, various tumor cell
lines but also in GC B cells [217]. Thus, downregiain of LMO2 by miR-223 might be crucial
to promote the transition from naive to GC and @@emory B cells [215, 216].

1.4.3 Hsa-miR-17-92 Cluster

Upon M-CSF stimulation, microRNAs -17-5p, -20a aiil6a are down-regulated in
undifferentiated monocytic precursor cells. In tuWML1 (=Runx1) protein, but not messenger
RNA, is up-regulated and enhances M-CSFR transeniptAdditionally, AML1 facilitates a
negative feedback loop which inhibits the trangaip of 15-5p-92 and 106a-92 clusters and
thus further decreases miRNA -17-5p, -20a and -106els. As a result, monocytopoiesis is
promoted [4] (Figure 22).
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Figure 22. Schematic lllustration of MiR-17-5p, -20a and 640n Innate Immunity. In CD34progenitor cells
MiRNAs17-5p 20a and 106ainhibit AML1 mRNA translation and thus further enhance theirreggion. Lo\
AML1 protein levels determine low-CSFR expression. Stimulation of the monocytiauciltvith M-CSF down
regulates miRNA7-5p—20a—106and increases AML1 protein expression, which m fahibits miRNAL7-5p-
20a—106dranscription and transactivatéd-CSFR thus promoting monocytopoiesis. [4]

The genomic region C130rf25, located on the chrammes band 13931-932, hosts a
cluster of miRNAs (miR-17, miR-18, miR-19a, miR-19hiR-20, miR-91 and miR-92) [218]
which is expressed in GC cells [216]. This miR-IBeduster negatively regulates protein levels
of Pten and Bim by targeting its 3'UTR [219, 22@ferestingly, Bim induces Myc in B cells
[221]. Thus, miR-17-92 facilitates pro-B to pre+risition via down-regulation of Bim protein
[219]. Loss of miR-17-92 cluster results in neoh&thality, defects in the development of the
heart, lungs and B cells [219]. Conversely, overeggion of this miRNAs leads to increased
lymphocytic proliferation, reduced activation-inédgiccell death and lymphoproliferative disease

and autoimmunity eventually [220].

1.4.4 Hsa-miR-146

MiR-146 is broadly expressed in immune tissue inenand is further induced in immune
cells (myeloid and lymphoid cells) upon cell matioa and/or activation [222]. Activation of
miR-146a/b via IL-&, IL-1p or LPS [223-226] counteracts the production oftaier pro-
inflammatory cytokines (e.g.: IL-6, IL-8, TN&; RANTES) [7, 223, 225]. Expression of miR-

146a upon LPS stimulation is up-regulated in preaucells of the dendritic lineage [224] and in
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macrophages [7, 222, 226]. LPS stimulation actaignaling via TLR4-NRkeB-E2F1, which
in turn fully activates the transcription of theopnflammatory cytokine genes IL-6, TNE-
CCLS3, IL-1B and IL23A [222, 227]. Subsequently, miR-146a egpi@n is induced. MiR-146a
acts as a negative regulator of IRAK1 and TRAF6 tvéaslational inhibition and degradation
[222, 223, 226, 228]. Steady increasing miR-14&alteafter inflammation activation result in
decreasing IL-6, IL-8 and TNE-production via repression of IRAK1 [7, 223] (Figu23). The
anti-inflammatory effect of miR-146 is crucial toregpent immune cells from hyper-

responsivness and establishment of immune tolef@n@22].
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Figure 23. A Model of The Role of MiR-146a in LPS-TLR4-ntedigignal Transduction in Tolerized (Agrgu:
Untolerized (B) Cells. [7]

The suppressive properties demonstrated in celiseoinnate immunity can be allocated
to regulatory T cells where miR-146 maintains immlogical tolerance [229]. Additionally,
mMIiR-146 is expression is elevated iplTand decreased inyZ lymphocytes compared to naive
T cell populations [1]. INR activates miR-146a via LMP1 and MB-[230, 231]. Statl, a key
regulator for the promotion ofyLL effector cell differentiation [232] is negativelggulated via
miR-146a. Thus, upon activation ofyT cells, miR-146 expression counteracts differeioina

into Tyl effector cells [229].
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1.4.5 Hsa-miR-181

Various tissues (e.g., thymus, brain, lung and boraerow) and cell types (e.g., B-
lymphoid cells of the bone marrow) in the hematefioilineage express miR-181. Hence, miR-
181 was suggested to be a positive regulator foelBdifferentiation [208]. Upon activation, B
cells modulate proper AID function, at least in tpdyy miR-181b. MiR-181b expression
decreases AID at both mRNA and protein levels. Assalt, class switch recombination reaction
is impaired. In sum, miR-181b is decreased upomlBactivation allowing AID to establish its
function in a proper way [233]. Since miR-181 waghly expressed in thymus this miRNA
might be of importance during T cell developmer@gR The ability of miR-181a-1 to promote
development of CD4 and CD8 double positive cells wamonstrated by Liu G et al. in 2008
[234]. Moreover, antigen sensitivity of mature Tlges regulated by miR-181a. During antigen
activation, miR-181a modulates the signaling stiiertpwnstream of T cell receptor (TCR) by
directly targeting of SHP-2, PTPN22, DUSP5 and DB &E35].

1.4.6 Hsa-miR-150

During hematopoiesis, miR-150 promotes megakargodifferentiation by targeting the
transcription factor MYB [236]. C-Myb fine-tuning a crucial process in the formation of
hematopoietic lineages. Whereas lower levels of yo-Mllows progenitor cells to expanse,
suboptimal levels afterwards drives differentiattowards megakaryocytic and macrophage cell
fate. In contrast, higher levels of c-Myb promotgtieropoiesis and lymphopoiesis [237]. Hence,
fine-tuning of c-Myb by miR-150 is a crucial step inhitiate differentiation of hematopoietic
cells into megakaryocytes [236]. Mature miR-150detected in the lymphocytic lineage in
mature and resting T and B cells after the cellsspd the double negative T cell or pro-B cell
stages [1, 238, 239] (Figure 24). Downregulatiomailve T cells might be an effect initiated by
TCR engagement which suggests that this miRNA eigwevents naive T cells from
differentiation or helps during early stages ifeténtiation [1]. Immature activation of miR-150
in hematopoietic stem cells blocked the transifimm the pro-B to pre-B cell state whereas
development into CD4 and CD8 T cells, macrophagegranulocytes was not impaired [239].
C-Myb is a target for miR-150 [240]. Upon immatuméR-150 induction, c-Myb protein levels
decrease causing B cells to arrest into pro-Bstate [241]. As a consequence, proper temporal
expression of miR-150 during lymphopoiesis is reegiifor the development of terminally

differentiated B cells.
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Figure 24. MIRNA Expression and Lineage Commitment. lllugira of miR150 in The Adaptive Immuni
Mature miF-150 is detectedh the lymphocytic lineage in mature and restingntl B cells after the cells passed
double negative T cell or pro-B cell stages. DNjlle-negative. [1]

1.4.7 Further MiRNAs Involved in The Immune System

Several miRNAs were further identified to fine-tutiee proper function of the immune
system. IL-10 production upon LPS stimulation ofrtain peripheral blood mononuclear cells
(PBMCs) was induced by miR-21 in a MyD88-MB-dependent manner. More exactly, miR-21
down-regulates PDCD4, a suppressor protein foatteinflammatory cytokines IL-4 and IL-10
[242, 243]. MiR-147 activation via the signalingscade TLR4-MyD88-TRIF-NkB-STAT 1o
results in reduced IL-6 and TNktevels [244]. MiR-9 was identified as a fine-turtdrNFKB1
protein levels. Its activation upon LPS, TNFand IL-18 via TLR4, TLR2 and TLR7/8 was
dependent on MyD88 and N&B [245]. LPS stimulation increases TNHevels partially via
decreasing miR-125b, a negative regulator of TNE84]. MiR-let-7i is a negative regulator of
TLR4 and thereby decreases the immune response pathogen stimulation [246]. The
transcription of miR-106a by Egrl and Spl redudedQ production [247]. The transcription
factor PU.1 which activates miR-223 transcripti@i?] is to some extent involved in miR-424
expression in promyelocytic blasts [248]. Followiagtivation, miR-424 induces monocytic
differentiation by down-regulation of NFI-A, leadjnto activation of M-CSFR (monocytic
lineage), but not G-CSFR (granulocytic lineage)3R4

The expression of Foxp3 in regulatory T cells igaiely regulated by miR-31 and
positively influenced by miR-21 [249]. The repressiof IRF4 and PRDM1/BLIMP1 in
germinal center B lymphocytes is crucial to previdnat differentiation of these cells [250-252].
A microRNA, miR-125b is enriched in GC B cells amdintains the repression of IRF4 and
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PRDM1/BLIMP1 [215]. The differentiation of progeoitT cells into IL-17 producing {17 T
cells [253, 254] is positively influenced by miR&@2vhich targets Ets-1 [255], a negative
regulator of ;17 differentiation [256].
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2 Aims of The Study

To date, the miRBase databaset://www.mirbase.org/index.shtjncontains 18,226

entries representing hairpin precursor miRNAs —+esfing 21,643 mature miRNA products — in
168 different species. 1,527 from these 21,643 rmatuiRNAs account for homo sapiens. Since
MiRNAs can modulate immune function, the questionsimbe raised to which extent they
contribute to the effects observed after exhaustixercise. It is of interest, whether specific
differentially expressed miRNAs can improve the enstanding of processes leading to upper
respiratory symptoms. Thus, the aim of this thegss to gain an overview concerning the
impact of extreme physiological exercise (Ironmarsthia triathlon) on the expression pattern of
microRNAs. More exactly, miRNAs derived from celt®ming in the blood stream are of
certain interest. Immediate changes in expressweld directly after finshing are of certain
interest as well as long term alterations. Morepwerhypothetical outlook on downstream
processes with a focus on immunological parametieosild be established. This study should
help to understand the involvement of miRNAs upoagistive exercise and furthermore
elucidate the phase of immunodysregulation / immsuppression (open window theory) by

means of molecular-biological approaches.
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3 Methods

3.1 Study Design

The study was conducted in accordance with thdramsFederal Law, the Declaration
of Helsinki (in the revised version of EdinburghOB) as well as the ICH-GCP guidelines. The
study design was hence developed under particalantgfic and ethical care. The study was
concipated as a one group analysis conducting-gepte@nd three follow-up tests which means a
testing point before and three more testing poaiter (< 20 min, 1 day and 7 days after
finishing the race) the competition. Male triateketaged between 18 — 60 years and having a
fixed starting place in the Ironman Austria weré gp as inclusion criteria. In contrast, an
infection less than one week before the basal testwn autoimmune diseases or known
diseases of the immune system or medical intakeutabdg the immune system (e.g. non-
steroidal antirheumatica) were set up as exclusrderia. Any volunteer participating for the
study was excluded from the study when at leasexatusion criterion was applied. Upon an
approved ethical comitee vote (Ek.Nr. 454/2010)epbal study participants which met the
inclusion criteria were invited to a short briefiagd were informed about the requirements, aims
and procedures of the study. All participants wefermed about the attending medical scientist
and were provided with the phone number to clasggcific questions. After delivering a signed

informed consent, a basal test was conducted estdfood drawing was scheduled.

3.2 Subjects

18 male athletes volunteered to participate in shedy. All participants were fully
informed about the rationale for the study and lbegperimental procedures undertaken. All
subjects provided written consent to participatéhim study. Subjects were enrolled after having
fulfilled all inclusion criteria and presenting r@of the exclusion criteria. Subjects completed a
comprehensive anthropometric measurement and madrainings diary (kind and duration of

training as well as training load) before the stdrthe study. The training diary was used to
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estimate the physical condition and the expectaighing time. 2 subjects did not finish (DNF)
and 1 did not provide a blood sample 7 days past-ra

3.3 Blood Collection

Blood collection was established using the proceddescribed in PAXgene® Blood
miRNA Kit Handbook (May 2009) (PreAnalytiX, Hombi#kon, Switzerland). In short, after a
small amount of whole blood was drawn into a diddabe, 2.5 mL whole blood was collected
from 15 athletes, who participated in the “Ironnfaurstria”, into PAXgene™ Blood RNA tubes
(PreAnalytiX, Hombrechtikon, Switzerland) using aD BVacutainer Safety-LOK Blood
Collection Set (BD Vacutainer, New Jersey, USA)odl was drawn before the competition
(“PRE”), within 20 min after finishing (“POST”), Hay (“1d POST") and 7 days later (“7d
POST"). The tubes were inverted immediately 10 sirfeemix the whole blood with the RNA-

stabilizing reagent and stored at -20°C.

3.4 Isolation of Total RNA, Including Small RNAs

Total RNA, including small RNAs, was isolated frammole blood with PAXgene® Blood
miRNA Kit (PreAnalytiX, Hombrechtikon, Switzerland)sing the automation procedure on
QIAcube (QIAGEN, Hilden, Germany) according to theanufacturers protocol. For short,
whole blood collected in PAXgene® Blood RNA tubeBrgAnalytiX, Hombrechtikon,
Switzerland) were thawed, equilibrated to room terajure and inverted 10 times. The samples
were incubated 12 hours to improve RNA yield. Aftards, samples were centrifuged at 4,165 x
g for 10 min and RT. The pellet was then washedeonth 4 mL RNase free water and
thoroughly resuspended in 350ul Buffer BM1. The glamwas loaded onto the QIlAcube
together with the reagents from the PAXgene® BloaoBNA Kit according to the customers’
instructions and the protocol
“RNA_PAXgeneBloodmiRNA_Blood_PAXgeneBloodmiRNARa#\&/1.qpf obtained from
the QIAGEN homepage hitp://www.giagen.com/giacube/standard/search)asmas run.

Afterwards, the samples containing the isolatedl teINA were stored at -80°C.
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After the automated protocol was fully finishede tuantity and purity of the samples
were determined using NanoDrop ND-1000 (Thermo dfisBcientific, Wilmington, USA).
Briefly, 2 ul of each sample was loaded onto NarmgDMD-1000 and Ao and Asgp values were
measured. The quantity andgénazsoratio were determined for each sample.

Additionally, the integrity (RNA integrated numb@IN)) of the samples was categorized
with the Agilent 2100 Bioanalyzer (Agilent Techngies, Waldbronn, Germany) using the
Agilent RNA 6000 Nano Kit (Agilent Technologies,adbronn, Germany) according to the

manufacturer.

3.5 MiRNA PCR Array

3.5.1 Pooling and Reverse Transcription

Total RNA from five individuals (IMI 6, 7, 8, 10,7) which showed accurate purity
(Azsor280 between 1.9 — 2.1) and quality (RIN > 6.0) werelpdan a time point dependent
manner (PRE, POST, 1d POST, 7d POST). Samples dverted to 18.96 ng / ul in a total
volume of 25 pl. Mature miRNA from 12 pl pooledabRNA (227.5 ng total RNA, yielding
0.94 ng cDNA from each sample per well) was revdraescribed into cDNA using the
miScript™ Il RT Kit (QIAGEN, Hilden, Germany) andi8cript™ HiSpec Buffer according to
the manufacturer’'s instructions. Briefly, each teac batch (20 ul) - containing 4 pl 5x
miScript™ HiSpec Buffer, 2 pl 10x miScript™ NuclsidVix, 2 pl miScript™ Reverse
Transcriptase Mix and 12 pl template RNA - was bated for 60 min and 37°C on a
Thermocycler (Techne, New Jersey, USA). Reversasbrgptase was inactivated at 95°C and 5
min. Samples were placed on ice and diluted wit® PO RNase-free water immediately

afterwards. CDNA was stored as two 110 pl aliqadt20°C until further analysis.

3.5.2 PCR Array

Human miFinder miScript™ miRNA PCR Array (QIAGEN,ltlen, Germany) analysis
was used for expression profiling of the pooled mias according to the customers protocol
(miScript™ miRNA PCR Array Handbook, October 201A)schematic illustration for this PCR
Array is shown in Figure 25. Two replicates for ledaone point were performed. For each
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replicate, from a master mix containing 1,375 pl@xantiTect PCR SYBR Green MasterMix
(QIAGEN, Hilden, Germany), 275 pl 10x miScript™ Warsal Primer (included in PCR SYBR
Green MasterMix), 1,000 pl RNase free water and [1D@iluted cDNA, 25 ul were used for
each well on the 96 well PCR array plate yielding40ng reverse transcribed mature RNA in
each well. PCR was initiated at 95°C and 15 mingyifles - 94°C and 15 sec; 55°C and 45 sec;
70°C and 30 sec - and a dissociation curve analyass performed on an ABI 7500 real-time
cycler (ABI, California, USA). “Automatic baselinednd a ¢ threshold of 0.02 were fixed
across all PCR Arrays performed for data consistefbe results were exported as a MS Excel

2007 spread sheet for further analysis.

Array Layout
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Figure 25. MiScript Human MiFinder PCR Array Layout. 84 di#int miRNAs can be detected using this A
Sample preparation control (cel-miR-39) (not usedthis study). Houskeeping genes (SNORD61, SNOR|
SNORD72, SNORD95, SNORD96A, RNU6-2). miRTC, miRMXse transcription controPPC, positive PC
control.

3.5.3 Data Analysis

Dissociation curve was analyzed (mature miRNAs=T74.5 — 76.0 °C, Control “PPC",,T
= 17.0 — 19.0 °C) and a default Excel-based miS&tiPCR Array Data Analysis Template for
96-well miScript miRNA PCR Array plates was dowrded from the homepage of SA

Biosciences [{ttp://www.sabiosciences.com/mirnaArrayDataAnalysig). According to the

instructions for the analysis provided in this Hxsbkeet, € values were copy-pasted in the
respective cells. The three time points (POST, @&P, 7d POST) were compared individually
to the control (PRE) in three separate spread slaeet fold-changes were calculated using the
AAC; method. Hsa-miR-30b and SNORD95 were used as gikesping” genes. Samples with

a fold regulation more or less than 2 where preseteas potential candidates. From this
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candidates, the six most prominent miRNAs (hsa-22R; -23a, -96, -15a, -126, and -122) were
further validated by RT-qPCR.

3.6 Evaluation of Individual Samples

3.6.1 Reverse Transcription

Only the samples where all time points were avialé@idil 1 — 11, 13, 14, 17 and 18) were
used for reverse transcription. Prior to reveraadcription, the samples were diluted to 10.49 ng
/ ulin a total volume of 27.6 pl. 12 pl (125.88total RNA) was reverse transcribed into cDNA
using the miScript™ Il RT Kit (QIAGEN, Hilden, Geany) and miScript™ HiFlex Buffer
according to the manufacturer’s instructions. Byieéach reaction batch (20 ul) - containing 4
pl 5x miScript™ HiFlex Buffer, 2 pl 10x miScript™ ugleics Mix, 2 pl miScript™ Reverse
Transcriptase Mix and 12 pl template RNA - was bated for 60 min and 37°C on a
Thermocycler (Techne, New Jersey, USA). Reversasbrgptase was inactivated at 95°C and 5
min. The reaction batches were immediately placedce and 3 pl from each sample was
diluted with 15.88 pul RNase-free water to yieldaneentration of 1 ng / pul. The cDNA stock

and the dilutions were stored at -20°C until furtaealysis.

3.6.2 Standard Curve Generation

Standards for absolute quantification were estabtisusing miScript™ miRNA Mimics
(miR-223, -23a, -96, -15a, -126 and -122) (QIAGHENden, Germany) (Table 2). The miRNA
mimcs preparations and standard curve dilutionsdaseribed in the miScript™ PCR System
Handbook, Appendix C (QIAGEN, Hilden, Germany). dhort, bacterial carrier RNA (ABI,
California, USA) was diluted to 10 ng / pl and 1 hgul. MiRNA Mimics were briefly
centrifuged, diluted in 250 pul RNase-free watentexed and centrifuged again yielding a 20
1M dilution (= 13 copies / ul) for each mimic. 1 pl from the diluteiic was further diluted
in 1203 pl RNase-free water to obtain a concemtmatif 13° copies / pl. The miScript™ Il RT
Kit (QIAGEN, Hilden, Germany) was used to reversmscribe 5 pl mimic (5 x Bcopies / ul)
and 5 pl bacterial carrier RNA (5 x 10 ng / pul) &ach mimic. 5 pl of cDNA was diluted in 120
ul bacterial carrier RNA (ABI, California, USA) (02x 1 ng / ul) yielding in 1Dcopies / pl.
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Serial dilutions were prepared according to Tabl2 {1l from each of the dilutions 1x103 - 1%10

copies / ul were used to create a standard cunabimolute quantification.

Table 1. Dilution Series for The Generation of a Stand@rtve from Individual MiRNA Mimics.

Dilution tube Volume Volume (Carrier RNA) Copies /pl
1 125 pl diluted cDNA 1x fo
2 5 pl from tube 1 45 pl 1x 10
3 5 pl from tube 2 45 pl 1x 10
4 5 pl from tube 3 45 pl 1x10
5 5 pl from tube 4 45 pl 1x 1o
6 5 pl from tube 5 45 pl 1x 1o
7 5 pl from tube 6 45 pl 1x 10
3.6.3 RT-gPCR

MiScript™ Primer Assays (QIAGEN, Hilden, Germanypragy with miScript™ MiRNA
Mimics (QIAGEN, Hilden, Germany) (Table 2) were ds® create a standard curve for each
mMIiRNA to validate and absolute quantificate therofRNAs miR-223, -23a, -96, -15a, -126, and
-122. MiScript™ Primer Assays (QIAGEN, Hilden, Gerny) were diluted in 550 pl TE, pH 8.0
(Sigma-Aldrich, Missouri, USA) and miScript™ MiRNKimics (QIAGEN, Hilden, Germany)
in 250 ul RNase-free H20. RT-gPCR runs were pergarin 25 pl reaction volumes according
to the customers” instructions. In brief, 1 ng cDNé&m each individual and 2 pul from each of
the respective standard dilutions {30 10 copies) were taken for individual reactions. Each
reaction was performed as duplets. On an ABI 7%0-time cycler (ABI, California, USA)
PCRs were initiated at 95°C and 15 min followedbycycles with 94°C and 15 sec, 55°C and
45 sec and 70°C and 30 sec followed by a dissooiaturve analysis directly afterwards.
“Automatic baseline” and a “Cthreshold” of 0.02 were fixed across all PCR rdaos data

consistency. The results were exported as a MSIROEF spread sheet for further analysis.

Table 2. Primer and Mimic Sequences Used for RT-gPCR Bndgseneration of Individual Standard Curves.

MiScript Primer Assay  Primer sequence

hsa-miR-223 5' UGUCAGUUUGUCAAAUACCCCA
hsa-miR-23a 5" AUCACAUUGCCAGGGAUUUCC
hsa-miR-96 5' UUUGGCACUAGCACAUUUUUGCU
hsa-miR-15a 5' UAGCAGCACAUAAUGGUUUGUG
hsa-miR-126 5' UCGUACCGUGAGUAAUAAUGCG
hsa-miR-122 5' UGGAGUGUGACAAUGGUGUUUG
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MiScript miRNA Mimic  Mimic sequence

hsa-miR-223 5' UGUCAGUUUGUCAAAUACCCCA
hsa-miR-23a 5" AUCACAUUGCCAGGGAUUUCC
hsa-miR-96 5" UUUGGCACUAGCACAUUUUUGCU
hsa-miR-15a 5" UAGCAGCACAUAAUGGUUUGUG
hsa-miR-126 5' UCGUACCGUGAGUAAUAAUGCG
hsa-miR-122 5' UGGAGUGUGACAAUGGUGUUUG

3.7 Statistical Analysis

Data were analyzed per-protocol meaning that ohtys¢ data were included in the
statistical analyses where all time points werdlalvke (n=15, 83.3%). A descriptive statistical
analysis was performed for the general data galhéxam the athletes. All measured data
(concentrations from NanoDrop ND-1000 and 2100 Babgzer; RIN values from 2100
Bioanalyzer; absolute quantities of individual sésprom RT-gPCR) were tested for normal
distribution using Kolomogorov-Smirnov (total samg) and Shapiro-Wilk (separated for time
points) test. P-values above 0.05 were considesedloemally distributed. A Pearson product-
moment correlation was applied to determine a icelahip between the concentrations
measured with NanoDrop ND-1000 and those obtainach the 2100 Bioanalyzer. A p-value
below 0.05 was considered as significant for theetation tests. A repeated measures ANOVA
was further used to determine effects of time poimt the individual measurements
(concentrations from NanoDrop ND-1000 and 2100 Babgzer; RIN values from 2100
Bioanalyzer; absolute quantities of individual s#&spfrom RT-gPCR). To test the data for
homogeneity of variance and covariance a Mauchtgd® was conducted. If Mauchly’'s
sphericity test was not violated (p > 0.05), sptigriwas assumed, otherwise (p < 0.05), a
Greenhouse-Geisser correction was applied. If fattedf time was observed a Bonferroni post-
hoc test was used and a p-value below 0.05 wasidewed as significant. Additionally, a
Pearson product-moment correlation was appliecterchine the relationship between the mean
fold change values calculated from the mean absa@uantities of the PCR Array and the RT-
gPCR. A p-value below 0.05 was considered as sogmif for the correlation tests. An unpaired
t-test was used to test for an influence of low Riues on the RT-gPCR outcome. Absolute
quantities obtained from RT-gPCR were divided igtoups (“All samples” group represents the

absolute quantities from all samples, “PCR Arrapgles” group includes only samples used for
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the PCR Array and the “Remaining samples” groupcthncludes all samples except those

used for the PCR Array) and differences were detexdhfor each time point.

To understand why these specific statistical tesge used, a short description of each

statistical test used in this study is given inftiilowing section:

In this study, data (concentrations from NanoDrdp-N00 and 2100 Bioanalyzer; RIN
values from 2100 Bioanalyzer; absolute quantitiesndividual samples from RT-gPCR) is
analyzed using a repeated measures ANOVA (anabysiariance). Data can be analyzed using
a repeated measures ANOVA for two types of studsige Studies that investigate either (1)
changes in mean scores over three or more timeaspan(2) differences in mean scores under
three or more different conditions. Given, thathis study whole blood from the same subjects
was analyzed at four separate time points and dicgpto (1), a repeated measures ANOVA
could be applied in this case and hence test thee fda an effect of time point on measured
parameters (absolute miRNA quantities in this sfudepeated measures ANOVA is the
equivalent of the one-way ANOVA but for relatedt madependent groups and is the extension
of the dependent t-test. It has the further adygnthat it can remove the variability due to the
individual differences between subjects since #messubjects are used in each group.

A repeated measures ANOVA is also referred to awithin-subjects ANOVA or
ANOVA for correlated samples. All these names imfilg nature of the repeated measures
ANOVA that of a test to detect any overall diffeces between related means. The null
hypothesis (k) states that the means are equal:

Hoi M1 = M2 = M3 = ... = Wk
wherep = population mean arld= number of related groups. The alternative hypsith (H)
states that the related population means are nal €gt least one mean is different to another
mean):
Ha: at least two means are significantly different

Similar to other ANOVA tests, each level of the epéndent variable needs to be
approximately normally distributed since normaladet an underlying assumption in parametric
testing. Thus, to run a repeated measures ANOV#Ag daist be checked for normality (e.g.
Kolomogorov-Smirnov (total samples) or Shapiro-W({keparated for time points) test). If
normality is violated a non-parametric test musapplied.
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When data is normally distributed, a repeated meastiNOVA can be applied. Another
thing to keep in mind is the fact that ANOVAs witpeated measures (within-subject factors)
are particularly susceptible to the violation o€ thssumption of sphericity. Sphericity is the
condition where the variances of the differencesvben all combinations of related groups
(levels) are equal. Violation of sphericity is whte variances of the differences between all
combinations of related groups are not equal. $ghercan be likened to homogeneity of
variances in a between-subjects ANOVA. The violatid sphericity is serious for the repeated
measures ANOVA, with violation causing the tesb&zome too liberal (i.e. an increase in the
Type | error rate). Determining whether sphericitgs been violated is, therefore, very
important. If violations of sphericity do occur theorrections have been developed to produce a
more valid criticaF-value (i.e. reduce the increase in Type | errée)rarhis is achieved by
estimating the degree to which sphericity has baelated and applying a correction factor to
the degrees of freedom of tRedistribution.

Taken together, a repeated measures ANOVA canlmnBpplied to analyze changes in
mean scores over three or more time points with gherequisite that data is normally
distributed. After checking data for sphericityFestatistic test is used to determine statistical
significant overall differences between related nsedhe degrees of freedom for timegdf
and error (df,,) are determined as well as the effect sizd &nd must be presented in the
results. Anyway, such a test includes no inforrmabbwhere the differences between groups lie
and if it is statistically significant. To deterneirwhere these specific differences occyppst-

hoctest (e.g. Bonferroni, Dunnett, Student Newmani&eu Tukey test) must be applied.

A Pearson moment correlation analysis was useetermine a relationship between the
concentrations measured with NanoDrop ND-1000 ahdseé obtained from the 2100
Bioanalyzer as well as between the mean fold chaafjees calculated from the mean absolute
guantities of the PCR Array and the RT-gPCR. Inoamal distributed data set the Pearson
product-moment correlation coefficient (or Pearsorrelation coefficient for short) is a measure
of the strength of a linear association between Yagables and is denoted hyBasically, a
Pearson product-moment correlation attempts to drdiwe of best fit through the data of two
variables, and the Pearson correlation coefficignfdicates how far away all these data points
are to this line of best fit. The Pearson correlatoefficienty, can take a range of values from
+1 to -1. A value of O indicates that there is ssaziation between the two variables. A value

greater than 0 indicates a positive associatiaat, if) as the value of one variable increases so
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does the value of the other variable. A value thas O indicates a negative association, that is,

as the value of one variable increases the valtieeobther variable decreases.

An unpaired t-test was used to test for an infleeottlow RIN values on the RT-gPCR
outcome. Absolute quantities obtained from RT-qR@Re divided into groups (“All samples”
group represents the absolute quantities fromaafiptes, “PCR Array samples” group includes
only samples used for the PCR Array and the “Remgisamples” group which includes all
samples except those used for the PCR Array) aiferehices were determined for each time
point. The unpaired t-test (independent t-tes§)p allled the two sample t-test or student's t-test
iIs an inferential statistical test that determinelether there is a statistically significant
difference between the means in two unrelated groUprelated groups, also called unpaired
groups or independent groups, are groups in whiehcases in each group are different. Using
an unpaired t-test requires that the dependentabariis approximately normally distributed
within each group. The unpaired t-test assumesliggoé the variances of the two groups that
are measured. This assumption is determined usmgrie's Test of Equality of Variances, If the
variances are unequal then this can affect the Tgp®r rate.

The null hypothesis for the unpaired t-test is ttheg population means from the two
unrelated groups are equal:

Ho: U1 = uy
In most cases, we are looking to see if we can sthatvwe can reject the null hypothesis and

accept the alternative hypothesis, which is thafaibpulation means are not equal:

Ha: Uy # W
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4 Material List

PAXgene® Blood miRNA Kit

Agilent RNA 6000 Nano Kit

RNaseZAP®

MiScript™ Il RT Kit

Cat. Nr. 763134

PreAnalytiX GmbH

Feldbachstrasse

CH — 8634 Hombrechtikon, Switzerland

Cat. Nr. 5067-1511

Agilent Technologies, Inc.
Hewlett-Packard-Stral3e 8
76337 Waldbronn, Germany

Cat. Nr. 9780

AMBION, INC

2130 WOODWARD ST.
AUSTIN, TX, 78744, USA

Cat. Nr. 218160 or 218161
QIAGEN GmbH

QIAGEN StralRe 1
D-40472 Hilden, Germany

Human miFinder miScript™ miRNA PCR Array

QuantiTect® PCR SYBR® Green MasterMix

MiScript™ miRNA Mimics

Cat. Nr. MIHS-001ZA-12
QIAGEN GmbH

QIAGEN StralRe 1
D-40472 Hilden, Germany

Cat. Nr. 218073 or 218075
QIAGEN GmbH

QIAGEN Stralie 1
D-40472 Hilden, Germany

hsa-miR-223 (Cat. NMSY0000280
hsa-miR-23a (Cat. NMSY0000078
hsa-miR-96 (Cat. NMSY0000095
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10x miScript™ Primer Assays

TRIS EDTA Buffer Solution pH 8.0

E. coli Total RNA (200ug)

hsa-miR-15a (Cat. NMSY0000068
hsa-miR-126 (Cat. NMSY0000445
hsa-miR-122 (Cat. NMSY000042)
QIAGEN GmbH

QIAGEN Stralie 1

D-40472 Hilden, Germany

hsa-miR-223 (Cat. NMS0000387})
hsa-miR-23a (Cat. NMS0003163}
hsa-miR-96 (Cat. NMSY0000078
hsa-miR-15a (Cat. NMS00003178
hsa-miR-126 (Cat. NMS0000343)
hsa-miR-122 (Cat. NMS00003416)
QIAGEN GmbH

QIAGEN StralRe 1

D-40472 Hilden, Germany

Cat. Nr. 93283
Sigma-Aldrich Corporate
3050 Spruce St.

St. Louis, MO 63103, USA

Cat. Nr. AM7940

Applied Biosystems

850 Lincoln Centre Drive
Foster City, CA 94404, USA

7500 Real-Time PCR System with Dell™ Tower (7500 Sggm SDS Software 1.3.1.22)

MicroAmp® Optical 96-Well Reaction Plate

Cat. Nr. 4351105

Applied Biosystems

850 Lincoln Centre Drive
Foster City, CA 94404, USA

Cat. Nr. 4306737

Applied Biosystems

850 Lincoln Centre Drive
Foster City, CA 94404, USA
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TC-512 Techne® Thermal Cycler
Cat. Nr. FTC51H2D
Barloworld Scientific US Ltd
Techne Inc
3 Terri Lane Suite 10
Burlington N.J. 08016, USA

PAXgene™ Blood RNA tubes
Cat. Nr. 762165
PreAnalytiX GmbH
Feldbachstrasse
CH — 8634 Hombrechtikon, Switzerland

BD Vacutainer Safety-LOK Blood Collection Set
Cat. Nr. 367281
BD Diagnostics
Preanalytical Systems
1 Becton Drive
Franklin Lakes, NJ 07417, USA

QIAcube
Cat. Nr. 9001293
QIAGEN GmbH
QIAGEN StralRe 1
D-40472 Hilden, Germany

NanoDrop® ND-1000 Spectrophotometer (V3.6.0.)
Device not available any more.
Thermo Fisher Scientific
3411 Silverside Road
Bancroft Building, Suite 100
Wilmington, DE 19810, USA

Agilent 2100 Bioanalyzer
Cat. Nr. G2939AA
Agilent Technologies, Inc.
Hewlett-Packard-Stral3e 8
76337 Waldbronn, Germany

HERAEUS Fresco 17 Centrifuge
Cat. Nr. 75002420
Thermo Fisher Scientific
3411 Silverside Road
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HERAEUS Zentrifugen Rotina 420R

Bancroft Building, Suite 100
Wilmington, DE 19810, USA

Cat. Nr. 4706-50
Hettich AG
Seestrasse 204a
CH-8806 Bach

Expression Pattern of MicroRNAs

Page 50



5 Results

5.1 Individuals

From 18 male athletes who volunteered to partieipdb subjects completed the study, 2
subjects did not finish (DNF) the race and 1 did mvide a blood sample 7 days post-race.
The general anthropometric data as well as thdtsesam the questionnaire regarding training

loads are shown as mean = SD in Table 3.

Table 3. Anthropometric, Training Diary and Ironman Result

Anthropometric measurements Value N
Age [yr] 39.8+10.1 15
Body mass [kg] 77.8+8.7 15
Height [cm] 182.1+6.2 15
BMI [kg/m?] 23.4+1.7 15
Training / Race history Value N

Engaged in aerobic exercise [yr]

8.2+6.2 51

Engaged as active triathlete [yr] 35+3.0 14
Finished short-distance triathlons 77277 12
Finished Ironmans 1.7+0.8 7
Personal best short-distance triathlon [h] 3204 9
Personal best Ironman [h] 115+1.0 7
Training load before the Ironman Value N
April
Total [h] 43.6 £22.9 15
Swimming [h] 6.5+4.7 15
Cycling [h] 23.6+16.1 15
Running [h] 135+7.2 15
May
Total [h] 36.7 £18.2 15
Swimming [h] 6.2+3.9 15
Cycling [h] 179+119 15
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Running [h] 12.4+6.0 15
June
Total [h] 38.1+194 15
Swimming [h] 48+3.4 15
Cycling [h] 22.7+153 15
Running [h] 10.5+4.9 15
Total training load per week
Total [h / week] 96+5.1 15
Swimming [h / week] 15+09 15
Cycling [h / week] 54+33 15
Running [h / week] 3.2+1.6 15
Performance in the Ironman triathlon Value N
Expected
Total race [h] 11.6 0.7 15
3.8-km swimming [h] 1.4+0.3 15
180-km cycling [h] 57+04 15
42.2-km running [h] 42+0.3 15
Achieved

Total race [h] 11.8+1.2 15
3.8-km swimming [h] 1.4+0.3 15
180-km cycling [h] 5.8+0.5 15
42.2-km running [h] 44+0.5 15

Values are expressed as means = SD. BMI, bodg mesex.

5.2 RNA Isolation

5.2.1 NanoDrop ND-1000 — Quantity and Purity

After RNA isolation from whole blood, absorbance2&0 and 280 nm was measured
with NanoDrop ND-1000. Total RNA concentration atie purity (Aweoszsoratio) from the
isolated RNA are shown in Table 4. A repeated nreasANOVA was used to test the effect of
time point on concentrations. Mauchly’s spheritégt was not violated (p = 0.170) and thus
sphericity was assumed. There was a significafiéréifice for total RNA concentrations over
time for NanoDrop ND-1000 measurements#= 2.949; p = 0.045)> = 0.185). A Bonferroni
post-hoc analysis did not confirm this test, altfioua trend (p = 0.062) towards altered

concentrations between the time points PRE andQ$TPwas reported for NanoDrop ND-1000
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measurements. Aosoratio means were between 2.0 and 2.1 for each piomg (1.9 — 2.1 are

recommended according to the “PAXgene Blood miRNA& Kandbook, May 2009).

Table 4. Averages for Total RNA ConcentrationsgehsoRatio from Isolated Samples for Each Time Paornf
NanoDrop ND-1000 measurements.

¢ (NanoDrop ND-1000)

Time point [/l Ase0/280

PRE 54.71 £ 14.80 2.07 £0.06
POST 97.04 +£55.99 2.01 +£0.07
1d POST 87.04 £ 37.74 2.08 £ 0.06
7d POST 70.55 + 37.74 2.09 +0.06

5.2.2 Agilent 2100 Bioanalyzer — RNA Integrity

Before PCR Array expression analysis, total RNAegnity must be determined via
Agilent 2100 Bioanalyzer. Total RNA concentraticarsd RIN values were calculated from an
electropherogram obtained from this analysis (T&bléA repeated measures ANOVA was used
to test the effect of time point on concentratidlauchly’s sphericity test was not violated (p =
0.243) and thus sphericity was assumed. No sigmfieffect of time point on total RNA
concentrations from Bioanalyzer measurementsg(E 2.048; p = 0.1235° = 0.136) was
reported.

A repeated measures ANOVA was used to test thetedfietime point on RIN values.
Mauchly’s sphericity test was violated (p = 0.0@@d a Greenhouse-Geisser correction was
applied. No significant effect of time point on RNlues from Bioanalyzer measurements
(F1.0185.08s= 1.911; p = 0.225|:|2 = 0.276) was reported. RIN value criteria (RIN Pwire not
met for 11 out of 60 samples which could not beduse the PCR Array. Interestingly, 9 of the
11 samples which did not meet the criteria weraiokd from time point POST. Taken together,
only RIN values from individuals IMI 6, 7, 8, 10ri7 met the RIN value criteria at all four
time points and could be further used for poolingthe PCR Array experiment. In contrast,

absolute quantities were determined for all 60 dasBT-qPCR regardless of the RIN value.

Table 5. Averages for Total RNA Concentrations, Average Ralues and Number of Valid Samples for Each Time
Point from 2100 Bioanalyzer Measurements.

¢ (Bioanalyzer 2100) # (valid

Time point [ng/ul] Average (RIN) samples)
PRE 52.00 + 15.29 8.31+0.26 15
POST 82.93 +51.53 7.30+1.53 6

Expression Pattern of MicroRNAs Page 53



1d POST 81.73+42.36 7.99+0.41 13
7d POST 72.53 + 38.97 8.11+0.31 15

As mentioned, 9 samples which did not meet the RdNie criteria for the PCR Array
were obtained directly after the competition (PO&myl showed slightly degraded total RNA.
Since RNA fragments from ongoing RNA degradatiormiasking especially the small RNA
fraction (~ 25 — 30 sec) (Figure 26, black rectapgh RNA-integrated number (RIN) could not
be calculated from those samples. In comparisoR]N value of 8.8 was calculated for the
sample IMI 1-1 (Figure 27) and thus posed the nmiatt sample obtained among all samples.
The difference of the eluted RNA fraction during-280 sec, where normally small RNAs elute,

is easily noticeable (black rectangles in Figureaa 27).

T T T g
20 25 30 35 40 45 50 55 60 65 [s]

Figure 26. Partially Degraded Total RNA Represented in a@Bibanalyzer Electropherogramm. This
electropherogram from the sample IMI 2-2 showsiplytdegraded RNA masking the fraction where tgihyc
small RNAs elute (~ 25 — 30 sec, black rectangld3IN value could not be calculated from this sampl

[FU]

T T T
20 25 30 35 40 45 50 55 60 65 [s]

Figure 27. Intact Total RNA Represented in a 2100 Bioanaligtectropherogramm . This electropherogram f
the sample IMI 1t and a RIN of 8.80 is of very good quality andresgnts the highest RIN obtained amon
other samples. Of notice is the small RNA fracgarting at ~ 25 — 30 sec (black rectangle). RiNue from thi
samples was 8.8.
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5.2.3 Comparison of NanoDrop ND-1000 and Agilent 2100 Bamalyzer
Concentrations

The concentrations obtained from the NanoDrop NDeLGand 2100 Bioanalyzer
measurements were then compared to show the repbddy of those results. A Pearson
product-moment correlation was applied to determitiee relationship between the
concentrations measured with NanoDrop ND-1000 ahdseé obtained from the 2100
Bioanalyzer. There was a strong, positive corretatbetween the measured concentrations,
which was statistically significant (r = 0.956, n59, p = .000) (Figure 28). As a result, both
methods provide comparable concentration values.
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Figure 28. Correlation between The Concentrations Obtairednf NanoDrop NDt00O and 2100 Bioanaly:
Measurements. A linear regression curve (greengttogr with a 95% confidence interval was inser
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5.3 Human MiFinder MiScript™ MIRNA PCR Array

SNORD95 and hsa-miR-30b were used as house-keggimgs for theAAC; method to

calculate fold changes for each miRNA after the petition in relation to pre-race conditions.

Among 84 observed miRNAs, 26 microRNAs were moantBA-fold down- and 2 microRNAs
more than 2-fold up-regulated directly after finrgh the triathlon (POST / PRE) (Table 6,
highlighted in green and orange). From those miRN#&d#y miR-122 was more than 2-fold
differentially regulated at all three post-racedimoints (POST / PRE, 1d POST / PRE and 7d
POST / PRE) when compared to pre-race levels. MahiR-122 levels were more than 2-fold

down-regulated directly after the race and remaibeldw pre-race levels even 1 and 7 days

after finishing the competition.

Table 6. MIRNA PCR Array Fold Regulation. MiRNAs with &fohange < 2 in at least one time point are shown
in orange, miRNAs with a fold change > 2 in at te@se time point are shown in green.

1d 7d 1d 7d
oSl  POST  POST oST  POST  POST
/PRE /PRE /PRE /PRE

Down- Down-
regulated regulated
hsa-miR-96 -7.44 -1.69 -1.23 hsa-let-7¢ -2.43 -1.66 -1.50
hsa-miR-15a -3.53 -1.29 -1.04 hsa-miR-17 -2.37 -1.66 -1.53
hsa-miR-126 -3.43 -1.74 -1.70 hsa-miR-32 -2.35 -1.44 -1.32
hsa-miR-144 -3.36 -1.37 -1.31 hsa-miR-210 -2.33 -1.35 1.10
hsa-miR-101 -3.33 -1.42 -1.21 hsa-let-7e -2.32 -1.64 -1.59
hsa-miR-16 -2.84 -1.56 -1.49 hsa-let-7b -2.29 -1.68 -1.39
hsa-let-7f -2.69 -1.74 -1.92 hsa-miR-93 -2.26 -1.62 -1.50
hsa-miR-195 -2.67 -1.48 -1.51 hsa-let-7a -2.19 -1.70 -1.63
hsa-miR-20a -2.65 -1.64 -1.47 hsa-let-7i -2.14 -1.62 -1.53
hsa-let-7g -2.62 -1.60 -1.85 hsa-miR-376¢ -2.12 -1.30 1.01
hsa-miR-22 -2.59 -1.23 -1.05 hsa-miR-18a -2.08 -1.53 -1.40
hsa-miR-122 -2.50 -2.09 -2.27
hsa-miR-142-5p -2.49 1.06 1.23 Up-regulated
hsa-miR-106b -2.46 -1.58 -1.29 hsa-miR-23a 2.51 -1.07 -1.17
hsa-miR-103a -2.45 -1.57 -1.28 hsa-miR-223 2.70 1.00 -1.02

The most peculiar microRNAs, thus, the three mastrd (hsa-miR-96, -15a and -126)
and two most up-regulated (hsa-miR-23a and -228BNAs as well as hsa-miR-122 (down-

regulated at all time points post-race) were chdsefurther validation using RT-gPCR.
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5.4 RT-qPCR

5.4.1 Absolute Quantification

Six candidate miRNAs were validated with Real-tinpgantitative PCR (RT-qPCR).
Absolute gquantities were determined by individuaingard curves generated for each miRNA

(Table 7).

Table 7. Absolute Quantities Obtained from RT-qPCRs.

[Copies /ng RNA]

PRE

POST

1d POST

7d POST

hsa-miR-96 (3.6+1.2)x 10 (3.2+1.6)x16 (3.3+2.0)x16 (2.7+0.8) x 16
hsa-miR-15a (3.2+15)x 40 (1.6+1.2)x16 (23+1.2)x16 (21+1.0)x16
hsa-miR-126 (2.4+1.6)x %0 (1.0+1.2)x 16 (1.8+15)x16 (1.6+1.1)x16
hsa-miR-122 (5.0+3.4)x {0 (20+1.2)x 18 (5.8+7.7)x 18 (5.0+3.3)x 18
hsa-miR-23a (1.8+0.6) x 10 (23+1.9)x10 (1.5+0.2) x 16 (1.2+0.3)x 10
hsa-miR-223 (6.6 +0.0) x 10 (11.6 +10.4) x 10 (7.1+25)x106 (6.0+2.1)x 106

5.4.2 Repeated Measures ANOVA

To test whether the miRNA expression changes owe, ta repeated measures ANOVA
and a post-hoc Bonferroni test were used. Mauchlgst of Sphericity indicated that the
assumption of sphericity had been violated for riRNAs, except for miR-15a, where
sphericity could be assumed (p = 0.080). Therefar&reenhouse-Geisser correction was used
for these miRNAs. There was a significant effectimie point on absolute quantities of miR-15a
(Fs.42=5.956; p = 0.002% = 0.298) and MiR-126 {f57422.04:= 4.980; p = 0.023)? = 0.262). A
tendency was reported for miR-23ay (.16711= 3.115; p = 0.0905% = 0.182) and -223
(F110815511= 3.358; p = 0.0833% = 0.193). Time point had no effect on absolutentjtias for
MiR-96 (F.04427.220= 1.473; p = 0.247%)2 = 0.095) and -122 (Rgz 20,80 2.403; p = 0.12609% =
0.147). MiR-15a (p = 0.024) and miR-126 (p = 0.04&Yels showed a significant change
between the time points PRE and POST. Between P@ST 7d POST, miR-126 was
significantly altered (p = 0.013).
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5.4.3 Hsa-miR-15a

According to the PCR Array results listed in TablemiR-15a was -3.53 fold decreased
directly after (POST / PRE = -3.53), still slighttiecreased 1d after (1d POST / PRE = -1.29)
and was detected at baseline levels 7d after (/ATPPRE = -1.04) finishing the competition
compared to pre-race values. The results obtairmd RT-gPCR confirmed that microRNA
levels of miR-15a significantly decreased immedyajgost-race (POST / PRE = -1.95, p =
0.024) and were not significantly different to peee values 1d (p = 0.127) and 7d (p = 0.115)
after finishing compared to pre-race conditions.nOfe, the decrease observed from RT-qPCR
data (-1.95) is to a lesser extent than from oleskfrom the PCR Array data (-3.53) and is very
likely an effect from sample pooling. An overalhi-course for miR-15a is presented in Figure
29. Figure 30 shows an overview of miR-15a expogsshanges from each individual (Figure

30 (A)) as well as with certain respect to indiatkuused for PCR Array (Figure 30 (B)).

5,00E6 —

4,00E67)

3,00E6

2,00E6

hsa-miR-15a [copiesing RNA]

1,00E67)

0,00EQ T T T T
PRE POST 1d POST 7d POST

Time point

Ermor Bars: +- 1 5D

Figure 29. Time-course for Hsa-miR-15a from RT-gPCR ResMifR-15a levels were significantly decrea
directly after completion of the Ironman. Error Isandicate + 1 standard deviation. N = 15.
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Figure 30. Timecourse for Individual Subjects for M-15a. A time-course from the RJRCR results is shown fi
each subject. (A) Every subject is depicted innalividual color whereas in (B) only tit-courses from subjects
used for PCR Array are colored.

5.4.4 Hsa-miR-126

According to thePCR Arra: results listed in Table 6, miR-126a#~3.43 fold decreased
directly after (POST / PRE -3.43) and remainedightly decreased 1d after (POST / PRE =
-1.74) and 7d after (78@OST / PRI = -1.70Q finishing the competition compared to -race
values. The results obtained from -gPCR confimed that microRNA levels of m-126
significantly decreased immediately -race (POST / PRE = -2.3p = 0.47) and were not
different to prerace values 1d (p =217) and 7d (p = 0.38Zafter finishing compared to [-
race conditions. Additionbl, miR-126 levels were significantly 1.60 fold -regulated 7d after
compared to immediately p«-rave levels (7d POST / POST 1.60, p = 0.01. Of note, the
decrease observed from RPCR datedirectly post-race (-2.37% to a lesser extent than frc
observed from th€CR Arra) data (-3.43) and is very likegn effect fromsample pooling. An
overall time-course for miR26 is presented in Figure 31. Figure 32 showsvanveew of miF-
126 expression changes from each individual (Fi@2€A)) as well s with certain respect -
individuals used for PCR Array (Figure 32 (1
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Figure 31. Time-course for HseniR-126 from RT-qPCR Results. MiR6 levels were significantly decrea
directly after completiorof the Ironman. Expression levels were detectexifgigntly lower POST compared
7d POST. Error bars indicate +1 standard deviatidh= 15
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Figure 32. Timecourse for Individual Subjects for V-126. A time-course from the RJRCR results is shown fi
each subject. (A) Every subject is depicted innalividual color whereas in (B) only tit-courses from subjects
used for PCR Array are colored.

5.4.5 Hsa-miR-96

The PCR Arrayresultsare listed in Table 6. Compared to page vilues, miR-96 was
markedly dowrnregulated directly afterPOST / PRE = -7.44) antemained slightly dow-
regulated 1 day after (1BOST / PRI = -1.69) and 7 days after (RIOST / PRI = -1.23)
finishing the competitionThese results were not confirmed by-gPCR since nceffect of
absolute quantities ovéime was reporte(Fi a4 27.00= 1.473; p = 0.247y% = 0.095). A time-

course for miR96 is presented in Figurel. An overall timeeourse for mil-96 is presented in
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Figure 33. Figure 34 shows an overview of -96 expression changes from each indivic

(Figure 34 (A)) as well as with certain respediniividuals used for PCR Array (Figure 34 (I
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Figure 33. Time-course for HsaiR-96 from RT-qPCR Results. M- levels remained unchanged throug!
all time points. Error bars indicate + 1 standar@\wation. N = 1
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Figure 34. Timecourse for Individual Subjec for MiR-96. A time-course from the RPCRresults is shown for
each subject. (A) Every subject is depicted innalividual color whereas in (B) only tit-courses from subjects
used for PCR Array are colored.

5.4.6 Hsa-miR-23a

According to theéPCR Arra results listed in Table 6, miR-23&sup-regulated directly
after (POST / PRE = 2.58nd returned to baseline le\ 1d after (1dPOST / PRI =-1.07) and
7d after (7d POST / PRE 4.17) finishing the competition compared to -race values. The
results from the PCR Arrayere not confirmd by RT-gPCR werenly a tendncy (R 19416711~
3.115; p = 0.0905> = 0.182)for an effect of time point on miR3a levelswas reported. An
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overall time-course for miR3a is presented in Figure 35. Figure 36 showsvarview of miF-
23a expression changes from h individual (Figure 36 (A)) as well as with certaiespect t(
individuals used for PCR Array (Figure 36 (I
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Figure 35. Time-course for HsaiR-23a from RT-gPCR Results. MiBa levels remained unchanged througl
all time points. Error bars indicate + 1 standard deviatidd.= 15
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Figure 36. Timecourse for Individual Subjects for V-23a. A time-course from the RJRCR results is shown fi
each subject. (A) Every subject is depicted ilindividual color whereas in (B) only tir-courses from subjects
used for PCR Array are colored.

5.4.7 Hsa-miR-223

According to thePCR Arra results listed in Table 6, miR3a was u-regulated directly
after (POST / PRE = 2.7@nd returned to baseline leved after (1dPOST / PRI = 1.00) and
7d after (7d POST / PRE .02 finishing the competition compared to -race values. RT-
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qPCRresults reported only a tender(Fy.10s1551:= 3.358; p = 0.083)? = 0.193) for an effect
of time point on MiR-223evels and thusdid not confirm the results from ttPCR Array. An
overall time-course for miR23 is presented in Figure 37. Figure 38 showsvanveew of miF-
223 expression changes from each individual (Fi@&€A)) as well as with certain respect
individuals used for PCR Array (Figure 38 (t
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Figure 37. Time-course for HsaiR-223 from RT-qPCR Results. ME23 levels remained unchanged throug|
all time points. Error bars indicate + 1 standar@wation. N = 1
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Figure 38. Timecourse for Individual Subjects for V-223. A time-course from the RJRCR results is shown fi
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used for PCR Array are colored.
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5.4.8 Hsa-miR-122

The PCR Arrayesults listed in Tablé shows that miR-122 wakowr-regulated directly
after (POST / PRE = -2.5@nd remained dov-regulated even 1 dgytd POST / PRE = -2.09)
and 7 days (7d POST / PRE2.27) afterfinishing the competition compared to -race values.
These results were not confirmed sino effect of absolute quantities o' time point was
reported from the RBPCR resuli (Fy.492.20.80 2.403; p = 0.126n% = 0.147. An overall time-
course for miRt22 is presented in Figure 39. Figure 40 shows arveew of miF-122
expression changes from each individual (Figure(A) as well as with certain respect
individuals used for PCR Array (Figure 40 (I
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Figure 39. Time-course for Hsa-m-122 from RT-gPCR Results. MiR2 levels remained unchanged througl
all time points. Error bars indicate + 1 standar@wation. N = 1
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Figure 40. Timecourse for Individual Subjects for MV-122. A time-course from the RJRCR results is shown fi
each subject. (A) Every subject is depicted innalividual color whereas in (B) only tit-courses from subjects
used for PCR Array are colored.
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5.5 Influence of RIN Values on MIRNA Quantities

A Pearson product-moment correlation was appliedetermine the relationship between
the mean fold change values calculated from thenmabaolute quantities of the PCR Array and
the RT-gPCR. There was a positive correlation betwbe obtained mean fold changes from the
PCR Array and the RT-gPCR which was statisticaliyisicant (r = 0.574; n = 18; p = 0.013)
(Figure 35). Thus, both methods provide compareddalts.
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Figure 41. Correlation between The Mean Fold Changes Obthinen PCR Array and RT-gPCRessurement
A linear regression curve (green) together withs&®confidence interval was insert

However, it remains of interest, whether samples ®IN value < 6.0 can influence the
overall results obtained from RT-gPCR. Therefohe, tesults from the RT-gPCR were divided
into certain groups within each time point and careg to each other with an independent t-test.
Thus, three different absolute quantity groups wsaeup for each time point; “All samples”
group represents the absolute quantities fromaafiptes, “PCR Array samples” group includes
only samples used for the PCR Array with RIN valf@sall time points above 6.0 and the
“Remaining samples” group which includes all sarape&cept those used for the “PCR Array

samples” group (Figure 36).

All samples (# 15)
Remaining samples (#9)

Figure 42. Groups Created for Each Time Point to Determineaasible Influence of Low RIN Values. Note
for time point POST “PC-Array samples” consists of samples with RIN val#e§.0 whereas‘Remaining
samples consists of samples with RIN values -

Expression Pattern of MicroRNAs Page 65



MiR-122 and -23a showed significant differencesmMeein the groups “All samples” and
“PCR Array samples” (miR-122 (t(18) = -2.315, p 30); miR-23a (t(18) = -2.231, p =
0.039)), between “All samples” and “Remaining saespl(miR-122 (1(16.433) = 2.189, p =
0.043); miR-23a (1(15.278) = 2.172, p = 0.046)wadl as between “PCR Array samples” and
“Remaining samples” (miR-122 (t(4.323) = 4.475, ©.809); miR-23a (1(4.129) = 3.893, p =
0.017)) for the time point POST. Of note, the miBBZyroups showed tendencies (p < 0.10
between all three groups) to differ from each gttiall samples” and “PCR Array samples”
(t(18) = -1.716, p = 0.091); “All samples” and “Raiming samples” (t(16.173) = 1.826, p =
0.086); “PCR Array samples” and “Remaining sampl@$4.136) = 2.594, p = 0.058). No
significant differences between the groups wereomted for miR-15a, -96 and -126. Taken
together, significant differences between the meainghe individual quantity groups (“All
samples”, “PCR Array samples” and “Remaining sasipleere reported for miR-122 and -23a
solely at the time point POST. No statisticallynsigant differences were noticed for the other
three time points (PRE, 1d POST, 7d POST) for atmeromiRNA. This indicates that the
majority of samples with low RIN values observedhich were taken at the second time point
(POST) - might influence the RT-gPCR results. Hogrewnly 2 out of 6 tested microRNAs
exhibited this pattern. Thus, low RIN values migmly to some extent influence RT-gPCR
results. Moreover, the RT-gPCR results with sigaifitly differing averages (miR-122 and -23a)
must be treated and interpreted with caution, sinsefficient sample quality might influence or

bias those results.
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6 Discussion

To date, a role for miRNAs in sports as well astle context of URTI / URS
development is unclear. Thus, an aim of this stwdg to gain insight into which miRNAs are
differentially regulated upon exhaustive exercisd 0 what extent. In this study, 15 individuals
took part in the Ironman Klagenfurt Triathlon in120 Whole blood samples were taken before,
immediately after (< 20 min) as well as 1 day amthys post-race. Total RNA including small
RNAs was isolated and further analyzed using a iébaer 2100. Total RNA samples with a
RIN more than 6 were pooled in a time-dependentramand the expression pattern of 84
mMiRNAs was determined with a miRNA PCR Array. 28RNAs were found more or less than
2-fold regulated directly after finishing the racempared to pre-race conditions. The most
differentially regulated miRNAs (miR-96 (-7.44),54 (-3.53), -126 (-3.43), -223 (+2.70), -23a
(+2.51)) as well as miR-122 - which remained desedaat all time points post-race compared to
pre-race values (-2.50 ; -2.09 ; -2.27) - werehfartvalidated using RT-gPCR. The PCR Array
results obtained for miR-96, -223, -23a as wellEH2 could not be confirmed from the RT-
gPCR results although a tendency for up-regulatéd-223 and -23a levels post-race was
noticed. Decreased mir-15a (-1.95, p = 0.024) &afb -(-2.37, p = 0.047) levels post-race
compared to pre-race conditions were detected RIFGPCR results and thus confirmed the

observations from the PCR Array.

It remains of interest, whether the unconfirmed M (miR-96, -223, -23a and -122)
would nevertheless have a potential role in medmasiof cells of the immune system. MiR-96
could not be attributed to certain immunologicalgasses so far. This microRNA was shown to
negatively regulate FOXOL1 [257] and FOXO3 [258]uléag in metastasis of certain tumors.
Moreover, platelete reactivity could be attributedmiR-96 action [259] as well as progressive
hearing loss [260]. Thus, miR-96 can either be omkmin sports exercise or simply be a false
positive result obtained from the PCR Array data.cbntrast, miR-223 modulates several
mechanisms in the immune system such as interlgarkiduction in peripheral blood leukocytes
[261], modulation of the non-canonical MB- pathway during macrophage differentiation
[262], modulation of CD4+ naive lymphocytes of rive&toid arthritis patients [263], modulation
of memory B cells [215] as well as regulation oamplocyte development [210] and function
[211]. Since a tendency for miR-223 regulation raftee Ironman was detected by RT-qPCR
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measurements, it remains of interest whether sagmf changes in miR-223 levels would be
observed in a larger study cohort. Unlike the obsiamportant role for miR-223 in immune
function, miR-23a could not be attributed to suclvaaiety of mechanisms. However, an
important function was shown by Zhu et al. in 2J264] where a negative regulation of
interleukin-6 receptor by miR-23a was demonstra@den, that its ligand, IL-6, is up-regulated
upon exhaustive exercise [65-67], a modulatiorL6R by miR-23a [264] might have an impact
on one of the most important signaling pathwayghefimmune system. Like miR-223, a study
with larger cohorts would clarify whether theraéslly a significant difference of miR-23a upon
exhaustive exercise. The last microRNA which coalot be confirmed by RT-gPCR is
resembled by miR-122. Interestingly, this miRNA wa&ported down-regulated at all time-
points post-race compared to pre-race values by RE&y analysis. To date, miR-122 was
reported to be involved in hepatocellular carcinerfz65] where it directly targets cyclin G1
[266] and Bcl-w [267]. Furthermore, miR-122 enhanbepatitis C virus replication [268] via
stimulating hepatitis C virus RNA translation [269 link between sports and miR-122 is not

yet established and may be a task for future studie

Unlike miR-96, -223, -23a and -122, microRNAs miBaland miR-126 levels showed
significant altered expression levels after thentnan. How and to what extent miR-15a and
miR-126 might contribute to a dysregulated immugadal response upon exhaustive exercise is
unclear. Mir-15a was shown to form an autoregulafeedback loop with c-Myb creating an
important function for this miRNA in normal hematogtic lineage [270]. Forced miR-15a
expression halted K562 myeloid leukemia cells ab ashuman CD34+ cells in G1 phase and
blocked erythroid and myeloid colony formation retlatter. Thus, miR-15a expression can be
activated by c-myb in hematopoietic cells and ratpthe cell cycle as well as differentiation
[270]. C-myb protein, which expression can be irtlgia IL-2 in T-lymphocytes, is important
to protect T-cells from programmed cell death [2@iyen that miR-15a was found decreased in
this study, it is of interest whether c-myb levedsre elevated and T-cell apoptosis decreased. It
can be speculated whether miR-15a contributes tvedulated T-cell populations observed
upon exhaustive exercise [58, 59].

Recently, uncoupling protein 2 (UCP-2) was deteedims as target for miR-15a and
UCP-2 protein levels are negatively regulated iy thiRNA [272]. Overexpression of miR-15a
decreased UCP-2 levels which in-turn resulted tragellular accumulation of insulin in MING
cells. UCP-1, UCP-2 and UCP-3 are constituentshefibhner mitochondrial membrane [273].
Trenker et al. (2007) [274] demonstrated the ingure for UCP-2 and UCP-3 in €auptake
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into mitochondria. Various roles for uncoupling f@ios are described, e.g. after endurance
exercise, elevated UCP gene expression [275, 26 peotein levels [277] were observed. No
effect on UCP-2 was detected upon acute endurateeige in human volunteers whereas UCP-
3 gene expression was increased in untrained $ald@e8]. UCP-2 is involved in controlling
the generation of reactive oxygen species (RO3)][BY mitochondria [280]. Overexpression of
UCP-2 in endothelial cells reduced ROS genera2&i]. A function for UCP-2 in the heart was
presented by Teshima et al. in 2003 where oversgfe of UCP-2 protected cardiomyocytes
against oxidative stress by®h [282]. Interestingly, UCP-2 expression in monosyitetypically
low and is elevated upon,8; [283]. As a consequence, elevated UCP-2 levelsedser
expression of adhesion molecules, g3jintegrin, CCR2, ICAM-1 and VCAM-1 [283, 284] and
may reduce the ability of monocytes to adhere tdothelial cell layers. Taken together,
decreased miR-15a levels upon exhaustive exerasefanther elevate UCP-2 protein levels in
monocytes to counteract cellular stress. Moreoagherence to endothelial cells by monocytes
may decrease by a reduction of adhesion molecdss {2 integrin, CCR2, ICAM-1 and
VCAM-1) [283, 284]. This in-turn may lead to elegdtcirculating monocytes observed upon
exhaustive exercise lasting for ~ 2h and is mdetlyi due to mobilization of marginated
monocytes into the blood circulation destined todmee mature tissue macrophages [28]. The
circulating monocytes show reduced IL-6, lbland TNFe production which might be a
consequence of down-regulated TLR expression [334B6contrast to monocytes, UCP-2 is
expressed in human mast cells and can down-regwatganulation upon stimulation.
Additionally, UCP-2 can negatively regulate histamproduction and IL-6 secretion [285]. Of
certain interest, LPS-stimulated macrophages shaegdced UCP-2 levels [286hd UCP-2
mice were immune to infection witfioxoplasma gondias well asListeria monocytogenes
caused by dramatically elevated ROS levels [28@] 2Riggesting an important role for UCP-2
in the immune system.

Taken together, differentially UCP-2 expressiomhserved in various cell types of the
innate immune system and can be regulated by m&R-1I& what extent miR-15a contributes to
this regulatory feedback remains unknown as welf @asdysregulation of UCP-2 can lead to
upper respiratory symptoms observed after extretmgsiplogical exercise. It is of interest,
whether antagomirs for miR-15a would help to redupeer respiratory symptoms observed
after exhaustive exercise. Our observation woulggsst increased UCP-2 protein levels and
hence reduced ROS activity in cells of the innaenune response. Given that microRNAs

exhibit fine-tuning properties, miR-15a regulatioh UCP-2 protein levels may sustain a
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regulatory pattern to inhibit hyperreactivity indukt by reactive oxygen species. Moreover,
monocytopoiesis observed upon exhaustive exercightrne a consequence of miR-15a/UCP-
2/adhesion molecule regulation. Since reduced liel@ase was observed from circulating
monocytes upon exhaustive exercise [33-36], a adigul for IL-6 release that involves UCP-2

similar to mast cells [285] may exist in monocytes.

Similar to miR-15a, miR-126 was down-regulated &# directly after finishing the race
(-2.37, p = 0.047) compared to pre-race values.fiNther changes were reported for this
microRNA. MiR-126 is transcribed from chromosome32@ from an intronic sequence
between Exons 7 and 8 of the epidermal growth fdite 7 (Egfl 7) gene [288] and
prominently expressed in endothelial cells fromilicdd vein, aorta skin and brain [288] as well
as from heart, lung and other vascularized tis§288-291]. Ets-1 and Ets-2 were validated as
activators of the miR-126/Egfl 7 gene [288].

The proinflammatory molecules Angiotensin Il andFd can induce Ets-1 expression
in vascular smooth muscle cells (VSMC) and macrgpbavia ERK1/2 [292]. Ets-1 induces
monocytes chemoattractant protein-1 (MCP-1), VCAM2B3] and miR-126 [288]. Taken
together, TNF is released into the circulatory system after eshtige exercise [67, 73, 76-78]
which might be a result of beginning inflammatigmon muscular damage [77] and can induce
Ets-1 expression in VSMCs and macrophages. Etstdrinactivates transcription of MCP-1 and
VCAM-1. However, Ets-1 induces miR-126 transcriptias well and miR-126 was shown to
negative regulate VCAM-1 translation [289]. Givdhat elevated miR-126 levels were not
observed directly after finishing the triathlon kiie other way around, other simuli might
dominate over TNR/ERK1/2/Ets-1 mediated miR-126 expression. SimitamiR-15a [272,
283, 284], decreased miR-126 levels might lead teduced adherence of
monocytes/macrophages and hence might contributendémocytopoiesis observed upon
exhaustive exercise [28].

MiR-126 can be down-regulated upon ER (endoplaseticulum) stress and was shown to
negatively regulate TOM1 [294]. Overexpression @M1 can suppress activation of MB-
and AP-1 induced by ILflor TNF-a [295]. In addition, negative signaling to NiB- by TOM1
can be mediated upon LPS stimulation via TLR4 a @®84]. TOM1 knockdown exhibited a
significant elevation of NkB mediated IL-8 secretion in response to LPS oifil[294]. IL-8
is a member of the CXC chemokine family and canlifate neutrophil attraction [296-299].
Diminished IL-8 secretion caused delayed neutrgptilemotaxis in cystic fibrosis lung tissues

[300]. Thus, LPS, IL-B or TNF can elevate IL-8 secretion via activation of NB-amplifying
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neutrophil chemotaxis eventually [294, 295, 3MNF-«B can be suppressed by TOM1 which is
in-turn negatively regulated by miR-126 [294] (Fig\B7).

Exhaustiveexercise

!

ER stres

.
(i | ay
1

TOM1 “— TLR-4

1 . e

NF-xB/AP-1 Other stimuli

i — IL-1p «—

IL-8

!
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Figure 43. Schematic Drawing of a Hypothetical Pathway Ratjod) Neutrophil Chemotaxis Involving MIE26
Upon exhaustive exercise, ER (endoplasmic reticuitrass blocks miR26 expression. Subsequently, TON
direct target of miR-126, is up-regulated and cewatts TNFe or IL-1 induced NFReB/AP-1 signaling. Irturn,
IL-8 and hence neutrophil chemotaxis is reduced. &iBfaling via TLR-4 enhances miRé action by furthe
activating TOM1 expression. Ectopic stimuli a celdrorange, miR:-26 is colored blue and effects are colc

green

Our results showed reduced miR-126 levels direattgr finishing the race compared to
pre-race conditions which would suggest higher TOMl lower NF¢<B levels respectively.
Moreover, it remains of interest whether this wolgldd to decreased IL-8 levels and thus result
in reduced neutrophil chemotaxis to the lung. Waetthe increased number of circulating
neutrophilic cells upon acute exercise [25, 34 result of reduced chemotaxis to lung tissue by
this cell type remains unknown. In other words, ae@trophilic cells inhibited to invade lung

tissue because of decreased IL-8 chemoattractatibted by reduced miR-126 levels? Is this a
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reason for the increased number of circulating nophils observed upon exhaustive exercise
because of the reduced attractance to invade retitsues mediated by miR-126 and IL-8?
Furthermore, to what extent neutrophils contridat&RS remains unknown.

In a recent report, Zhao et al. [302] showed tha@R-aR6 specifically targets DNA
methyltranferase 1 (Dnmtl). Moreover, overexprassid miR-126/Egfl 7 gene resulted in
reduced Egfl 7 promoter methylation. In CD4+ T seallverexpressing miR-126, demethylation
of CD11a and CD70 gene loci was noticed resultmglévated CD11a and CD70 protein levels.
As a consequence, T cell and B cell activity wagdased. CD11a is an important adhesion
molecule of the integrin family and can enhance dldderence of T lymphocytes to other
immune cells. CD70 is transiently expressed orsthiéace of activated T and B cells stimulating
the synthesis of IgG in B cells [303]. In sum, niiR6 is involved in T cell and B cell surface
molecule expression. It remains a question whetleereased miR-126 levels down-regulate
CD11a and CD70 and thus fine-tune T cell and Bawdility.

A strong effect for miR-126 regulation was demoaistd by Mattes et al. in 2009 [304].
They showed that BALB/c mice exposed to house dngé (HDM) increased miR-126
expression in the airways. MiR-126 induction wasdmted via TLR4 and MyD88. By
specifically inhibiting miR-126, airway hyperresgiveness and mucus hypersecretion as well
as eosinophils recruitment/accumulation in the aysv and lung tissue was suppressed.
Interestingly, these processes are normally matligia IL-5 and IL-13 which are typically
produced from 2 T cells [305-309]. Moreover, CD4 T cells (predaamtly T2 cells in their
study) as well as 2 promoting dendritic cells were not recruitedhe airways. Thus, the effect
of miR-126 on T2 cells might be of certain interest since the oles® upper respiratory
symptoms upon exhaustive exercise may be mediateart by this microRNA.
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7 Limitations

Despite the results presented here, some limiwmtionst be addressed. The expression
profile in this study is a result of whole bloodpegssion. Given, that whole blood constitutes of
several cell types which were not separated indtudy it cannot be addressed which cell type
contributes mostly to the expression pattern oleseriRapid RNA degradation of whole blood
samples is an important factor influencing the omte of several methods. Unfortunately, no
methodology for cell separation and simultanous R§a&bilization is yet established. Thus,
RNA-stabilizing tubes were used in this study pbaing premature RNA degradation and thus
enhance storage conditions and improve study eesulthe disadvantage of no separated cell
populations.

Furthermore, no hematocrit value and thus no plasalame were determined. Plasma
volume is increased after an Ironman and is depenaie fluid intake during the competition
[310]. A concentration is determined by two factdre amount and the volume. Given, that the
plasma volume is altered after an Ironman racetaicermeasured parameters might be
influenced by changed plasma volumes. Hypotheticalicreasing plasma volume after an
Ironman [310] would alter the overall microRNA lévebserved. Decreasing miRNA levels
might be even more pronounced in a hypotheticaldstgplasma volume environment after an
Ironman. Increasing miRNA levels on the other hamdht be to some extent masked upon
increasing plasma levels.

In addition, low RIN values might have an influenae the overall results which is an
important issue to keep in mind. RIN values < &.0NOA were almost exclusively observed in
samples acquired directly after finishing the cotitipm. Why these samples showed such a
pattern remains unknown. It is of importance toppint that those samples seemed to have
altered the RT-gPCR results as can be observdeigraphs for each miRNA (Figures 29 — 34).
Hence, all RT-gPCR results must be interpreted wathtion. Nevertheless, miR-15a and miR-
126 are most likely reliable despite this problentes a very conservative statistical analysis was
applied. More significant changes on time and swhemiRNA were obtained from a normal t-
test (not shown) but we decided in the favor of there conservative RM-ANOVA and a

Bonferroni post-hoc analysis since the results mighinfluenced by low RIN values.
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8 Conclusions and Future Prospects

Compared to pre-race levels, miR-15a and miR-12& wlewn-regulated in male athletes
directly after finishing an Ironmen competition. tBanicroRNAs could be attributed to certain
processes of the innate as well as the adaptivaimaraystem. Whether and to what extent these
microRNAs might contribute to symptoms observed rugahaustive exercise (URTI, URS)
remains unknown and should be further addressédtune experiments possibly by using miR-
15a or miR-126 antagomir inhibitors.

In future studies, miIRNA expression patterns froepasated cell populations of the
circulating system would further improve the undemgling of microRNAs in the regulation of
certain mechanisms in both the innate as well aatfaptive immune system. Understanding the
mechanisms in certain cell types upon exhaustiesosse is crucial to improve the regeneration
process of athletes. In addition, the contributadrvarying plasma volumes upon exhaustive
exercise should be investigated in more detaihust be questioned, to what extent expression
levels can be influenced by varying plasma levedsilal help to improve the accuracy of future
studies. Moreover, pathway analysis should be egpb determine the influence of miR-15a or
miR-126 by verifying direct interactions of theséRNAs with possible candidate gene mRNAs.
The results would help to improve the knowledgehaf cellular processes mentioned and their
consequences on immune cell signaling. Moreovels iyet unknown whether there is a
correlation between the physical condition of ahleaé and certain miRNA expression. In
general, does physical fithess contribute to rezdi@niRNA expression pattern? If yes, to what
extent and in which way is it beneficial for anlate would be open questions for coming
studies. A similar study should be conducted to eonSince sex has an influence on several
immune reactions, a miRNA expression pattern fremdle subjects would be of special interest
since a comparison with male subjects would furthghlight the diversity between women and
men. A major issue would be to find a way for $giigy sample collection and preparation in
the field. Thus, a more practicable protocol forolehblood sample collection must be adopted,
allowing the separation of individual cells fronethirculatory system by preventing total RNA

from degradation directly after samples were oletcin
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