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Abstract

Onset of physical activity induces a wide variety of rapid biophysical and bio-
chemical responses that act on cells and lead to a wide range of phenotypic adap-
tations. Here we elucidate the role of immediate early gene (IEG) expression as a
first line of transcriptional response that mediates protein neosynthesis and leads
to adaptation of immune function. New posttranscriptional mechanisms have
been described that speed up transcriptional responses. These include RNA-RNA
interactions such as those exploited by miRNAs and stimulus-dependent cytoplas-
mic polyadenylation. We describe these shortcuts that modulate expression and
discuss the challenges of accurately measuring them using various transcriptom-
ic screening and quantification approaches.

Although there is high complexity of the upstream as well as the down-
stream pathways that lead to IEG expression, IEG expression itself may only
show a limited number of response patterns. Focusing transcriptomic approaches
in exercise immunology at the IEG-level may facilitate the discovery of exercise-
specific transcriptional signatures. (Exerc. Immunol. Rev. 12, 2006: 112-131)

Key Words: Immediate early genes, posttranscriptional regulation, cytokines,
ncRNA, cisNAT

1. Immediate early genes: The “sprinters” among our genes.

The term immediate early gene (IEG) was originally coined during the mid 1970s
and early 1980s in reference to viral genes that were rapidly transcribed following
invasion of a host (12;62;68). The main features of the IEG consist of a fast and
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transient transcriptional response after stimulation and several minutes well
before the first expression of stimuli-related proteins. It has been shown that
expression of IEGs is the key trigger leading to the initiation of protein neosyn-
thesis and the subsequent expression of so-called”late response genes” that can
only be activated following the translation of the small cohort of IEG transcripts
(78).

With the discovery of the human homologs to retroviral IEG oncogenes the
concept of IEGs was transferred to humans (15;50;75). In the beginning most of
the IEGs, for instance the immediate early growth response gene 1 (Egr1), were
characterized as transcription factors and key regulators of cell growth and differ-
entiation (70). During the past 20 years it has been shown that 1. IEG function is
not limited to transcription factor activity, 2. adaptation to a variety of stimuli
including cytokines, mechanical stress, and somatosensory perception requires
IEG expression, and 3. the subset of IEGs activated by a certain stimulus can be
specific to a cell type and condition. 

Here we propose a central role for IEGs in the adaptation of the immune
system to physical stress and exercise. Transcriptomic approaches and improve-
ments in RNA quantification have greatly facilitated the systematic analysis of
IEG expression (25). Here we review results of some of the first studies using
such approaches to study effects of physical exercise on expression in immune
competent cells. We then describe how IEGs may exploit posttranscriptional
processes such as cytoplasmic polyadenylation, degradation by Adenosine- and
Uracil-rich element binding factors, and even expression of related non-coding
RNAs (ncRNAs) to further accelerate their tightly controlled expression. These
atypical mechanisms affect and perturb conventional mRNA expression assays. 

2. The activation of immediate early genes in immune 
competent cells by physical exercise and stress

The majority of studies of IEG function have involved the central nervous system
and rapid responses to activity and other environmental and experimental stimuli.
Among roughly 180 reviews dealing with the term”immediate early gene/s” dur-
ing the past 20 years more than 90 % are related to CNS function. 

This is due to the fact that neuronal responses to stimuli – neuronal plastici-
ty and learning – are processes physiologists agree depend on rapid molecular
adaptations (54). However, there is nothing as crucial for the viability as the fast
and robust responses to physical stress and exercise. Speed matters, not only for
the immediate action itself, but also for the processes of rapid adaptations that
inevitably require protein neosynthesis. 

Immediate and effective upstream (earlier and causal) events have been
identified which are known to induce effects in the various cell types of peripher-
al blood in response to exercise. Here we discuss the most prominent of these
upstream events regarding their ability to induce IEG expression. 

Upstream events can be subdivided into biophysical and biochemical events
(see Fig. 1 for illustration). The former may principally act directly on peripheral
blood cells or indirectly via induction of biochemical pathways anywhere within
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the body. Accordingly, it is difficult to determine the source of many important
immune modulators altered by exercise. This situation has already led to contro-
versies in exercise physiology, as for instance in the case of the source for the
increase in plasma IL6. The current opinion is now that it is rather the muscle
cells than leukocytes which contribute to this effect (51, 67). This discussion can
also be extended to alterations of any other kind of cytokines, including the extra-
cellular heat shock proteins (eHSPs) with known cytokine function (3, 43). Clari-
fication of the respective situation in vivo is not trivial given that just any organ or
cell type, or even certain cell types neighbouring muscle cells, such as adipocytes
or endothelial cells, could outrange production by peripheral blood cells or the
muscle cells depending on type, duration and intensity of exercise. In terms of the
question of IEG activation in leukocytes we can treat this complex of still to be
addressed questions as a black box and look at the stimuli acting on leukocytes
regardless of their origin. 

Both biophysical and biochemical activation of cells rapidly elicits tran-
scription of IEGs (38, 8, 74, 32). The upper part of Figure 1 gives an overview
about biophysical and biochemical stimuli acting on cells following exercise.
Despite the very diverse nature and a high interactivity of these stimuli, a striking
observation is that they all activate MAP kinase cascades (8, 65, 18, 79, see Fig.1
middle). Induction of IEGs in a specific way is achieved, since the exact extent
and time-course of activation of each of the ERK, JNK/SAPK and p38 MAP
kinase cascades by a particular stimulus is highly distinctive and characteristic for
that stimulus (see 7, 32, and references therein).

Events upstream of IEG expression in Leukocytes

Muscular activity is always combined with at least an increase of intramuscular
temperature or even whole body temperature, which in turn activates expression
of heat shock proteins (HSPs) (19, 23). Expression of HSPs is rapidly induced in
an IEG fashion by the nuclear translocation of the heat shock transcription factor
1 upon posttranslational modification (60). The various functional aspects of
HSPs on and in leukocytes include the protection from free radical induced DNA
damage, induction of proinflamatory cytokine release, the direct activation of
NK cells and a more general stimulation of adaptive, as well as innate immune
responses. It is well known that these effects depend on intra- / extra-cellular
localization, peptide loading status, origin and route of application (61). 

HSPA1A (also termed HSP70, HSP70-1, HSP72, HSPA1 with alias) is
known to be an IEG that is induced by heat and also by ischemia as another bio-
physical factor associated with exercise (13, 48). Elevated levels of extracellular
HSPA1A, for instance, are found in plasma directly following exercise (21, 45).
It has been implicated in vivo and in vitro that the ability of HSPA1A to activate
the innate immune response by the release of NO and cytokines seemed to be
improved in trained animals (6, 27). Interestingly, it has been shown that
HSPA1A cooperates with heat shock factor 1 to repress expression of the imme-
diate early gene c-fos; a central transcription factor for cell growth and differen-
tiation (33). Repression of certain IEGs combined with activation of specific
MAP-kinases therefore contributes to a stimuli specific IEG expression signa-
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Fig.1: The upper part illustrates the main events upstream of the induction of IEG expres-
sion following exercise. Biophysical stimuli along with neuronal activation build up a com-
plex interactive network (upper left) that generates a humoral response (upper right). The
complex upper part leads to an induction of an IEG response specific for the respective
exercise as described in chapters 2 and 3. The IEG response typically initialized 5min – 1h
following exercise leads to the secondary induction of a more and more complex network
of gene expression changes (G1-nx as arbitrary genes). As explained at the end of chapter
2, measuring gene expression at the level of the IEGs should enable us to get a limited
number of gene expression signatures for a whole variety of different exercise regimes.
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ture. As a consequence the complex transcriptional responses and the following
protein neosynthesis are well adjusted to the intensity, duration and type of exer-
cise (Fig.1 lower part). 

Adaptation to increased temperatures in vivo is not readily distinguishable
from the adaptation to mechanical forces that act directly on leukocytes, muscle
cells, and endothelial cells during exercise. The process of mechanoperception is
rather complex, since stretch-activated ion channels, caveolae, integrins, cad-
herins, growth factor receptors, myosin motors, cytoskeletal filaments, nuclei,
extracellular matrix, and numerous other structures and signalling molecules
have all been shown to contribute to the mechanotransduction response (37).
Accordingly, there is a wide variety of IEGs that respond to mechanical force.
Well characterized are for instance the induction of the IEGs c-fos, c-jun and
PU1 in monocytes / macrophages (85) and the induction of Egr1 in endothelial
cells (84). Especially the induction of Egr1 and c-fos is described for many dif-
ferent cell types and known to occur as quickly as 10 min following the stimulus
(69).

Mechanical forces, in combination with heat and ischemia / reperfusion
induce further biophysical stimuli, such as hyperosmosis and heavy metal stress
(Fe++). All of these changes are known to induce IEG expression via MAP-
kinase signalling (63, 30). Hyperosmosis / hypertonicity induce expression of a
variety of IEGs that carry a tonicity / osmotic response element (TonE / ORE) in
their promoter region that is activated via MAP-kinase signalling (41, 77).
HSPA1A is among the candidates that possess functional TonEs / OREs, along
with other HSPs (34).

Another important biophysical stimulus related with exercise is the genera-
tion of free radicals (reviewed in 22 and 55). Free radicals activate the consensus
sequence CC(A/T)6GG, known as a CArG box within the promoters of IEGs via
serum response factor (16). Egr1 is a typical IEG well known to be activated
through this pathway (16). Just recently, it has been shown that many genes of
the immunoglobulin family have CArG-box elements, which provides an indi-
rect link between free radicals and B-cell function (2). 

In addition to the biophysical paths, there is a multitude of immediate hor-
monal and cytokine responses (reviewed in 71, 28, 72)  as well as substrate and
ion changes observed in the blood that add an additional level of complexity to
the regulation of IEGs in leukocytes in response to exercise. The pathways lead-
ing to IEG expression again involve MAP-kinases and their action on respective
enhancers and suppressors in the promoter regions of IEGs (53). 

It should be pointed out that secretion of hormones and cytokines due to
exercise can principally act as fast or even faster on leukocyte IEG expression
than the biophysical stimuli itself. For both routes of IEG induction, there is a fea-
ture additional to MAP-kinase activation which is necessary for successful activa-
tion of an IEG. This is chromosomal remodelling necessary for the initiation of
transcription (66, 73, 80). There is clear evidence of enhanced histone H3 and H4
acetylation, both at the promoters and within the body of genes upon transcrip-
tional activation of IEGs (66).

If we summarize the upstream site to IEG expression in leukocytes due to
physical activity, the following conclusions can be drawn (see Fig. 1 for illustration). 
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1. Many different biophysical and biochemical stimuli act together in order
to induce IEG expression. 

2. The initial stimuli acting on leukocytes to generate IEG expression are
known to vary extensively depending on type, intensity and duration of
exercise. 

3. All stimuli act through the pathways of MAP-kinase activation in order
to exhibit IEG expression. 

4. Activation IEGs can be limited by a) the activation of other IEGs with
direct or indirect repressor function as it is shown for HSPA1A and b) by
the absence of a nucleosomal complex. 

5. Every single IEG, once expressed, controls the expression of a variety of
related late response genes.

Complexity of IEG response is limited by point 3 and 4. This leads to the
situation that even though the upstream site to IEG expression, as indicated by
points 1 and 2 and the downstream site (point 5), are rather complex there should
be a much more simplified response on the IEG level (Fig.1). Various forms of
physical exercise may all lead to a very limited number of different expression
profiles on the IEG level. If this was the case, looking at IEG expression profiles
following exercise would help us to categorize the different exercise regimes with
regard to their effect on immune function. 

First data about IEG expression in Leukocytes 
following exercise

Since many different biophysical and biochemical stimuli act together in order to
induce IEG expression, data obtained by studying leukocyte expression following
certain stimuli in vitro may be of very limited value for the field of exercise phys-
iology. In addition, contact with foreign matter is a severe stimulus to leukocytes
limiting the significance of in vitro studies. Approaches on the transcriptome level
have already studied this effect (36). 

The advantages of screening approaches on the transcriptome level for
studying the effects of exercise on leukocytes in vivo have already been described
and first results have been published (14, 25, 90). Comparison and interpretation
of the results of such screening attempts may enable the deduction of specific
transcriptomic signatures associated with certain exercise regimes (91). 

Connolly et al. used Affymetrix HU133A GeneChips and investigated the
expression differences in peripheral blood derived mononuclear cells (PBMCs)
directly after and 1hour after a 30 min run at 80 % of the participants predefined
VO2max (14). This setting is particularly helpful to study IEG expression for two
reasons. First, 30 min of exercise just enables the expression of IEGs and avoids
differential expression of late response genes (see also Fig.1). Second, a typical
IEG response is transient and would therefore rather be detected 30 min following
the onset of exercise but not necessarily 1 hour after the end of exercise anymore.
Therefore, this point in time helps to further categorize the IEG response found
directly after exercise into a typical transient IEG expression and an atypical pro-
longed IEG expression. It has to be considered that the points in time chosen by
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Connolly et al. are particularly suited for endurance exercise. More intense exer-
cises and also weight lifting may require even shorter measuring intervals, since it
is well known that many important IEGs show prominent gene expression
changes as early as 10 min following the stimulus. In the case of endurance exer-
cise, however, biophysical stimuli - such as heat – may take some time to reach a
critical threshold to induce IEG expression. Since this delay might be specific for
one or another biophysical or humoral stimulus, this situation may offer a chance
to unravel the effect of certain stimuli on gene expression in vivo. Prerequisite is
of course that studies are conducted with measuring intervals adjusted in this
respect.

In the study by Connolly et al., Affymetrix HU133A GeneChips were used.
Multiple single probe measurements are summarized on these chips to calculate a
representative expression of a so called “probe set” that belongs to one mRNA.
Quite often, more than one probe set belongs to one reference mRNA of a gene.
433 probe  sets belonging to 337 different reference RNAs showed significant
gene expression changes directly or 1 hour following exercise in the study of
Connolly at all. Among these candidates 66 probe sets representing 55 different
reference RNAs were altered more than 2-fold directly after 30 min of exercise
(for > 3-fold change: 15 or 12 candidates respectively). All of these candidates
showed a reduced level of expression 1 hour later and accordingly would meet the
criteria of typical exercise induced IEGs in PBMCs. Among these candidates is
HSPA1B encoding for a protein variant of HSP70 and HSPA1A as the classical
candidate for the protein HSP70. HSPA1B showed a 1.96-fold increase 30 min
following exercise. 

Important for our first impression about exercise induced gene expression
changes is the observation that 1 hour after exercise only 15 candidates showed a
significantly increased expression ratio compared to the baseline level, which is
just a fourth of the number seen directly following exercise. Given that we would
principally expect an even higher number of early and late response genes being
induced as a consequence of IEG expression, this finding needs to be explained.
One reason could be the bias of the expression changes due to blood cell shifts.
Connolly et al. showed that the ratio of lymphocytes to monocytes was on average
25 % elevated and 40 % decreased compared to baseline directly after and 1 hour
after exercise. Expression of particular candidates varies between the various cell
types among the PBMCs from not expressed to highly expressed and often shows
a difference of more than a factor of 100 between cell types (56). Therefore the
above mentioned cell shifts could principally be the cause of any of the significant
gene expression changes observed regardless of the height of the respective fold-
change ratio (10, 31).

A second study that investigated gene expression changes in PBMCs fol-
lowing exercise in a systematic way was done by Fehrenbach and Zieker et al.
(25, 90). This study used a cDNA array centred on inflammation and looked for
expression changes directly after and 24 hours after a half marathon competition.
It could be shown that expression analysis of cell type specific surface molecules
reflects the observed individual cellular shifts in peripheral blood cells with high
statistical significance. Accordingly, Zieker et al. could focus their evaluation on
those candidates which showed differential regulation that could not be explained
by the cell shifts found. Directly following exercise an upregulation of MAPKAP-
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K2, L-selectin and IL1-ra was reported to occur and this agrees with previous
observations in exercise physiology studies based on different methods (90).
Novel findings were a down-regulation of CD81 and GSTM3, as well as an up-
regulation of thioredoxin. Since the average running time during this study was
more than 1.5 hours, one cannot conclude whether these candidates can be con-
sidered as IEGs or as early response genes transcriptionally activated by the first
IEGs.

A very interesting IEG candidate is MAPKAP-K2. So far, MAPKAP-K2
has only been described to be elevated in muscle cells following exercise (86).
The increase in MAPKAP-K2 in PBMCs following exercise is of particular
importance since it has been shown that this induces rapid induction of the protein
expression of many inflammatory genes by posttranscriptional mechanisms.
These will be discussed in the following section (47, 83).

Future studies that aim at detecting IEG expression changes following exer-
cise could combine the advantages of the two studies which used screening tech-
niques so far. It would be informative to look at a timeframe between 30-40 min
following onset of exercise and compare this to a second sampling point about 1-
3 hours later. A classical IEG would show increased expression levels at the first
point in time but already decreased values at the second point in time. It would
also be important to control for the cell shifts occurring during the particular peri-
ods of exercise or recovery from exercise. Ideally one could integrate the just
recently generated knowledge on the basal expression differences between the
various cell types among the PBMCs in order to exclude that expression changes
can be explained by cell shifts only (10, 31, 56).

3. New insights into the modulation of IEG expression:
Pitfalls and potentials for future transcriptome 

oriented exercise immunology studies

The functional aspect of non-coding RNAs
This years Nobel prize in Physiology or Medicine was awarded for the discovery
of RNA interference (RNAi) in 1998 (26). RNAi by the use of so-called micro
RNAs (miRNAs) is one among many other mechanisms that act posttranscrip-
tionally to control gene expression. miRNA belong to the class of non-coding
RNAs (ncRNAs) that are not translated into proteins. Recently the magnitude of
the expression of many different kinds of ncRNAs including miRNAs in the
mammalian genome has been elucidated (9, 39). ncRNAs  influence transcription,
RNA editing including heterogeneous nuclear RNA (hnRNA) splicing, RNA
transport, RNA stability, and RNA translation of many important protein coding
genes (35, 52, 59, 81). Accordingly, ncRNAs can influence the expression level of
many other coding RNAs and there is increasing evidence for their importance to
modulate phenotypes (11, 35, 46, 76, 87). 

Once, the intergenic spaces and introns were referred to as”genetic junk”
and it is still true that only 1-2 percent of a mammalian genome contributes to
exons of known genes that are expressed. However, there is evidence that ~60 %
of the mouse genome is transcribed and that half of the roughly 181,000 inde-
pendent transcripts represent ncRNAs (9, 39). 70 % of the mapped transcription
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units seem to overlap to
some extent with a transcript
from the opposite strand (9,
39). This has led to the ques-
tion “Transcription will
never be simple again, but
how complex will it
get?”(11).

The complexity of the
transcriptome is therefore
another reason for concen-
trating on immediate early
effects. It can be expected
that the more time we wait
following a stimulus the
more complex the transcrip-
tional response is going to
appear (Fig. 1). In the next
paragraphs we review how
posttranscriptional regula-
tion influences expression
levels of IEGs. 

Posttranscriptional regula-
tion of IEG expression via
recognition motives
An important issue influenc-
ing level of expression and
detection of IEGs is the
modification of RNA-stabili-
ty and -translatability
depending on stimulus-
dependent posttranscription-
al interactions at recognition
motives located within an
mRNA. Most of these recog-
nition motives are located in
the 3’- or to a less extent in
the 5’-untranslated region
(UTR) of an mRNA. Well
characterized among these
motives are cytoplasmic
polyadenylation elements
(CPEs) and Adenosin- and
Uracil- rich elements
(AREs). mRNAs that pos-
sess a CPE in their 3’ UTR
are polyadenylated in the
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cytoplasm following stimulation, and the addition of the polyA tail leads to
increased mRNA stability and translatability (5, 57). mRNAs with an ARE
have been shown to be either stabilized or destabilized by binding of the pro-
tein HuR or AUF1 to the ARE, respectively (17, 58). 

This situation is important for an understanding of gene expression regu-
lation in exercise immunology, since many cytokines contain ARE elements in
their 3’ UTRs (4). The mRNAs of IL2, IL6, IL8, and TNFα all have been
shown to be inherently unstable in unstimulated PBMCs due to the presence of
AREs within their 3’ UTRs. Following stimulation, IL6 and IL8 are stabilized
by the activation of the MAPK-pathway. Therefore the MAPK-pathway is of
central importance for the transcriptional, as well as post-transcriptional regu-
lation of gene expression. Interestingly, MAPKAP-K2 has been shown to be
effective to achieve the full stabilizing effect on IL6 and IL8 mRNA (83). Both
cytokines are known to rise in the plasma following exercise (71). The discov-
ery that MAPKAP-K2 is up-regulated in skeletal muscle and in PBMCs fol-
lowing exhaustive endurance exercise is therefore in line with a posttranscrip-
tional regulation of IL6 and IL8 expression following exercise by MAPKAP-
K2. In contrast to this situation the stabilization of IL2 and TNFα mRNA fol-
lowing T-cell activation is known to be independent of MAPKAP-K2 (82).
Interestingly, these cytokine candidates are not reported to increase in plasma
following exercise (71). Future studies may therefore elucidate the importance
of MAPKAP-K2 expression and activity for mediating cytokine responses fol-
lowing exercise by taking posttranscriptional regulation of cytokines via AREs
into account.

Posttranscriptional regulation and its impact on “detectable” IEG expres-
sion
Regulation of RNA expression via ncRNAs and recognition motives generally
either stabilizes or destabilizes an mRNA that has already been transcribed.
Both mechanisms are potential short cuts that modulate levels of a protein
without requiring changes in basal transcriptional state. Mature and nearly
mature mRNAs can be stored when and where they may be most needed for
quick up-regulation of transcription.

In the following we will use information about posttranscriptional gene
regulation and sequence alignment tools in order to illustrate the chances as
well as the difficulties to detect differential regulation of IEGs by looking at
HSPA1A and IL6 as an example.

Figure 2 illustrates prominent bioinformatic features of these two candi-
dates that are well known to play a central role in exercise immunology. Con-
cerning the phylogenetic conservation HSPA1A is a typical mRNA. Conserva-
tion across 17 species is very high for all the protein coding regions (thick
boxes) ( “Conservation” line in figure 2a), while the 5’ UTR and 3’ UTR (thin
boxes) are not well conserved. IL6 shows the opposite pattern. Here the pro-
moter region and especially the 3’ UTR are highly conserved. How could it be
that IL6 shows a much higher level of conservation in its UTRs than in the pro-
tein coding region, given that a high level of conservation implies functional
relevance? One explanation is that the genetic code is redundant and therefore
the IL6 proteins show a much higher level of conservation across species than
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the respective coding sequences. In contrast, the recognition motives in UTRs
have to be almost 100% conserved in order to maintain functionality across
species. 

Even though four HuR binding ARE-motives are located in the 3’ UTR of
IL6, the high level of conservation for almost the entire 500 bp 3’ UTR can not
be explained by the roughly 68–80 bp that are important for the four functional
AREs (44). A more likely scenario is that there are additional recognition
motives within this 3’ UTR. The PicTar 4 Species track in Fig 2b uses a recent-
ly developed miRNA target site detection algorithm and highlights target sites
for the miRNAs let-7, mir-26, mir-98, and mir-149 in the 3’ UTR of IL6 (29,
42). Accordingly, targeted destruction of IL6 mRNA by miRNAs could be an
additional way to suppress IL6 translation in the presence of ongoing tran-
scription. This would enable almost immediate translation after stimulation.

Last but not least, alignment of reference mRNA sequences using the
UCSC Genome Browser (40) reveals a cis natural antisense transcript (cis-
NAT) for IL6 with a 5’ UTR overlap. CisNATs are antisense transcripts derived
from transcription of the opposite DNA strand that overlap the sense transcript.
Note that the promoter region of this antisense transcript is again highly con-
served. Although the IL6 cis-NAT is listed in the recently released cis-NAT
database, its functional or regulatory significance has not yet been investigated
(89). 

In contrast to IL6, where we already know that posttranscriptional regula-
tion is a major factor contributing to its mRNA expression, the four mRNAs
that code for paralogs of the HSPA1A gene located in proximity to each other
on chromosome 6 do not show evidence for regulation by miRNA or recogni-
tion motives. Their promoter regions and UTRs are poorly conserved. Instead
they are very short genes with 1-2 exons only. As shown in Figure 2a
below”Human Chained Self Alignments” there are even more paralogs located
in different chromosomal positions that are highly similar and do all code for
HSP70 protein variants. This leads to the situation in which a protein can be
generated quickly after stimulation by 1. transcriptional activation of two or
more closely related HSPA1A genes or 2. by fast transcription of a small pri-
mary transcript (hnRNA). Interestingly, both HSPA1A coding gene and a num-
ber of other small genes are located within an intron of the RD RNA binding
protein (RDBP). RDBP is known to be part of a multi-protein complex that
negatively regulates the transcription of IEGs (89). It is possible that concomi-
tant expression of RDBP and the intronic HSP70 variants occurs. If this is the
case, it would lead to the situation that once the RDBP protein (long hnRNA)
is translated, further transcription of HSP70 mRNA variants would be attenuat-
ed (1). As a consequence we would have a negative feedback loop, possibly
important in preventing excessive production of HSP70 in those situations –
such as during a marathon - where body temperature increases and is elevated
for more than two hours. This leads to the prediction that the known  down-
regulation of HSP70 by regular endurance exercise (20, 24) may at least par-
tially be mediated through elevated levels of RGDB. 

Taken together IL6 mRNA and the HSP70 coding mRNAs appear to be
two very different types of mRNAs known to be altered by exercise. While for
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IL6 many different posttranscriptional mechanisms may act together to achieve
expression in an IEG manner, the HSPA1A paralogs coding for HSP70 protein
variants provide evidence for transcriptional regulation. Importantly, the diver-
sity of transcriptional and posttranscriptional regulatory features shown for
these two mRNAs has an impact on the detlectability of these candidates by
different transcriptomic approaches and subsequent real-time RT-PCR. 

The HSPA1A paralogs impose one main problem: Which of the paralogs
or how many of them with what different kind of sensitivity for each one of
them are we measuring with our procedure? When we apply real-time RT-PCR
we could use primers that prime all of the different variants, specific primers
that prime only one variant, or we could neglect this issue and just choose any
kind of primer within one of the transcripts by chance. The estimates of
expression will differ substantially. When we use short oligonucleotide
microarrays for expression analysis like Connolly et al. (14) a similar problem
may occur. These chips use so called mis-match probes, where just one base is
exchanged compared to the perfect match probe. Mis-matches to one variant
may accidentally be a good match for another HSP70 variant. Accordingly, the
standard quantification software, MAS5, which takes match to mis-match
detection ratios into account to calculate expression values, may end up with
results that are relatively noisy in situations where a lot of paralogs are
expressed.

It has already been shown that using the match signals only by applying
the quantification procedure PDNN reduces measuring noise (88). Depending
on the method used for data processing (MAS5, dChip PMMM, dChip PM,
RMA, GC-RMA and PDNN) different genes will be identified as differentially
regulated. In a recent study, there was only 27 to 36 % overlap of differentially
regulated transcripts if the same raw data were processed by the different quan-
tification procedures and differential regulation of most of the candidates could
not be verified by real-time RT-PCR (49). In case cDNA microarrays are used
for quantification the data processing procedure is not problematic, since there
is in most cases only one probe to look at. Additionally, in the study of Fehren-
bach and colleagues most of the candidates could be verified by real-time RT-
PCR (25, 90). However, there is no evidence that the proportion of verifiable
differentially regulated candidates is significantly higher in cDNA microarray
studies than in studies using short oligonucleotide microarrays. Also a reduced
false positive rate may come along with a severely reduced sensitivity.

Two questions arise when we consider the differential expression of IL6.
1. It has to be taken into account that there is a second reference mRNA for IL6
that has neither the known AREs nor the miRNA binding sites (Fig. 2b). It may
well be that these two variants show differential regulation and all of the differ-
ent quantification procedures may want to take this circumstance into account.
2. What happens with the detection ratio on a microarray or in a real-time PCR
assay in those cases in which antisense sequences or miRNAs to the transcript
are present? So far this issue has not yet been investigated to our knowledge. It
must be considered that antisense or miRNAs could attenuate the binding of
the target sequence to microarray probes and that standard RT-PCR can not
differentiate whether a sense or an antisense sequence is amplified. 

In addition to these pitfalls which apply to HSP70 or IL6 mRNA detec-
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tion another problem is the regulation of translation by the polyA tail length of
an mRNA or in principle, the polyA tail length difference between transcripts
at all. Short oligonucleotide microarrays use T7 polymerase protocols to
process and amplify the mRNA. The efficiency of this protocol may depend on
the length of the polyA tail of the transcript. On the one hand only polyA posi-
tive RNA should be detectable with this method (64). On the other hand, 18s
rRNA as a well known poly A negative RNA is used as a housekeeping gene by
Affymetrix on various microarrays and expression values generally exceed
those of most of the other transcripts. Therefore the influence of the polyA tail
length on the expression level of a transcript determined by short oligonu-
cleotide microarrays is not yet clear.

Conclusion

Different biophysical and humoral responses following exercise use common
pathways to induce IEG expression profiles as described in Chapters 2 and 3
and illustrated in Figure 1. While the downstream cascades that follow IEG
expression are highly complex interactive networks, IEG expression itself may
only show limited variation in response patterns. Focusing studies on a level
where we expect relatively low complexity is appropriate at the current stage
of the technical procedures to study the transcriptome. An additional argument
for focusing at the IEG level and therefore at the first line of transcriptional
response is the increasing evidence for a much bigger size of the transcriptome
and its fascinating interactivity. Future gene expression studies at the IEG level
in exercise immunology may also contribute to unravel this interactivity and
they will certainly help to bridge the gap between exercise and the induced
phenotypic adaptation.

List of Abbreviations:

ARE Adenosine- and Uracil-rich element
CArG box CC(A/T)6GG box
cis-NAT in cis natural antisense transcript
CPE cytoplasmic polyadenylation element
eHSP extracellular heat shock protein
hnRNA heterogeneous nuclear RNA
HSP heat shock protein
IEG immediate early gene
miRNA microRNA
ncRNA non-coding RNA
PBMC peripheral blood derived mononuclear cell
RNAi RNA interference
TonE / ORE tonicity / osmotic response element
UTR untranslated region
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List of genes mentioned:

AUF1 / HNRD Heterogeneous nuclear ribonucleoprotein D (AU-rich ele-
ment RNA-binding protein 1, 37kD)

CD81 Cluster of differentiation 81
c-fos FBJ murine osteosarcoma viral oncogene homolog
c-jun Jun oncogene
EGR1 Early growth response gene 1
ERK Elk-related tyrosine kinase
GSTM3 Glutathione S-transferase M3
HSPA1A Heat shock 70kDa protein 1A 
HSPA1B Heat shock 70kDa protein 1B
HUR/ELAVL1 Hu antigen R; embryonic lethal, abnormal vision,

drosophila, homolog-like 1
IL1-ra/IL1RN Interleukin 1 receptor antagonist
IL2 Interleukin 2
IL6 Interleukin 6
IL8 Interleukin 8
JNK / MAPK8 c-Jun N-terminal kinase 1; mitogen-activated protein

kinase 8
MAPKAP-K2 Mitogen-activated protein kinase-activated protein kinase

2
p38 / MAPK14 Mitogen-activated protein kinase 14; p38 mitogen activat-

ed protein kinase
PU1 / SPI1 spleen focus forming virus (SFFV) proviral; PU-box bind-

ing transcription factor 1
RDBP RD RNA-binding protein
SAPK / MAPK9 stress-activated protein kinase
TMFα Tumor necrosis factor α
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