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Abstract

One distinguishing feature of eukaryotic cells is their compartmentalization into organelles, which all have a
unique structural and functional identity. Some proteins are exclusively localized in a single organelle, whereas
others are found in more than one. A few proteins, whose function was thought to be completely understood,
were only recently found to be present in the mitochondria. Although these proteins come from diverse func-
tional classes, their common new denominator is the regulation of respiratory chain activity. Therefore, this
review focuses on new functions of the Signal Transducer and Activator of Transcription 3, originally described
as a transcription factor, the most prominent Src kinase family members, Src, Fyn, and Yes, which were so far
known as plasma membrane-associated molecular effectors of a variety of extracellular stimuli, the tyrosine
phosphatase Shp-2 previously characterized as a modulator of cytosolic signal transduction involved in cell
growth, development, inflammation, and chemotaxis, and Telomerase Reverse Transcriptase, the key enzyme
preventing telomere erosion in the nucleus. Their unexpected localization in other organelles and regulation
of mitochondrial and/or nuclear functions by them adds a new layer of regulatory complexity. This extends
the flexibility to cope with changing environmental demands using a limited number of genes and proteins.

Antioxid. Redox Signal. 13, 551-558.

Introduction

ONE DISTINGUISHING FEATURE of eukaryotic cells in
comparison to prokaryotes is their compartmentali-
zation into organelles, which are obvious already at the
microscopic level. Each compartment or organelle contains a
characteristic set of proteins providing it with a unique struc-
tural and functional identity. Therefore, proteins, which—
with the exception of a few respiratory chain components in
the mitochondria—are translated in the cytoplasm, have to be
targeted to their place of final destination. Eukaryotic cells
have evolved highly specialized mechanisms to perform this
task. Most commonly, specific topogenic sequences within
proteins are used to target them to a distinct subcellular
localization, such as the nucleus, mitochondria, peroxisomes,
and the endoplasmic reticulum, from where they are trans-
ported through the Golgi apparatus to become secreted or
membrane proteins. All these targeting sequences are char-
acterized by conserved amino acids and are recognized by
highly specialized transport complexes that are required to
carry their cargo to the respective organelle. Specific se-
quences of amino acids can easily be recognized by appro-

priate analysis software and therefore a large number of
programs are available to predict the subcellular localization
of a protein based on its primary structure (Table 1). However,
not all proteins contain such conserved targeting sequences
despite a highly specific subcellular distribution (7, 8, 11,
20, 21).

Besides proteins that are exclusively localized in a single
organelle, others exist, which are present in more than one
compartment. One cellular strategy to achieve distribution to
several or different locations is to produce different poly-
peptides possessing or lacking one or the other targeting
sequence, either from separate genes or from a single gene
by means of alternative transcription or translation initia-
tion, differential splicing, or post-translational modifica-
tion. However, several proteins possess two targeting signals
leading to distribution between several organelles. In these
cases, the desired and/or required localization can be
achieved by different relative affinities to the transport ma-
chineries, accessibility of the targeting signals, incomplete
translocation or redistribution via retrograde transport, leak-
age out of the organelle, or active export (for review, see Refs.
9 and 23).
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TABLE 1. PuBLICLY AVAILABLE PROGRAMS FOR THE PREDICTION OF PROTEIN LOCALIZATION
OR SPECIFIC TARGETING SEQUENCES
Program Prediction Homepage Reference
WOoLF PSORT Subcellular localization http: //wolfpsort.org (21)
TargetP Subcellular localization www.cbs.dtu.dk/services/TargetP/ (11)
MultiLoc Subcellular localization www-bs.informatik.uni-tuebingen.de/Services/MultiLoc/ (20)
TargetLoc
Mitoprot Mitochondrial targeting http: //ihg2 helmholtz-muenchen.de/ihg/mitoprot.html (7)
sequence and cleavage site

SignalP Signal peptide www.cbs.dtu.dk/services/SignalP/ (11)
PredictNLS Nuclear localization sequence http: //cubic.bioc.columbia.edu/services/predictNLS/ ®)

As the distribution of single translation products to more
than one destination within the cell is less well understood
than targeting to a single compartment, this review will be
far from comprehensive, but rather a compilation of a few
interesting proteins, for which a role in the nucleus and in
the mitochondria has been shown just recently. The aim is
not to describe the regulation of targeting of these proteins,
but rather their function in different organelles. The major
emphasis will be on proteins newly discovered in the mi-
tochondria, which play a role in regulating the electron
transfer chain. Mitochondria contain the most reducing
compartment, have the highest rate of electron transfer, and
are highly sensitive to oxidation. They are the most redox-
active compartment of mammalian cells, accounting for
more than 90% of electron transfer to O, as the terminal
electron acceptor. Therefore, proteins that have well-
described functions in other cellular compartments and were
recently shown to be involved in the regulation of respira-
tory chain regulation are in the focus of this review. Speci-
fically, we will discuss functions of four proteins in
compartments where they had not been suspected before: a)
the Signal Transducer and Activator of Transcription 3
(STAT3), originally described as a transcription factor; b) the
most prominent Src kinase family members, Src, Fyn, and
Yes, which were so far known as plasma membrane-
associated molecular effectors of a variety of extracellular
stimuli; c) the tyrosine phosphatase Shp-2 previously cha-
racterized as a modulator of cytosolic signal transduction
involved in cell growth, development, inflammation, and
chemotaxis; and d) Telomerase Reverse Transcriptase
(TERT), the key enzyme preventing telomere erosion in the
nucleus.

Signal Transducer and Activator
of Transcription 3

Signal transducers and activators of transcription (STATs)
were originally described as key components of a direct signal
transduction pathway from the cell surface to the nucleus in
response to cytokines and growth factors. For a long time, the
tyrosine phosphorylation of STATs by ligand activated re-
ceptors was thought to be an obligatory requirement for di-
merization in an active conformation, nuclear import, and
transcriptional activation (10, 25). More recently it has been
shown that nonphosphorylated STATs shuttle between the
cytoplasm and the nucleus at all times in a constitutive
manner and that also these nonphosphorylated STATs can be
transcriptionally active, either as homodimers or in a complex

with other transcription factors. However, these nonpho-
sphorylated STATs regulate a different set of target genes
than their phosphorylated counterparts (36, 42) (Fig. 1).
Lately, new functions for STAT3 outside the nucleus
became evident. STAT3 was shown to be present in the mi-
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FIG. 1. Nuclear functions of STAT3. STAT3 is tyrosine
phosphorylated by Janus kinase (Jak) activation in response to
cytokine binding to the corresponding receptor. Phosphoryla-
tion of tyrosine 705 leads to nuclear translocation of the STAT3
protein. Dimerized, phosphorylated STAT3 causes transcrip-
tional activation of a specific set of target genes (X). Nonpho-
sphorylated STAT3 can shuttle between the cytoplasm and
nucleus. Dimers of unphosphorylated STAT3 activate a dif-
ferent set of target genes (Y) than phosphorylated dimers.
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PROTEIN FUNCTIONS IN DIFFERENT ORGANELLES

tochondria of cultured cells and primary tissue, although it
does not contain a mitochondrial targeting sequence.
Immunoprecipitations demonstrated an association with
complex I and possibly with complex II of the electron
transport chain. On the functional level, an influence of
STATS3 on the respiratory chain was demonstrated in STAT3-
deficient pro-B cells, where the activities of complexes I and II
were reduced by 40% and 85%, respectively, although the
mitochondrial content in the STAT3 -/- cells was unaltered.
These findings were confirmed in hearts of mice with cardio-
myocyte specific ablation of STAT3. Reconstitution of STAT3-
deficient cells with different STAT3 mutants specifically
targeted to the mitochondria revealed that mitochondrial
STATS3 is sufficient to modulate respiratory chain activity and
that phosphorylation on serine 727 and a monomeric con-
formation play a crucial role in this process. In addition, the
effects of STAT3 on the respiratory chain were unrelated to its
actions as a transcription factor (39). A second report de-
scribed a function of mitochondrial STAT3 in cellular trans-
formation by the nontyrosine kinase oncogene Ras (14). Ras
mediated transformation in vitro and tumor growth in mice
were impaired in STAT3-deficient cells. Mutational analysis
demonstrated that the N-terminal DNA binding domain, the
Src homology 2 (SH2) domain, phosphorylation on tyrosine
705, and nuclear localization of STAT3 are dispensable for
supporting malignant transformation by Ras. In contrast,
tyrosine phosphorylation and presence in the nucleus are re-
quired for transformation by the tyrosine kinase oncogene v-
Src. This newly discovered function of STAT3 was ascribed to
its mitochondrial localization accompanied by augmentation
of respiratory chain activity, particularly that of complex II
and V, and a dependence on phosphorylation of serine 727. In
summary, these reports lead to the conclusion that mito-
chondrial STAT3 can modulate the activity of the electron
transport chain and that the structural requirements are
completely different than the ones for transcriptional activa-
tion in the nucleus (Fig. 2).

Src, Fyn, and Yes Kinases

The Src family of nonreceptor protein tyrosine kinases
consists of at least 9 members, some of which, like Src, Yes,
and Fyn, are ubiquitously expressed, whereas others show
more limited expression patterns (28). In this review we will
focus on the most prominent kinases, Src, Fyn, and Yes, be-
cause they can compensate for each other. These three kinases
are important for the regulation of cell proliferation by modu-
lating cell metabolism, division, survival, and migration.
Their function as plasma membrane-associated molecular
effectors of a variety of extracellular stimuli is well known.
However, recent studies demonstrated that at least Src fulfills
also important functions in the nucleus and mitochondria.
Changes in the chromatin structure indicative of active or
inactive transcription are observed during cell cycle, tumori-
genesis, and senescence. Increased euchromatic hypoconden-
sation and heterochromatic hypercondensation are detected
upon growth factor stimulation. These processes depend on
nuclear tyrosine phosphorylation by Src, Fyn, and/or Yes,
since they are not observed in Src, Fyn, Yes-triple deficient
mouse embryonic fibroblasts (MEFs) (38). Recently, our
group revealed a different cellular function for nuclear Src and
Yes in endothelial cells by demonstrating that they contribute
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FIG. 2. Mitochondrial functions of STAT3. Phosphoryla-
tion on serine 727 is required for STAT3 translocation to the
mitochondria. Here, monomeric STAT3 binds to complexes
of the respiratory chain and thereby enhances their activities.
This newly discovered function is unrelated to its actions as a
transcription factor. Mitochondrial STAT3 is also required
for malignant transformation induced by the proto-oncogene
Ras.

to the hydrogen peroxide-induced nuclear export of telo-
merase reverse transcriptase (TERT) (22), which will be dis-
cussed in more detail later in this review.

A mitochondrial localization of Src has been demonstrated
by several groups (2, 26, 30). In the experiments described in
these publications, several complexes of the respiratory chain
have been identified as substrates for Src. First, the cyto-
chrome ¢ oxidase, the terminal complex of the electron
transport chain was shown to be activated by Src (26). Re-
cently, it has been discovered that Src has also effects on other
complexes of the respiratory chain. Arachiche ef al. (2) re-
ported an increase of Src activity in response to ATP in rat
brain mitochondria. ATP addition induced an autophos-
phorylation of Src at its catalytic site, which leads to its acti-
vation. This activated Src increased the activity of the
complexes I, II, and IV, and decreased that of complex V (2).
Taken together, these data indicate that respiratory chain
activity is partially dependent on tyrosine phosphorylation
by Src.

Protein Tyrosine Phosphatase Shp-2

The ubiquitously expressed protein tyrosine phosphatase
Shp-2 contains two N-terminal SH2 domains and a C-terminal
protein tyrosine phosphatase domain. Shp-2 plays an im-
portant role in cytosolic signal transduction. It modulates
different pathways involved in cell growth, cell development,
tissue inflammation, and cellular chemotaxis. These cytosolic
functions of Shp-2 are well known and reviewed elsewhere
(5). However, over the last years also nuclear and mitochon-
drial functions of Shp-2 have been identified.

In 2002 Chughtai ef al. (6) reported a nuclear localization of
Shp-2 associated with the signal transducer and activator of
transcription 5 (STATS5). After stimulation of mammary cells
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with prolactin, Shp-2 forms a complex with STAT5, which
translocates into the nucleus. Formation of this complex is
dependent on tyrosine phosphorylation of STAT5 in response
to prolactin. Shp-2 binds to tyrosine phosphorylated STAT5
for which it requires the distal SH2 domain and an intact
catalytic center. The nuclear Shp-2/STAT5 complex binds to
DNA and regulates transcription of milk protein genes (6),
demonstrating a transcriptional regulation by nuclear Shp-2.
Given the fact that Shp-2 does not dephosphorylate STAT5
and that binding of Shp-2 to STATS is required for keeping
STATS5 in its tyrosine phosphorylated and thereby active state,
nuclear Shp-2 acts as an enhancer of transcription by binding
to STATS5 and not as a phosphatase. Thus, these findings re-
vealed a new phosphatase independent function of Shp-2. In
contrast, an inhibition of the transcriptional activity of STAT1
by dephosphorylation of tyrosine and serine residues of
STAT1 in the nucleus by Shp-2 has been shown (41), dem-
onstrating that nuclear Shp-2 can also function as a phos-
phatase. In line with these findings are data from our group.
We demonstrated that hydrogen peroxide-induced nuclear
export of TERT is dependent on the tyrosine kinases Src and
Yes. We identified nuclear Shp-2 as the counterplayer for this
export, demonstrating again a phosphatase activity of Shp-2
in the nucleus (22). The maintenance of TERT in the nucleus
by Shp-2 under conditions of oxidative stress will be dis-
cussed in more detail later in this review.

Recently, a tyrosine phosphatase activity was detected in
the mitochondria of rat brains. The responsible phosphatase
was identified as Shp-2. It was mainly located inside the mi-
tochondria associated with cristae and the intercristal space
(31). Arachiche et al. also showed a mitochondrial localization
of Shp-2 (2). As mentioned above, the same group also de-
tected the tyrosine kinase Src in the mitochondria and sug-
gested that Src is partially involved in the regulation of
respiratory chain activity. For cytosolic Src and Shp-2, it has
long been demonstrated that the two proteins regulate each
other in their activity. Therefore, it is tempting to speculate
that mitochondrial Shp-2 acts as a phosphatase and inhibits
Src activity and is thus also involved in the regulation of
respiratory chain activity.

Telomerase Reverse Transcriptase

Telomeres, the physical ends of chromosomes, are neces-
sary for their stability and integrity. They are shortened du-
ring each cell division. This shortening is counteracted by the
enzyme telomerase. Telomerase is a large ribonucleoprotein
complex and consists of the reverse transcriptase subunit
telomerase reverse transcriptase (TERT), which contains the
catalytic activity of the enzyme, and the associated RNA
component TERC, which serves as the template for synthesis
of the telomeric sequence (15, 27). Several telomerase-associ-
ated proteins are involved in the assembly and activity of the
holoenzyme (Fig. 3).

TERT is differentially regulated on transcriptional and
post-translational levels but also via its localization. One
major post-translational event is the phosphorylation of TERT
by kinases such as Src, Akt, PKC, and ERK1/2. The kinase Akt
has a dominant role in the activation of TERT (3). Upon
phosphorylation of serine 823 in TERT by Akt, telomerase
activity is increased. Also the binding of HSP90 to TERT is
essential for telomerase activity via stabilization of a TERT/
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FIG. 3. Nuclear function of TERT. Telomerase is com-
posed of the catalytic subunit telomerase reverse transcrip-
tase (TERT) and the telomerase RNA component (TERC).
TERC binds to the telomeric repeats (TTAGGG;,) and thus
serves as a template for the reverse transcriptase. Several
telomerase binding proteins are involved in the assembly
and activity of the holoenzyme.

Akt/Hsp90 complex (19) (Fig. 4). The localization of TERT is
highly regulated. Our group demonstrated that TERT is ex-
ported from the nucleus after treatment with tumor necrosis
factor alpha in combination with cycloheximide as well as
with hydrogen peroxide in a CRM1/Ran-GTPase-dependent
manner. This export is mediated by phosphorylation of TERT
on tyrosine 707 by Src kinases in several cell types, including
endothelial cells (19). During induction of replicative senes-
cence in the latter cell type, an increase in active Src kinase
phosphorylated on tyrosine 416 is observed, which induces
nuclear export of TERT (18). Taking into account that cytosolic
Shp-2 and Src kinases can regulate and antagonize each other
under certain conditions, we hypothesized that a nuclear
Shp-2 also exists in endothelial cells which may counteract
the Src kinase-dependent nuclear export of TERT. Indeed,
ablation of endogenous Shp-2 resulted in increased tyrosine
phosphorylation of nuclear TERT and a reduction of telo-
merase activity in the nucleus. Moreover, overexpression of
Shp-2 inhibited hydrogen peroxide-induced tyrosine phos-
phorylation and export of TERT from the nucleus. It has to be
noted that this process requires the catalytic activity of Shp-2,
since the catalytically inactive mutant Shp-2(C459S) cannot
prevent nuclear export of TERT (22), suggesting that either
nuclear Src or TERT or both are dephosphorylated by Shp-2
(Fig. 5).

Interestingly, nuclear TERT was shown to be not only in-
volved in telomere elongation but also in the regulation of
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FIG. 4. In the nucleus TERT forms a complex with Akt
and Hsp90, which keeps TERT phosphorylated on serine 823
and therefore in its active state. Active nuclear TERT prevents
telomere erosion and can inhibit apoptosis. Under conditions
of oxidative stress, Src kinases induce phosphorylation of
nuclear TERT on tyrosine 707 resulting in nuclear TERT export
via the nuclear pore in a CRM1/RanGTP dependent manner.
Protein tyrosine phosphatase Shp-2 inhibits phosphorylation
and TERT export.

apoptosis (13, 17, 19). The anti-apoptotic capacity of TERT
occurred within few hours after transfection, which indicates
a function independent of direct telomere elongation. Further
studies supported telomere-independent functions of TERT.
In cell culture models, the suppression of TERT or TERC in
cancer and stem cells has been shown to reduce proliferation
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FIG. 5. Regulation of nuclear TERT tyrosine phosphory-
lation by Src and Shp-2. Active Src, phosphorylated on ty-
rosine 416, phosphorylates TERT on tyrosine 707, leading to
nuclear export of TERT. This is counteracted by catalytically
active Shp-2 (C459), which either dephosphorylates TERT
directly or indirectly through inactivation of Src by dephospho-
rylation.
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FIG. 6. TERT is imported into the mitochondria via the
translocases of outer and inner membrane (TOM, TIM).
Here, TERT is located in the matrix and can bind mito-
chondrial DNA (mtDNA). Mitochondrial TERT improves
mitochondrial function, decreases apoptosis, and lowers
ROS levels in the cell.

and render the cells more vulnerable to apoptosis in a largely
telomere length independent fashion (12, 34, 43). Similar re-
sults were obtained by ectopic expression of TERT. Stewart
et al. demonstrated that TERT enhances tumorigenesis inde-
pendent of its telomeric function although the mechanism for
this effect is not entirely clear (37). Importantly, Sarin et al.
showed that conditional transgenic induction of TERT can
activate epidermal stem cells independent of its catalytic
function (35). This demonstrated for the first time that TERT
has an important telomere-independent function in stem and
progenitor cells. In line with the emerging nontelomeric
functions, Santos et al. showed that telomerase activity and
TERT protein can be detected in mitochondria (32, 33). Al-
though this came as a surprise to the scientific community, it is
supported by the finding that TERT has a N-terminal mito-
chondrial targeting sequence. In addition, we showed that
TERT is imported into mitochondria by the translocases of
outer and inner membrane (16) (Fig. 6). However, the func-
tions that TERT fulfills in mitochondria are still controversial.
Santos ef al. associated the mitochondrial localization of TERT
with an increased apoptosis induction and interpreted this as
a potential selective mechanism for the elimination of dam-
aged stem cells (33). Recently our laboratories have contra-
dicted these findings by demonstrating a beneficial role of
TERT within mitochondria (1, 16). Independent of each other
we found an improved mitochondrial function, decreased
apoptosis, and reduced mitochondrial reactive oxygen spe-
cies measured as a decrease in Mitosox fluorescence in cells
expressing TERT (Fig. 6). Furthermore, we demonstrated that
TERT directly or indirectly binds to mitochondrial DNA.
Moreover, we showed that mouse lung fibroblasts from TERT
knockout animals are more sensitive to ultraviolet B (UVB)-
induced decrease in proliferation and respiration than their
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wild-type counterparts. UVB radiation causes cell death
and DNA damage. It induces the formation of cyclobutane
pyrimidine dimers and pyrimidine (6-4) pyrimidone photo-
products (44). Together with our finding that TERT associates
with mitochondrial DNA, one could speculate that TERT
protects mitochondrial DNA against the deleterious effects of
UVB. However, there is accumulating evidence that other
mechanisms, such as free radical formation, play important
roles in the cellular responses caused by UVB radiation (24).
This would offer an additional explanation for the protective
function of mitochondrial TERT, which reduces reactive
oxygen species in this organelle. We also demonstrated that
TERT overexpression enhances respiratory chain activity and
found that the respiration rate is decreased in heart, but not in
liver from TERT knockout animals (16).

In accordance with TERT expressing cells having lower
reactive oxidative species levels, it has recently been demon-
strated that cells and tissues from mice deficient for the RNA
component of telomerase (TERC) have an imbalance in their
redox systems, resulting in higher levels of oxidative stress.
Perez—Rivero and colleagues (29) found increased MnSOD
level in MEFs and tissues from first generation TERC knock-
out mice, which do not display telomere shortening, but a
decrease in catalase accompanied by a higher oxidative stress
and oxidative damage. Elevated reactive oxygen species were
shown by increased dichlorofluorescein diacetate and dihy-
droethidine fluorescence and oxidative damage of proteins
was assessed by quantitation of 4-hydroxynonenal protein
adducts. Most importantly, re-introduction of TERC restored
the redox balance (29). This in vivo demonstration of a direct
relationship between telomerase deficiency and oxidative
stress is supported by data from our laboratories. We showed
a reduced oxygen uptake in heart tissue from TERT knockout
mice and a decreased UVB resistance in lung fibroblasts de-
rived from these animals (16). These data are complemented
by our in vitro findings demonstrating a decrease of reactive
oxygen species and improvement of mitochondrial function
in TERT overexpressing fibroblasts (1). In accordance with
this, higher catalase protein levels were found in TERT over-
expressing fibroblasts while there was no change in the levels
of MnSOD (Saretzki, unpublished data). Moreover, the in-
fluence of TERT on heart function has been further investi-
gated in a voluntary running mouse model (40). We showed
that physical exercise can stimulate telomerase in the heart
and has beneficial anti-aging effects measured by a decrease
in senescence-associated markers such as p16, p53, and Chk2.
In TERT-deficient mice, however, the effect of exercise was
absent, pointing to an important role of telomerase in this
process. This leads to the conclusion that the running-induced
upregulation of telomerase reduces oxidative stress and
thereby may slow down senescence. Given the facts that
serum levels of insulin-like growth factor 1 (IGF-1) are in-
creased with voluntary running and that IGF-1 has been
shown to activate Akt in cardiomyocytes, we wanted to de-
termine whether increased IGF-1 levels serve as a mediator of
increased telomerase activity. Therefore, mice were treated
with IGF-1 and as expected, the IGF-1 treatment resulted in an
activation of Akt in the heart and a substantial increase of
telomerase (40). In addition, an increased proliferation rate in
cardiomyocytes was observed after voluntary running. One
possible explanation might be a change in pro-proliferative
transcriptional programs due to increased TERT levels, be-
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cause changes in the cellular transcriptome have been ob-
served upon overexpression of TERT (4). However, it is
undeniable that mitochondrial function is required for car-
diomyocyte proliferation, suggesting that increased TERT
levels, which result in enhanced respiratory chain activity, are
one of the reasons for cardiomyocyte proliferation.

In conclusion, it is tempting to speculate that nuclear and
mitochondrial TERT act in concert to improve cardiomyocyte
and thereby heart function.

Conclusion

In this review we have summarized recent evidence for
several proteins extending their functions to cellular com-
partments beyond the ones, which have been textbook
knowledge for a long time. These proteins can have similar
roles in different organelles or can perform completely dif-
ferent, so far unexpected tasks depending on their subcellular
localization. These new functions are not restricted to a spe-
cific class of proteins, as they have been described for tran-
scription factors, protein kinases and phosphatases, and the
only eukaryotic reverse transcriptase, TERT. Interestingly, all
these proteins are involved in regulatory processes, which
help cells to adapt to changing environmental situations.
Thus, one may speculate that such additional functions in
other cellular compartments, especially in the mitochondria,
are not restricted to the few examples described here, but
could be a more general phenomenon, which might have been
overlooked in the past. Changing the subcellular distribution
of a particular protein and thereby sometimes making use of
other functional properties, adds a new layer of complexity in
addition to the well described regulatory processes on the
transcriptional, translational, or post-translational levels.
Thereby cells, organs and whole organisms would extend
their flexibility to cope with changing environmental de-
mands using a limited number of genes and proteins.
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