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High-throughput experiments have produced convicing evidence for an extensive
contribution of diverse classes of RNAs in the expression of genetic information.
Instead of a simple arrangement of mostly protein-coding genes, the human tran-
scriptome features a complex arrangement of overlapping transcripts, many of
which do not code for proteins at all, while others “sample” exons from several
different “genes”. The complexity of the transcriptome and the prevalence of non-
coding transcripts forces us to reconsider both the concept of the “gene” itself and
our understanding of the mechanisms that regulate “gene expression”.

1. Introduction

The prevailing picture of genome organization is a rather simple linear ar-

rangement of separated individual genes which are predominantly protein-

coding. Albeit a few exceptional cases of overlapping or interleaving genes

have long been known, this paradigm has been dominating research in

molecular genetics so far. The ENCODE Pilot Project 86, the mouse cDNA

project FANTOM 60,45, and a series of other large scale transcriptome stud-
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ies 34,65 have amassed a robust body of data and profoundly change the

picture in a way that might be difficult to accept: The “obscure exceptions”

are in fact the rule! The mammalian transcriptome is characterized by an

complex mosaic of overlapping, bi-directional transcripts and a plethora of

non-protein coding transcripts arising from the same locus.

This newly discovered complexity is not unique to mammals. Similar

high-throughput studies in invertebrate animals 47,28 demonstrate the gen-

erality of the mammalian genome organization among higher eukaryotes.

Even the yeast S. cerevisiae, whose genome has been treated as concep-

tionally well understood, catches up with the more complex picture and

surprises us with a much richer repertoire of transcripts than previously

thought 27,14,57.

Both experimental and computational evidence suggest that many of

the newly discovered transcripts and processing products are functional,

although at present we have very little knowledge of the potentially differ-

ent types of molecular mechanisms and function integrating the individual

transcripts. However, both theoretical considerations and a set of examples
98 hint at a role in a variety of different regulation mechanisms.

The unexpected diversity of the transcriptome and the unexpected com-

plexity of genomic organization also forces us to re-think our understanding

of genes and their regulation. We not only have most likely overlooked many

of the players by focusing on three dominating and well-separated layers of

regulation (transcriptional regulation, signaling networks, and microRNA-

based gene silencing), but we also grossly underestimate the complexity

of the regulatory circuitry by assuming a hierarchical structure of well-

separated layers. Indeed, several systems demonstrate an intimate inter-

play of distinct regulatory mechanisms. The interleaved usage of protein-

and ncRNA-based mechanisms in apoptosis control 11,29 shows that tran-

scriptional networks alone are not sufficient to understand the regulatory

processes despite their great success in the area of early development 3,50.

This contribution is organized as follows. In the next section we briefly

argue that most of the observed transcription has biological function, and

more strictly, at least a large fraction of the non-coding transcripts them-

selves are functional. We then consider the structure of mammalian tran-

scriptome, concluding that the very notion of the “gene” itself becomes

problematic, begging the question what is regulated in “gene regulation”.

We then refine our claim about transcript function, arguing that many of

the “novel” transcripts have functions as RNAs, and that these functions

are most likely regulatory. Given that gene regulation occurs in space and
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time to pattern a three-dimensional organism, we will briefly discuss how

spatial regulation is achieved and integrated into the whole picture.

2. Function of Noise?

The dramatic expansion of transcript repertoire has been argued to be

at least largely functional 52,55,95,7. However, noise is unavoidable in any

physical system. Therefore, the novel non-coding transcripts could be in-

terpreted as “transcriptional noise” resulting from accidental initiation of

transcription or the accumulation of malformed RNAs as a by-product of

transcription of the truly functional mRNAs. This explanation is highly

unlikely for a variety of reasons.

The amount of observed non-coding transcripts, at least half of the tran-

scriptome, would imply a very unfavorable signal to noise ratio. The effort

for the cell to sort the wheat from the chaff on transcript level should be a

sufficient basis for a selection to reduce over time. The structure and orga-

nization of the majority of the non-coding transcripts is also striking: they

are well-defined and do not seem to differ from the previously known ones

in terms of their processing (e.g. capping, splicing, and polyadenylation)
86 or in terms of regulated expression 66. Their transcription start sites,

as identified by CAGE/ditags, are very similar to known start sites judged

by the presence of proximal regulatory elements, as identified via ChIP-

on-Chip experiments 86. Consequently, many of the novel transcripts show

differential expression 8,66 in differentiation and disease 51. Also phyloge-

netic considerations support their retention: in many cases there is at least

syntenic conservation (i.e., transcripts arising from corresponding positions

relative to homologous neighboring features, even though their sequences

might not be well-conserved) 35,70,46); in many cases there is also exten-

sive sequence conservation. In fact, many of the ultraconserved sequence

elements in mammals give rise to ncRNAs of hitherto unknown function 6.

Given a set of transcripts that show a well-defined genomic location

and pattern of expression but a lack of functional annotation, one might

be tempted to handle the “act of transcription” as the transcripts’ func-

tion while the RNA molecules themselves are meaningless. It is well known

that transcriptional interference 79,53 may play an important role when

transcripts from the same locus compete for transcription. It has been

demonstrated, for instance, that perturbation of an anti-sense RNA can

alter the expression of the sense messenger RNAs 36. Furthermore, it is

yet undecided whether chromatin has to be in open conformation to al-
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low for transcription or whether the act of transcription opens the closed

chromatin conformation 23. As in the case of transcriptional interference,

the regulation of chromatin structure may explain non-coding transcription

without a function for the transcript itself. There are, however, several lines

of evidence suggesting strongly that the transcripts are not irrelevant. In

addition to transcriptional interference, a recent review39 discusses four

distinct mechanisms for anti-sense function: RNA masking (in which the

anti-sense transcripts regulates alternative splicing), RNAi (in which RNA

double strand formation triggers RNA degradation), RNA editing of double

stranded regions, and the involvement in chromatin remodeling.

Most of the transcripts show evidence of post-processing. Typical non-

coding RNAs appear to be spliced, polyadenlyated, and exported just like

regular mRNAs. Furthermore, small RNAs ≤ 200nt in length 35 have been

shown to be processed from longer precursors. It is unclear why the cell

would carry the burden of processing when it could make use of several

efficient degradation mechanisms 32 to get ride of non-functional RNAs.

While this is certainly the fate of some “cryptic” pol-II transcripts 97, it

does not seem to apply to the many stable mRNA-like ncRNAs.

At least a fraction of the long non-coding primary transcripts are pre-

cursors of small functional ncRNAs. Starting with microRNAs in the year

2000, several newly discovered classes of small non-coding RNAs, among

them piRNAs 40,1, 21-U RNAs 72, and the promoter and terminator asso-

ciated paRNAs and taRNAs 35 add to the diversity of ncRNAs. For each

of these classes there is at least circumstantial evidence that they are func-

tional. Classical genetic studies have stumbled across only a small number

of small ncRNAs, among them the microRNAs lin-4, let-7, or iab-4, for

several reasons: they are hard to find in mutagenesis experiments because

of their size, many functions (e.g. in antiviral defense or specific stress re-

sponse) do not produce a discernible phenotype under most lab conditions,

and ncRNAs are often redundant because they appear as multicopy genes.

A sizable fraction of both large and small ncRNAs shows weak but

significant sequence conservation. Bioinformatics-based surveys of genomic

DNA show that there is a large number of loci which show unexpected

conservation of RNA secondary structure 91,92,63,89,93. Stabilizing selection

of RNA structure strongly suggests specific function(s) at the RNA level.

Summarizing these argument, we conclude that the view of predomi-

nantly non-functional transcripts is not a parsimonious explanation of the

available data. Of course, we cannot (yet) ascribe a specific function to

the majority of transcripts, a fact that does not imply that they are not
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functional. Conversely, we do not claim that all transcripts or transcription

is biologically functional — we only argue that non-coding transcripts are

functional often enough that we cannot treat them as odd special cases.

3. What Are Genes Anyway?

The data briefly reviewed in the previous section draw a picture of the mam-

malian transcriptome that forces us to rethink the notion of well-separated

individual genes. The human genome no longer presents itself as linear ar-

rangement of mostly protein coding genes (together with a few exceptional

RNAs), littered by more the 90% of useless junk DNA that make up huge

“gene deserts” that nicely separate functional regions. Instead, at least the

non-repetitive fraction of the genome is transcribed almost in its entirety;

regions with high density of protein coding genes form complex clusters

of multiple overlapping transcripts in both sense and anti-sense direction,

Fig. 1. These primary transcripts are then processed into a plethora of dif-

ferent mature products of diverse functions and localizations. Only a small

fraction of the transcripts gives rise to “classical” protein-coding mRNAs.

With overlapping transcripts emerging as the rule rather than the ex-

ception, and with functional non-protein-coding RNAs arising as a major

class of transcripts we are forced to rethink the concept of the gene itself.

��
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highly transcribed regions

protein coding mRNA

intronic ncRNA

ncRNA
taRNAs paRNAsantisense transcrips

coding exons

mosaic transcript

Figure 1. Sketch of the post-ENCODE view of a mammalian transcriptome (adapted
from 35). Highly transcribed regions consist of a complex mosaic overlapping transcripts
(arrows) in both reading-directions. These transcripts link together the locations of
several protein coding genes (coding exon indicated by black rectangles). Conversely,
multiple transcription products, many of which are non-coding, are processed from the
same locus as a protein coding mRNA.
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This implication has of course been realized in the field 22,24, but so far no

satisfactory solution has arisen that really encompasses the non-protein-

coding transcription products.

Conceptually, one would like to use the term gene for a unit in both

functional and structural terms. We argue that function is primarily asso-

ciated with the transcripts and their processing products rather than with

the DNA locus, hence it becomes futile to assign a single function or a

single functional product to a DNA locus. In human, for instance, both

the non-coding co-activator SRA, whose function has been well studied ex-

perimentally, and a protein SRAP, which is conserved at least throughout

chordates 42, are produced as overlapping sense-transcripts from the same

locus. A gene concept advocated by Gerstein et al. 22 is based on the

assumption that the “important” function is encoded in the protein-coding

exon(s), if present at all. Abandoning this “proteinocentric” point of view,

we argue that functional units on the level of the transcriptome or proteome

and structural units, most naturally intervals on the DNA, are typically in

a many-to-many relation. This implies, for instance, that one and the same

mutation may have several distinct functional consequences. A recent ex-

ample of this type 31 thus might as well be a common phenomenon.

Another open question is whether “nearby” regulatory elements (such

as promoters, cis-regulatory regions, or elements responsible for positional

effects) should be considered part of a “gene”. While appealing from a func-

tional point of view (since a gene product’s spatial and temporal expression

pattern plays a role in its biological function), such a definition makes it

nearly impossible in practise to annotate a “complete gene” on the genomic

DNA. Furthermore, thinking of a “gene” as single DNA interval might not

satisfy our needs to annotate the template of a functional unit together

with its dispersed regulatory context.

4. Regulation by RNA

Although the overwhelming majority of both the experimentally discovered

non-protein-coding transcripts and the computationally predicted struc-

tured RNA elements have resisted functional annotation attempts, it ap-

pears safe to assume that a large fraction of them has some regulatory

function:

(1) Catalytic functions are expected to be rare. While some of the “clas-

sical” ncRNAs have catalytic functions (the ribosome after all is essentially

a ribozyme, and snRNAs are actively involved in splicing), such an active
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role appears to be very rare outside the world of viruses and viroids. A

genome-wide survey resulted in a single example, namely a HDV-like se-

quence in the human CPEB3 gene 73. Furthermore, proteins are in general

more efficient and versatile catalysts than natural and engineered ribozymes

(although this limitation might be overcome in theory) 5, and non-coding

transcripts in particular are often evolutionarily very young 99. It would

thus be very surprising if a large set of recently-evolved ribozymes were

discovered.

(2) RNA is an ideal molecule for regulatory functions from a theoretical

perspective. It is capable of “digital” information processing by specifically

interacting with other nucleic acids under the rules of base pairing 51. On

the other hand, it can form elaborate three-dimensional structures which

can be recognized by proteins with high specificity. Indeed, several known

ncRNAs, including RNAse P RNA, microRNAs, and snoRNAs, do not

exert their function in isolation but as part of specific ribonucloprotein

complexes. The role of the RNA component is to provide specificity to a

target, while the generic function (e.g. creating a base modification as in

the case of snoRNAs) is performed by the protein component. In summary,

ncRNAs could serve as specific though exchangeable links between nucleic

acids and proteins.

(3) Recent attempts to identify classes of RNAs that are seemingly

unrelated in sequence but share common structures have not only recovered

the expected groups of tRNAs, box H/ACA snoRNAs, and microRNAs, but

also provided strong evidence for the existence of previously undescribed

classes of structured RNAs 94,71. The structural similarities within these

groups are at least indicative of a common function.

(4) A computational analysis of the binding energies of predicted struc-

tured RNA candidates 90 with mRNAs that are not transcribed from the

same locus shows that these candidate ncRNAs are enriched in sequences

that can bind particularly tightly to near-complementary mRNA targets
85, Fig. 2. Although these data provide only statistical evidence at present,

they give a strong indication that direct RNA-RNA interaction is not a rare

phenomenon.

(5) Synthetic “modifier RNAs” have been used as experimental tech-

niques for changing the gene expression patterns independent of the RNAi

pathway 10,54,62. One possible mechanism is the modification of (m)RNA

structure as a consequence of the duplex formation between modifier and its

target (m)RNA, which in turn can dramatically affect the binding affinity

of the (m)RNA and a protein 25.
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Figure 2. Distribution of interaction free energies of predicted ncRNAs with their best
mRNA targets. The density of the interaction free energy distribution of predicted in-
teractions of RNAz hits and mRNA is shown in black, the corresponding distribution of
randomized control data-set in which the sequences of the RNAz-predictions were shuf-
fled is shown in grep. Dotted lines indicate the 0.05, 0.10, 0.25, 0.50 quantiles of the
randomized distribution. The insets lists the absolute number of true and randomized
interaction in the four energy classes defined by the four quantiles. Figure adapted from
85.

In summary, the available evidence points towards the existence of a

large and very diverse pool of functional RNAs whose roles are predomi-

nantly regulatory. On the other hand, there is no evidence at present that

these functions are performed by means of a uniform mechanism.

5. Elusive Networks: Many More Layers

Ten years ago, gene regulation was essentially understood as the result of

two well-separated layers: (1) Signaling pathways would transmit the signal

to the nucleus via direct protein-protein interactions and protein modifica-

tions (e.g. phosphorylation); (2) Transcription factors would then bind to

sequence-specific DNA motifs and recruit the transcription complex to start

sites, causing the specific transcription of target mRNA(s). This dichotomy

is highlighted by a large number of publications exclusively dealing with

transcription networks 30,83 and dedicated data bases such as TRANSPATH
75 for cell signaling. Taken together, these two subsystems form the gene

regulatory networks which resulted in a major advance in our understanding

of developmental regulation 15.

While our knowledge on signaling and transcription factor binding

rapidly grew over time, the general concept stayed the same until two more
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“layers” of ubiquitous importance were discovered: epigenetic regulation

and post-transcriptional regulation. Again, these additional types of gene

regulation were perceived as separate layers, coming with their own set of

regulatory molecules and mechanisms.

While regulatory RNAs became known first for their post-

transcriptional effects, different classes of ncRNAs are instrumental at most

or all layers of the regulatory network 12,64. Beyond their effect on transla-

tion as microRNAs or siRNAs, they could serve as “transport shuttles” for

bound proteins, activate and inhibit transcription 43,26, bind to transcrip-

tion factors 9, act as transcriptional enhancers 18, take part in structuring

the nucleus 67, trigger epigenetic activation and inactivation of chromo-

somal regions (e.g. Xist 59), DNA elimination during development of the

somatic macronucleus in tetrahymena 58, and may even serve as “backup

copies” that transmit information to the next generation independent of

genomic DNA 44. While some of these mechanism are observed in diverse

eukaryotes or even throughout all kingdoms of life, we have to-date only

seen a few individual examples of others, such as the TRE RNAs 77,74 which,

tethered to their site of origin, function by anchoring histone-modifying en-

zymes to their target, or the evf-2 RNA 18, which acts as a transcriptional

enhancer. Furthermore, several surprising effects have been observed in

vitro in reaction to artificial small RNAs, such as “RNAa”, i.e., transcrip-

tional activation by means of siRNAs 43 and the up-regulation of protein

production in response to small RNAs that modify mRNA structure and

thereby alter mRNA-protein binding properties 62,54,25.

The structure, content, and diversity of the transcriptome of higher eu-

karyotes thus forces us to consider a mechanistically much more diverse

system in which a substantial amount of the information is stored and pro-

cessed by the interaction of many different regulatory mechanisms. The

direct interaction of regulators from different mechanistic “levels” enables

the synchronization of their joint action. For instance, the integration of

small ncRNAs and transcription factors in feed-forward loops, which ap-

pears to be a common phenomenon, can tighten regulation by combination

of both, (slow) transcriptional and (fast) post-transcriptional regulation 80.

The large number and the diversity of distinct functional units encoded

by the same DNA locus further suggest dependencies which most likely

facilitate additional regulatory mechanisms.

The assumption that a sizable fraction of players and mechanism in

cellular regulation so far has escaped discovery and the expectation that

these additional molecules strongly interact with known parts of the reg-
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ulatory network have far-reaching consequences for our ability to recon-

struct regulatory networks from data. In fact, existing methods 48 invari-

ably assume that the vertices of a reasonably autark sub-system are known

and complete, so that only the interaction rule need to be inferred. The

changing view of the transcriptome, however, implies several important

research questions, with potentially dramatic consequences for systems bi-

ology: What is the relation between the true and reconstructed networks

when vertices are missing in the reconstruction? In other words, to what

extent do our current network models represent true interaction and physi-

cal regulation? How can we infer missing players in network reconstruction,

e.g. from discrepancies between data and incomplete networks? Can such

studies actually aid the targeted search for missing components?

6. Space Matters

Molecular interactions partly represented by regulatory networks actually

occur in space and require directly interacting partners to physically meet.

Integration of the molecular players and their regulation into space and

time eventually governs the formation of a three-dimensional organism.

Regulatory molecules are typically not homogeneously distributed in a

living cell. In fact, generation of asymmetry where only symmetry has been

before is the key to differentiation and an initial divergence in spatial distri-

bution of expression products. It is relevant to all levels of organization from

large multicellular organisms to small subcellular compartments. The origin

of asymmetry might be found in the dynamic embedding of one-dimensional

(e.g. linearly ordered genes on the genome) and two-dimensional (e.g. sur-

faces of membranes) objects in a three-dimensional space and their phys-

ically determined relations. During sporulation of Bacillus subtilis, it has

been traced back to chromosomal spatial asymmetry and the relative po-

sition of two loci (oriC and spoIIAB) on the genome 17 and concentration

differences of surface and volume associated factors (spoIIE and spoIIAA)
2. However, the picture is still incomplete.

Viewing asymmetry as a sorting event, maintenance of an established

pattern requires additional efforts as sequestration and/or localization and

turns them into important regulatory mechanisms. Incongruity of mRNA

and protein distribution have revealed the relevance of translational inhibi-

tion (e.g. bcd inhibits cad translation) and cytoskeleton-dependent mRNA

localization (e.g. Staufen localizes bcd mRNA) in Drosophila embryoge-

nesis 16. Translational inhibition by miRNAs, mRNA localization 61 and
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regulated local translation have been demonstrated to be of considerable

importance in the differentiation of dendrites49,13. More attention has been

payed to subcellular localization of proteins as reflected by the LOCATE

Database 19. The mechanism of intra- and inter-cellular trafficking by pro-

tein targeting via signal peptides, direct protein synthesis into the tar-

get compartment and usage of the secretory pathway have been described

decades ago.

Once a set of regulators is asymmetrically distributed, sometimes in

form of a gradient, combinatorial patters of their spatial expression can

define new compartments or segments and cause the expression of segment-

specific factors 96,4. These relative positions of spatial expression pat-

terns are biologically meaningful, distinguish biological structures and re-

veal rules of hierarchical (protein) network organization 37 78. Combinato-

rial molecular phenotypes have been successfully mapped with a technique

termed multi-epitope-ligand cartography (MELC or MELK) 78. Alterations

of expression patterns relative to each other have been shown to character-

ize diseases (e.g. inflammatory skin disease 78) and are probably instrumen-

tal in major evolutionary innovations (e.g. fin-limb transition 56) indicating

clearly that spatial (and temporal) organization of expression products cru-

cially contributes to function. One implication is that subfunctionalization

of duplicated genes may also occur in space (e.g. colinear expression of Hox

gene paralogs along the anterior-posterior axis).

All possible layers of gene regulation are potentially involved in creating

spatial organization. Among the best-know examples are transcriptional

enhancers which bind a number of regulators cooperatively 41. The result-

ing expression pattern is the evaluation of the expression map of these regu-

lators. A gene can be under the control of several enhancers, each of which

represents a sub-pattern of the complete spatial and temporal expression

pattern 69,81,82,21 as in the example of eve stripe formation, Fig. 3. Evalu-

ation of the expression map might allow different sets of regulators to cause

the same spatial distribution of the regulated gene. Post-transcriptional

control as well es a mixture of both can give rise to specific expression pat-

terns 29 but as transcription only occurs in the nucleus, post-transcriptional

regulation enables a fine-grained, sub-cellular localization. It has been pro-

posed that splice variants with alternative UTRs probably combine the

coding sequence with different elements for post-transcriptional regulation

and, consequently, localization 84. Epigenetic regulation predominantly

connects to localized expression on a multicellular level. Fully differenti-

ated cells will only utilize a fraction of all genes for the rest of their lifetime.
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Figure 3. Regulation of the seven even-skipped stripes in early Drosophila development.
Five regulatory regions located upstream and downstream of the eve gene, stripe 3+7 en-
hancer, stripe 2 enhancer, stripe 4+6 enhancer, stripe 1 enhancer and stripe 5 enhancer,
each regulate a sub-pattern of the eve expression pattern in the cellularizing syncytial
blasdoderm stage of the embryo. These enhancers are composed of binding sites for
transcriptional activators (above the line) and repressors (below the line). While the
activators (e.g. bcd, cad and D-Stat) are rather ubiquitously distributed, the spatially
located repressors (e.g. kni, hb, Kr and gt – expression patterns on the right side) define
the anterior and posterior borders of eve stripes 81,82,21. The current picture offers no
direct control for the observed even width and spacing of eve stripes.

To repress de-differentiation (and the risk of cancer) early developmental

genes and pluripotency-associated genes can be permanently silenced by

DNA methylation 68.

Even though much exemplary knowledge about spatial patterns of ex-

pression has be gathered over past years, large-scale data sets and compre-

hensive statistical analyses are not yet available. High-throughput in-situ

hybridization methods now allow the collection of spatial information (e.g.

gene expression patters during the early stages of Drosophila development

(e.g. BDGP 88) and search for similar patterns on the basis of image com-
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parison (e.g. FlyExpress 38).

Differences in expression of transcripts, RNAs and proteins are due to

environmental factors, position effects and the genetic program of the cell.

The differences in expression of regulators themselves regulate the spatial

distribution of others together with ATP dependent localization mecha-

nisms.

7. Concluding Remarks

In the few years since the completion of the human genome sequence 87,

a diverse set of high-throughput experiments has amassed data that pro-

foundly change our understanding of molecular biology. Not only are there

an order of magnitude fewer protein coding genes than predicted a decade

ago, but the transcriptional output of eukaryotic genome is unexpectedly

diverse and covers an unexpectedly large fraction of the genomic DNA. The

data confront us with a surprisingly diverse collection of processed RNAs

with — as we argue here — diverse, predominantly regulatory, functions

which they perform by means of many different molecular mechanisms.

The sheer extent of this regulatory “layer” of ncRNAs implies that

ncRNA-based regulation mechanisms should be seen as paradigms of gene

regulation rather than as the odd exceptions to a “proteinocentric” pic-

ture of molecular biology. Indeed, RNA-related regulation does not appear

to be well-separated from the essentially protein-based transcriptional and

signaling networks but to incorporate them into a tightly woven web of

complex interactions which cannot be understood comprehensively by ar-

tificially focusing on particular molecules or interaction mechanisms. We

argue that this complexity needs to be integrated into our current modeling

approaches 76 for gene regulatory networks.

While the long-known discrepancy between mRNA and protein expres-

sion levels has been largely ignored in the interpretation of gene expression

experiments, the large number of transcripts and processing products aris-

ing from the same genomic locus emphasizes that such a simplification is

even conceptually untenable. From the influence of nuclear organization on

transcriptional regulation to the spatial expression patterns of RNAs and

proteins on a multicellular level, spatial organization will gain importance

as data are accumulating. The formation of spatially differentiated expres-

sion patterns is ultimately the cause of cell differentiation, tissue formation,

and hence the fundamental molecular process in development.

With pattern formation being inherently a dynamical phenomenon, it
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becomes imperative to consider in more details dynamical aspects of regu-

lation. For instance, it is well know that transcriptional regulation is much

slower than post-transcriptional gene silencing by means of microRNAs.

We cannot not expect that detailed kinetic data will be available for large

fractions of the human transcriptome in the near future (although this is

feasible for organism such as yeast because of the much small genome size

and simpler transcriptome organization). A much more detailed mechanis-

tic understanding of the interactions and at least an approximately com-

plete picture of the types players and their interaction rules therefore is

an indispensable prerequisite for modeling in Systems Biology. In the same

context, the consequences of fluctuations in transcript numbers, and in par-

ticular of the variation across individuals, can only be understood based on

a comprehensive map of the regulatory networks. One would expect that

the need for developmental robustness in the presence of substantial noise

at the molecular level has shaped the interplay of regulation mechanisms

of evolutionary time-scales 33,20.

The changing paradigms in gene regulation imply the need for a corre-

sponding experimental and theoretical research agenda, with topics ranging

from large scale tracing of processing pathways, high-throughput functional

assays for non-coding transcripts, to computational approaches for unbi-

ased transcript detection, network reconstruction from incomplete data,

and comprehensive modelling of spatio-temporal experession patterns.
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Y. Malykh, H. Gollnick, M. Friedenberger, M. Bode, and A. W. Dress. Ana-
lyzing proteome topology and function by automated multidimensional fluo-
rescence microscopy. Nat Biotechnol, 24(10):1270–1278, Oct 2006.

79. K. E. Shearwin, B. P. Callen, and J. B. Egan. Transcriptional interference—a
crash course. Trends Genet., 21:339–345, 2005.

80. Y. Shimoni, G. Friedlander, G. Hetzroni, G. Niv, S. Altuvia, O. Biham, and
H. Margalit. Regulation of gene expression by small non-coding RNAs: a
quantitative view. Mol. Syst. Biol., 3:138, 2007.

81. S. Small, A. Blair, and M. Levine. Regulation of even-skipped stripe 2 in the
drosophila embryo. EMBO J, 11(11):4047–4057, Nov 1992.

82. S. Small, A. Blair, and M. Levine. Regulation of two pair-rule stripes by
a single enhancer in the drosophila embryo. Dev Biol, 175(2):314–324, May
1996.

83. S. Soneji, S. Huang, M. Loose, I. J. Donaldson, R. Patient, B. Gottgens,
T. Enver, and G. May. Inference, validation, and dynamic modeling of tran-
scription networks in multipotent hematopoietic cells. Ann N Y Acad Sci.,
1106:30–40, 2007.

84. A. Stark, J. Brennecke, N. Bushati, R. B. Russell, and S. M. Cohen. Ani-
mal microRNAs confer robustness to gene expression and have a significant
impact on 3’UTR evolution. Cell, 123(6):1133–1146, Dec 2005.
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