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Summary
The central dogma of biology holds that genetic informa-
tion normally flows from DNA to RNA to protein. As a
consequence it has been generally assumed that genes
generally code for proteins, and that proteins fulfil not
only most structural and catalytic but also most regula-
tory functions, in all cells, from microbes to mammals.
However, the latter may not be the case in complex
organisms. A number of startling observations about the
extent of non-protein-coding RNA (ncRNA) transcription
in the higher eukaryotes and the range of genetic and
epigenetic phenomena that are RNA-directed suggests
that the traditional view of the structure of genetic
regulatory systems in animals and plants may be incor-
rect. ncRNA dominates the genomic output of the higher
organisms and has been shown to control chromosome
architecture, mRNA turnover and the developmental tim-
ing of protein expression, and may also regulate tran-
scription andalternative splicing. Thispaper re-examines
the available evidence and suggests a new framework for
considering and understanding the genomic program-
ming of biological complexity, autopoietic development
and phenotypic variation. BioEssays 25:930–939, 2003.
� 2003 Wiley Periodicals, Inc.

Introduction

Since the foundation studies on the genetic code and the

regulation of the lac operon in the middle of the last century, it

has been generally assumed that ‘‘genes’’ are synonymous

with proteins, i.e., that genes are repositories of protein-coding

sequences, except for those that specify infrastructural RNAs

(rRNAS, tRNAs, snoRNAs, spliceosomal RNAs etc.) that are

directly or indirectly required for messenger RNA (mRNA)

processing and translation.

The notion that genes encode proteins via an mRNA

intermediate is derived from the central dogma (DNA>RNA>

protein). This essentially holds true in prokaryotes, whose

genomes are almost entirely composed of closely packed

protein-coding sequences with associated 50 and 30 cis-

regulatory sequences, although recently it has been found

that prokaryotes do in fact contain a number of non-protein-

coding RNA genes, apart from those encoding rRNAs and

tRNAs. These may number 200 or more in Escherichia coli,

but account for no more than about 0.5% of the total number

of genes and about 0.2% of the transcriptional output.(1) In

addition, phenotypic variation in bacteria is achieved by vary-

ing the proteome, sometimesmassively.(2) However, this is not

the case in the higher organisms, whose proteomes appear to

be relatively stable,(3,4) and whose coding sequences occupy

only a tiny fraction of the genome.

This article reviews the recent evidence that non-protein-

coding RNAs (ncRNAs) derived from introns of protein-coding

genes and the introns and exons of non-protein-coding genes

constitute the majority of the genomic programming in the

higher organisms. It extends earlier articles on this topic,(4–6)

firstly, by exploring the idea that complex organisms require

two levels of programming, the specification of the functional

components of the system (mainly proteins) and the orches-

tration of the expression and assembly of these components

during differentiation and development and, secondly, bymak-

ing a series of explicit predictions about the mechanistic basis

of the latter, specifically the different levels of genetic

regulation controlled by RNA, including chromatin architec-

ture, transcription and alternative splicing. Thesematters go to

the heart of understanding how the trajectories of differentia-

tionanddevelopmentmaybecontrolled, andare linked to three

assertions: (1) that themajority of thegenomic sequence in the

higher organisms (the non-protein-coding DNA) is devoted

to the control of developmental programming, (2) that the

majority of the regulatory transactions in the higher organisms

are conveyed by RNAs, not proteins, although the two classes

of regulatory controls work in concert, and (3) that the com-

binatorics of protein regulators intersectingwith environmental

signals in itself provides insufficient state information for the

programming of differentiation and development. Rather I

suggest that the importance of protein signaling is to provide

contextual cues to guide and to tune the (RNA-directed)
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endogenously programmed pathways by providing posi-

tional information and correcting stochastic errors. Indeed,

the problem is not generating complexity per se, but navigating

among the explosive numbers of possible trajectories to gene-

rate ordered outcomes, such as a human.

Noncoding RNAs constitute the vast

majority of the genomic output

of complex organisms

Around 97–98% of the transcriptional output of the human

genome is non-protein-coding RNA (ncRNA).(6) This estimate

is based upon the fact that intronic RNA constitutes 95% of

primary protein-coding transcripts (pre-mRNAs),(7,8) and on

a range of observations that suggest that there are large

numbers of ncRNA transcripts that do not contain substantial

open reading frames and which may represent at least half of

all transcripts. Detailed analysis of particular loci, such as the

b-globin cluster and various imprinted loci in mammals show

that almost all of these regions are transcribed, mainly into

ncRNAs.(9–12) Most of the discovered microRNAs (miRNAs)

are derived from ‘‘intergenic’’ regions that were not previously

recognized as being transcribed,(13,14) and the knownmiRNAs

are considered to be the tip of an iceberg.(15,16)Whole chromo-

some analysis using oligonucleotide arrays has revealed that

the level of transcription from human chromosomes 21 and

22 is an order of magnitude higher than can be accounted for

by known or predicted exons.(17) Finally it appears that almost

half of all transcripts identified from well-constructed mouse

cDNA libraries are ncRNAs(18) (see below), many of which are

spliced, some alternatively, and many are evolutionarily

conserved.

It is possible that eukaryotic transcription is inherently

sloppy and that there is a large background of nonspecific

transcription that could account for some of these observa-

tions,(19) but, in all cases that have been examined, these

ncRNAshave been found to be developmentally regulated, i.e.

expressed in a gender-, tissue- or cell-specific manner, which

suggests that these transcripts are not spurious. Thus, it may

be that the true number of ‘‘genes’’, as defined as segments

of the genome that are transcribed to produce functional

information, may be much higher than anticipated, with a

significant proportion, and probably the majority in complex

organisms, producing ncRNAs. This would resolve at least

part of the discrepancy between the estimates of mam-

malian gene numbers based on genome sequence analysis

(30–40,000)(7,8) and cDNA cluster analysis (65–70,000),(20)

and indicates that the number of genes/transcription units in

mammals may in fact be of the order of 60–100,000, except

that many (if not most) do not code for protein. Indeed, con-

clusions about genetic regulatory networks derived from

microarray analyses of transcriptome activity in complex orga-

nisms may be substantially incomplete if ncRNA sequences

are not included in the interrogating set.

This also means that, although protein-coding sequences

constitute only about 1.5% of the human genome, a very large

proportion of the genome is in fact expressed.(21) Given that

the average human protein-coding transcript is 95% intro-

nic,(7,8) at least 30% of the genome must be transcribed, a

rather astounding figure that is generally unappreciated. If one

also allows a similar number of non-protein-coding transcripts,

as appears to be the case, then at least half of the genome is

transcribed, an estimate supported by a recent analysis of

human chromosomes 7, 21 and 22.(17,22) What fraction of the

expressed RNAs serves some biological purpose, or is simply

degraded, is unknown. However, it is hard to escape the

general conclusion that either the human genome is replete

with useless transcription, or that these RNAs are fulfilling

some unexpected function(s).

ncRNAs also appear to constitute the majority of the tran-

scriptional output in other animals, such as Drosophila, where

the intron:exon ratio is approximately 1:1,(23) and where

molecular genetic analyses of well-studied loci have reveal-

ed a significant proportion of ncRNAs. For example, only three

of the seven major transcripts identified in the bithorax-

abdominalAB region encode proteins, but all seven are de-

velopmentally regulated and the interruption or deletion of

the DNA that encodes them has known phenotypic conse-

quences.(9,10) In the pufferfish, Fugu rubripes, which has a

minimal genome with little repetitive DNA, analysis of the

genome sequence shows that the average intron:exon ratio

in protein-coding genes is around 2:1, i.e. there is still much

more unique sequence information in introns than in protein-

coding sequences in this organism.(24) In addition, conven-

tional protein-coding genes (including their introns) occupy

only one third of the Fugu genome(24) and it seems highly

likely thatmuchof the remainder, which hasbeen referred toas

‘‘gene bare’’,(24) or in the case of the human genome as ‘‘gene

deserts’’,(8)may in fact beexpressedasncRNAsand/or be cis-

acting regulatory sequences receiving signals fromRNAs and

proteins.

Identification of noncoding RNAs

It is only recently that noncoding RNAs have begun to be

studied in any systematic way and that it has been recognized

that noncoding RNAs (ncRNAs) may have a significant role in

cell and developmental biology. Relatively few ncRNAs have

been identified or described in any detail since, in most cases,

these RNAs either have not been anticipated or, if detected,

have been set aside in favour of focusing on the proteins in

the pathway or genome concerned.(25) In some cases, the

presence of unusual intronic, antisense or intergenic tran-

scripts havebeennoted in published reports, but inmost cases

not. In essence, most researchers have not known what do

with these RNAs, which have been considered of uncertain

significance, rather than potentially important components of

cellular systems.
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Despite this, a number of functional ncRNAs have been

documentedbydifferent laboratoriesandprovidesome insight

into this largely unexplored facet of the genomic output of

the higher organisms. In animals these include: (1) Pgc, re-

quired for germ cell formation in Drosophila,(26) (2) 7H4, BC1,

Bsr and Ntab, which are expressed in particular cell types

within the rat nervous system,(27–30) (3) adapt33, induced

by oxidants in hamster HA-1 cells,(31) (4) BC200, which

is limited to the primates and is expressed specifically in

neuronal cells,(32) (5) Bic, which is strongly upregulated in

certain B-cell lymphomas,(33) (6) NTT, which is expressed

in activated Tcells,(34) (7) DISC2, implicated in the molecular

etiology of schizophrenia,(35) (8) the Y-chromosome-specific

TTY2 family,which isexpressed inhuman testisandkidney, (36)

(9) roX1/2 and Xist/Tsix, which are involved in X chromo-

some dosage compensation in insects and mammals, re-

spectively,(37,38) (10) ncR-uPAR, which regulates human

protease-activated receptor-1 gene during embryogenesis,(39)

(11) FGF-AS, which is differentially spliced to produce coding

and noncoding RNAs in different tissues and which regulates

the expression of fibroblast growth factor-2,(40) (12) BORG,

induced following exposure to bone morphogenetic pro-

teins,(41) (13) H19, an abundant hepatic fetal-specific ncRNA

implicated as a tumor suppressor,(42) (14) SCA8, within which

an expansion of a CTG trinucleotide repeat underlies the

neurodegenerative disorder spinocerebellar ataxia type 8,(43)

and (15) RMRP, mutations of which underlie the recessively

inherited developmental disorder, cartilage-hair hypoplasia

(CHH), with manifestations including short stature, defective

cellular immunity, and predisposition to several cancers.(44)

In addition, it has recently been shown that one of the loci

associated with autism encodes a large ncRNA.(22) There are

also many ncRNAs documented at imprinted loci in animals

(see e.g. Ref. 45), and it has recently been shown that genes

can be regulated by homologous noncoding pseudogene

transcripts,(46) of which over 20,000 may exist in the human

genome.(47) Such observations also resonate with the in-

creased awareness that antisense transcription is widespread

in mammalian genomes,(48) not just at imprinted loci, sug-

gesting RNA-mediated local regulatory loops.

The actual number of ncRNA genes in mammals is

probably in the order of tens of thousands (see below). Why

havemore of these RNAs not been discovered? There appear

to be many reasons. Apart from the general lack of alertness

mentioned above, most biochemical analyses of cell fractions

are not designed to detect ncRNAs. RNA is also labile, and

there are no well-established protocols for analysing the func-

tions of ncRNAs, apart from gene knockouts, which are tech-

nically demanding, often ambiguous and not undertaken

lightly. Their genetic effects may also be subtle and/or may

have been interpreted in terms of the prevailing wisdom, as for

example in the bxd region in Drosophila, which expresses an

ncRNA, but is normally considered simply to be the promoter

region for the adjacentUbx gene.(4) In addition, many ncRNAs

are expressed at low levels,(17,18) and thus poorly represented

in cDNA libraries, unless normalized carefully.

Most cDNA collections aremainly composed of incomplete

reverse transcripts (‘‘expressed sequence tags’’ or ESTs) in

which it has been impossible to conclude that an open reading

frame is absent. However, over the past few years, RIKEN in

Tokyo have taken a systematic approach to determining the

mouse transcriptome, by cloning and sequencing full-length

cDNAs in normalized libraries from different tissues. In the

latest round of annotation,(18) 60,770 full-length cDNAs were

clustered into 33,409 transcription units, of which 15,815

appear to be ncRNAs in that they do not code for a substantial

open reading frame (ORF) (greater than 100 codons). Over

4,200 of these are strong candidates for ncRNAs by stringent

criteria, which is clearly an underestimate of the total, as some

known ncRNAs fail these criteria. A large number of these

transcripts are represented by more than one independent

clone and many have been shown to be differentially expres-

sed in different tissues, and thus are real transcripts, not

genomic contamination of the cDNA library. Almost 30% are

spliced. In addition, there are over 2,400 pairs of overlap-

ping sense-antisense transcripts, of which almost 1,600 had

not previously been identified,(18) an apparently common

phenomenon.(48) Some of these transcripts, such as novel

antisense transcripts from the imprinted Gnas locus, have

since been experimentally verified.(49)

It has also been shown that both plants and animals contain

large numbers of microRNAs (miRNAs), short RNAs (21–

22 nucleotides) that are produced by post-transcriptional

processing of ncRNAs by enzymes, including Dicer and RDE

homologs, which also participate in the phenomenon of RNA

interference (RNAi), andwhich involves double-strandedRNA

binding and cleavage.(13,14,50–53) These miRNAs are derived

from precursors that in some cases are known ncRNAs, such

as Bic.(14) Many others are sourced from ‘‘intergenic regions’’

of the genome, from sequences that are antisense to known

genes, and from sequences that have been annotated as

introns.(13,52) At least some transcripts give rise to multiple

miRNAs,(13) and analysis of their sequence strongly suggests

that the specificity of miRNA processing is guided by the se-

condary (stem-loop) structure of the precursor RNA.(13,51,54)

Taken together, this suggests firstly that many genomic

regions that have been annotated as ‘‘intergenic’’ (i.e. se-

quences between protein-coding genes) contain ncRNA

genes, and secondly that many RNAs may be processed by

pathways involving double-stranded RNases, helicases and

exonucleases. This appears to be the tip of a much bigger

iceberg of large numbers of small trans-acting RNAs that are

produced from ncRNA and intronic precursors,(4,5) and whose

incidence has until recently gone unnoticed, because of the

complexity of this population and the fact that small RNAs

often escape detection in conventional biochemical analyses.
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miRNAs may have a role in tissue specification or cell-

lineage decisions.(52,53) In plants, most miRNAs appear to

target protein-coding sequences, frequently of transcription

factors, leading to the suggestion that in plants miRNAs have

a major function in targeting mRNAs for destruction, perhaps

as part of a differentiation program,(52,54,55) although other

small dsRNAs clearly have a role in directing DNA methyla-

tion.(52,56,57) In animals, manymiRNAs are tissue-specific and

many are conserved among different species, in some cases

over large evolutionary distances (e.g. nematodes, insects,

fish and mammals).(13,14) Some of these RNAs, such as the

archetypal lin-4 and let-7 in C. elegans, have known develop-

mental functions, and act by binding to the 30 end of target

mRNAs.(53) Others (termed ‘‘small interfering RNAs’’) partici-

pate in targeted destruction of other RNAs via the RNAi

pathway, with the difference apparently being in the degree

of sequence complementarity with the target.(54,58) On this

basis, it has been believed that miRNAs function primarily as

modulators of mRNA translation and stability, but recent evid-

ence indicates that miRNAs also play a key role in epigenetic

modificationof chromatin (seebelow). Thereareprobably tens

or even hundreds of thousands of small RNAs produced by

processing of expressed noncoding RNA sequences, includ-

ing introns.(4) Since most remain to be identified, it is highly

likely that such RNAs transmit a variety of signals to different

targets and fulfil a wide variety of functions in the regula-

tion of gene expression during eukaryotic development(4,5)

(see below).

Introns

Since they do not code for protein, introns have been generally

regarded as non-functional, and thus were originally rationa-

lized as evolutionary hangovers from the early assembly of

genes, maintained in part because of their utility in enabling

protein domain shuffling. However, while the mosaic structure

of genes has been exploited in this way, it now appears that

nuclear pre-mRNA introns are the descendants of self-splicing

group II intronswhichexpanded in eukaryotes late in evolution,

andwhich evolved in situ in parallel with the host genome,(5) as

also appears to have happened with transposons and other

types of molecular parasites.(7)

It is likely that intronic RNAs are processed post-splicing

and also participate in RNA-mediated transactions within the

cell. The importance of this is that such a system would in

theory and in practice comprise a parallel network of efference

signals which allow transcriptional activity at one locus to

directly influence others.(4,54) Introns have interesting pat-

terns of conservation, often in blocks,(4,59) which have become

globally evident from sequence comparisons of syntenic

regions between the human and mouse genomes(25) and

can be readily viewed in genome browsers such as Ensembl

(http://www.ensembl.org/). In some cases, intron-derived

RNAs have been shown to be stable and trafficked to different

subcellular compartments.(60,61) In addition, at least some

introns are known to produce functional RNAs. Most small

nucleolar RNAs in the higher eukaryotes are derived from

introns, some of which are excised from primary transcripts

encoding ribosomal proteins and other proteins involved in

nucleolar biology and the cell cycle, but many of which have no

protein-coding capacity,(4,62) including the known ncRNA,

Bsr.(63) At least some of these snoRNAs are developmentally

regulated and appear to have a role in the processing of

mRNAs to produce even greater functional diversity of their

encoded products,(64) aswell as being implicated in the control

of epigenetic imprinting.(65) These and other RNAs are pro-

cessed from longer precursors in large complexes called

exosomes, and involve dsRNAses, helicases and exonu-

cleases,(66,67) reminiscent of the pathways involved in the

production of microRNAs and small interfering RNAs.(50,68)

Genes as fuzzy transcription clusters

with multiple products

The classification of ncRNAs is a problem. Many ncRNAs are

simply unprocessed primary transcripts but, in other cases,

they are formed from the exons of spliced transcripts, which

may also be alternatively spliced or polyadenylated in a devel-

opmentally regulated fashion. Some ncRNAs are derived from

the further processing of exons, such as the miRNAs that are

produced from the Bic transcript,(14) and of introns of both

protein-coding and ncRNA genes, as exemplified by the

snoRNAs.

Such considerationsalso require a reassessment ofwhat is

meant by a ‘‘gene’’. Traditionally, the genetic definition has

been based on an inheritable phenotype irrespective of how

the relevant information andvariation is encoded, whereas the

biochemical definition has tended to emphasize the definition

of a gene as a protein-coding region with associated regu-

latory signals. It is now clear that the assumption that most

genetic information is expressed as proteins is incorrect, at

least in the higher organisms. Recognition of this fact has led

to the re-definition of a gene as a ‘‘transcription unit’’(18) or ‘‘a

complete chromosomal segment responsible for making a

functional product’’.(69) Moreover given the fact that many

transcripts are initiated fromalternatepromoterswith alternate

splicing and polyadenylation signals, the definition of a gene

perhaps needs to be expanded to encompass a transcrip-

tion cluster, defined as a separate locus producing one or more

related transcripts from the same DNA strand (together with

associated cis-acting regulatory elements), which may en-

code one or more related protein products (alternatively

spliced isoforms) and/or one or more different ncRNAs

(such as transcripts that specify seven different miRNAs,(13)

or multiple snoRNAs(64,65) in parallel with exonic-encoded

proteins) (Fig. 1). Even this definition is inadequate in that

overlapping transcripts may encode different products or

a different repertoire of products with different functional
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consequences,(69) and different mRNAs may be produced by

trans-splicing between different primary transcripts.(70,71) It is

also problematical whether an overlapping antisense tran-

script thatmay be involved in the cis-regulation of its sense pair

should be considered part of the same ‘‘gene’’ or not, and we

are left with the notion that a ‘‘gene’’ is at best a fuzzy concept

to describe a sequence of genetic information, expressed

either as RNA (per se) and/or protein (via mRNA), that has

functional consequences. It is also clear that, in the higher

organisms, genetic information is encoded in very complex

ways, and that the readouts are not discrete. In this light, it is

also simplistic to assume that any transcriptional output that is

not (yet) understood is noise.

Complex genetic phenomena involving RNA

The central importance of RNA signaling to eukaryotic cell and

developmental biologyhasbecomeapparent from the rangeof

complex genetic phenomena in the higher eukaryotes that

have been shown to involve RNA.(4,68,72) Co-suppression,

transcriptional and post-transcriptional gene silencing, and

RNAi are all related and involve dsRNA-targeted destruction of

mRNAs and, at least in plants, transcriptional silencing via

DNA methylation.(4,68) These processes are often consider-

ed to be a defense against transposons and viruses, but it

is also clear that they play an important role in normal

development.(73)

Methylation is RNA-directed in plants and probably also

in animals.(56,72) Imprinting in animals involves antisense

RNAs and DNA methylation,(37) and the loss of expression of

ncRNAs has been implicated in the imprinting disease Prader-

Willi syndrome.(65,74) The link between DNA methylation,

antisense RNAs, imprinting and transcriptional gene silencing

suggests that RNA-directed DNA methylation is involved in

epigenetic gene regulation throughout the eukaryotes.(56) Co-

suppression has also been reported in animals and, at least in

Drosophila and C. elegans, is dependent on Polycomb-group

proteins,(4,68,75) as is transgene silencing,(76) which implicates

not only RNA but also the structure of chromatin complexes in

these processes.(4,68,77) Polycomb-group proteins are also

involved in transvection, a poorly understood genetic pheno-

menon involving cross-talk between regulatory and protein-

coding regions on sister chromosomes that occurs throughout

the eukaryotes, and which has also been implicated in geno-

mic imprinting and X-chromosome inactivation, and which is

probably linked to RNA signaling.(4) In addition, it has been

shown that the locus control region (LCR) and the intergenic

regions of the human b-globin locus are transcribed in

erythroid but not in non-erythroid cells, but can be induced to

do so in the latter following transient transfection with a b-
globin genevia a process called ‘‘transinduction’’ that depends

on the transcription but not translation of the plasmid-encoded

transgene.(11)

RNA binding and signaling proteins

RNA binding, processing and signaling proteins are common

in the higher eukaryotes. In addition, at least some proteins

that are considered to be ‘‘transcription factors’’ have high

affinity for RNA or for higher order nucleic acid structures that

Figure 1. A revised view of the flow of genetic

information in the higher eukaryotes. Primary transcripts

may be (alternatively) spliced and further processed to

produce a range of protein isoforms and/or ncRNAs of

various types, which are involved in complex networks of

structural, functional and regulatory interactions.
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contain RNA. These include (1) zinc finger proteins, such as

the classical housekeeping transcription factor Sp1, which

have comparable or greater affinity for RNA–DNA hybrids

than for double-stranded DNA, which is strand-specific,(78)

(2) WT1, whose splice variants can apparently bind selec-

tively to chromatin and spliceosomes, and (3) the Y-box (cold-

shock) proteins, which bind RNA.(79) The adenosine deami-

nases that modify or edit dsRNAs (ADARS) and play a role

in RNAi(80) have been shown to contain domains related

to winged helix-turn-helix domains and the globular domain

of histone H5, which binds Z-DNA and/or catalyzes its

formation.(81)

It has also been shown that the chromodomain intersects

with RNA signals.(82) The chromodomain determines the

specificity of binding to particular chromatin locations(83) via

modified histones(84) and is found in a wide variety of

chromatin-associated regulatory proteins with a wide variety

of other functional domains, including Polycomb-group pro-

teins, the chromodomain-helicase-DNA binding family, the

retinoblastoma-binding protein family, the histone acetytrans-

ferase and histone methyltransferase families, the hetero-

chromatin protein 1 family, and the SWI3 family.(77) This

implicates RNA signaling in the targeting of chromatin com-

plexes and in the positive and negative regulation of gene

expression during differentiation and development, as well as

in chromosome remodeling, histone methylation and acetyla-

tion. Recent evidence has shown that the programmed DNA

elimination that accompanies macronuclear development

in Tetrahymena and the initiation of heterochromatin forma-

tion in Schizosaccharomyces pombe are mediated by

components of the RNAi pathway.(85–88) These processes

are accompanied by histone H3 methylation at lysine 9

following the recruitment of Pdd1p, Pdd3p and Swi6/Hp1, all

chromodomain-containing proteins. In addition, the RNAi

pathway is also required for the proper regulation of mitosis

and meiosis in S. pombe,(89) the latter of which has previously

been reported to involve a number of ncRNAs.(90)

Functions of ncRNAs

ncRNAswill undoubtedly fulfil a wide range of functions within

cells, as it would be expected that nature will exploit any

interactions and chemistries that have functional value. Many

different ncRNAswith different functions in eukaryotic cell and

developmental biology have already been described.(91,92)

However, the dominance of ncRNAs in the genomic output

of the higher organisms suggests that they are not simply

occasional transcripts with idiosyncratic functions, but rather

that they may constitute an extensive but hitherto unrecog-

nized regulatory network within higher organisms. If so, there

are specific predictions about the types of functions that these

RNAs might fulfil at various levels in the control of molecular

genetic activity,whichonewouldexpect tooccur via avarietyof

RNA–DNA, RNA–RNA and RNA–protein interactions.

Chromatin modification and epigenetic memory
Firstly, as noted above, there is a strong case thatmost if not all

epigenetic phenomenon, i.e. the cellular memory of develop-

mental history and its effect on current gene activation status,

is directed by trans-acting RNAs, as RNA signaling appears to

be involved in DNA methylation, imprinting, transvection,

position-effect variegation, chromatin remodeling and the

activation and repression of chromosomal domains. Epige-

netic memory is undoubtedly central to the process of differ-

entiation and development and appears to be amajor target of

the emerging RNA regulatory network.

Transcription
One can also make the prediction that trans-acting RNAs are

central to the initiation of transcription, i.e. that sequence-

specific RNA signals are involved in the targeting and

recruitment of transcription factors and transcription com-

plexes at appropriate places in the genome, whose general

availability has already been determined by longer-term

epigenetic mechanisms also controlled by RNA signaling.

The b-globin LCR, which is considered to be the archetypal

long-distance transcriptional ‘‘enhancer’’, is itself specifically

transcribed in erythroid cells.(11) It has also recently been

shown that steroid receptor transactivation requires anncRNA

called SRA, and it appears that this may be just one example

of a large family of such RNAs.(93,94) The ncRNA 7SK is

involved in the transcriptional activation of the proto-oncogene

c-myc.(95) The idea that a trans-acting ncRNA may act to

recruit transcription factors to sequence-specific locations in

the chromosome has some merit, as it would potentially solve

the problem that most transcription factors have relatively

loose consensus binding sites that occur in very many places

in the genome, as well as provide an explanation as to why

many transcription factors appear have affinity for nucleic acid

structures involving RNA. This would also provide an internal

mechanism for programmed transcription during differentia-

tion and development, in conjunction with epigenetic changes

to chromatin, and suggests that the cellular receptor and

signaling cascades that intersect with nuclear transcription

factors may serve mainly to integrate the endogenous

programming with exogenous information about cell position,

morphogen gradients and physiological status.

Alternative splicing

Alternative splicing may also be regulated by trans-acting

RNAs. Alternative splicing is another programmed response

that is of fundamental importance to development, but the

basis of its specificity is presently not understood. Hundreds,

if not thousands, of mRNAs are alternatively spliced in dif-

ferentiated cells. However, few protein factors that control the

alternate splicing of specific genes have been described, one

exception being sex-lethal in Drosophila, and the process

is usually considered to be combinatorially determined by
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changes in the concentration or activity of one or more splicing

factors that either activate or repress particular splice site

choices in different contexts.(96,97) The cis-acting sequences

involved in splice site selection within pre-mRNAs are usually

located at or near the intron–exon boundary.(98) One way to

target these sequences, therefore, is by RNA itself, i.e. trans-

acting RNAs (produced from other loci or from antisense

transcripts), which specifically address the site in question,

may activate or (more likely) inhibit exon selection. Indeed, it

has been shown that antisense oligoribonucleotides can alter

the splicing patterns of specific transcripts in both cultured

cells and transgenic animals,(99–101) in which case it is per-

fectly plausible that this also occurs naturally in vivo. It has also

beensuggested that snoRNAsmaybeable to alter the splicing

patterns of specific transcripts by RNA editing.(64)

Developmental timing of mRNA turnover,
translation and cell signaling
As noted above, it is well established that small trans-acting

RNAs (such as lin-4 and let-7) can affect mRNA stability

and translation, and play a central role in developmental

timing.(53–55) It would also be predicted that many ncRNAswill

interact with proteins and participate in cytoplasmic cell signal-

ing pathways. Many polyadenylated ncRNAs are found in the

cytoplasm (T. Gingeras, personal communication), and there

are known proteins that bind RNA that include signaling

domains, such as SH3-domain-binding domains.(102)

Genetic programming of complex organisms

Complexorganisms require two levels of genetic programming

for their autopoietic development (i.e. self-referential assem-

bly)—firstly the components of the system, and secondly the

deployment of these components during differentiation and

development. The structural and functional components of the

system are mainly proteins, and their synthesized products

(lipids, carbohydrates and nucleic acids), which have been the

primary focus of biochemical research to date. Damage to

proteins by mutations that render them non-functional or mis-

functional is very obvious and usually gives a severe pheno-

type, for example in monogenic diseases such as cystic

fibrosis and thalassemia, or in cancer, just as damaging or

compromising the functional components of any structure is

usually obvious.

Complex organisms, or indeed anycomplex objects, have a

wide range of components, many of which are in fact common

(or very similar), in related organisms or objects. This is

reflected in the similarity of the proteome between, for

example, human and mouse where only about 1% of the

proteins do not have recognizable homologs in the other

species.(25) Many of these components are also re-used in

different contexts (multitasked),(3,4) which also has the impact

of freezing their design, as one cannot re-design a core

componentwithout re-designing all of the contexts inwhich it is

used. The solution to this problem in the higher organisms

is alternate splicing, which allows design variations in new

contexts, while still preserving the original design in pre-

existing contexts.

Thegenomesof complexorganismsmust also containall of

the information required to specify the timing, patterns,

variations and amounts of expression of these components

during development, and therefore must also program the

overall design of the organism and individual variations. This

is no trivial matter. Every cell in C. elegans has a defined

ontogeny and fate, and this is likely to be true for most cells in

animals, except those that clonally expand under (e.g.)

immune pressure or nutritional conditions. Traditionally it has

simply been assumed that the programming of animal and

plant development is embedded in cis-acting control se-

quences (promoters and enhancers), which regulate gene

expression in conjunction with various combinations of trans-

actingproteins that relayenvironmental cues. This assumption

is not necessarily correct.On the contrary, themassiveamount

of ncRNA that is expressed from the genomes of higher

organisms, and the complex genetic phenomena that involve

RNA, suggests that ncRNAs may constitute an endogenous

control system that regulates the programmed patterns of

gene expression during their development.

The regulatory regions of higher organisms, including pro-

moters and therefore potentially also introns and ncRNAs, are

generally much less conserved than protein-coding regions,

and are presumably far more plastic, but this does not mean

that they are nonfunctional. The vast majority of human

genomic polymorphisms occur outside of protein-coding

regions(8) but known mutations or polymorphisms in promo-

ters or other noncoding sequences that have strong effects on

phenotype are rare, for the simple reason that, while a single

base change can have disastrous effects on the structure and

function of a vital protein component, it may have only subtle

effects on cis- and trans-interactions in regulatory networks

that are also likely to be intrinsically robust.(103) Sequence

differences in this control architecture would be expected

primarily to affect quantitative trait variation, and also probably

includes a large proportion of the genetic contributions to

susceptibility to complex diseases.

Conclusions

Thepresumed universality of the central dogmaand the flowof

genetic information was encapsulated by Jacques Monod’s

famous statement (reported in reference 104) that ‘‘What was

true for E. coli would also be true for the elephant’’ and ever

since has dominated our conception of the nature of genetic

information and the structure of genetic systems. Although

Monod did suggest that RNA itself may have (other) functions,

the prevailing orthodoxy has been that proteins not only con-

stitute the primary structural and functional components of

living cells, but also constitute most of the regulatory control
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system, in both simple and complex organisms. The central

dogma has therefore not only been taken to mean that most

genes encode proteins, but also that proteins are sufficient in

themselves to specify and organize the autopoietic program-

ming of complex biological entities, an assumption that has

pervaded molecular biology for decades. This assumption

must now be reassessed.

The fact that introns and noncoding RNAs carry out the

majority of the transcription of the genomes of humans and

other complex organisms suggests that a second tier of gene-

tic output and a network of parallel RNA-mediated interactions

has evolved in these organisms, which may enable the inte-

gration and coordination of sophisticated suites of gene ex-

pression required for differentiation and development.(4–6)

The expansion of the complement of ncRNAs in the higher

organisms also suggests that the evolution of complexity may

not have been simply dependent on an expanded repertoire of

proteins and protein isoforms, but on a (much) larger set of

genomic design instructions embedded in trans-acting RNAs

(and cis-acting receiver sequences), which form the basis

of a cascade of programmed response networks capable of

implementing stored sequences of dynamical activities in

response to internal and external stimuli.(4–6) It is also likely

that alteration in this control architecture is responsible for

much of the phenotypic variation that is observed between

individuals and species (such as vertebrates) that use a re-

latively common set of functional components, with the

remainder of the variation (and the majority of catastrophic

problems) due to variation in the components (the proteins)

themselves.

Such considerations also bring an entirely new perspective

on how self-programming information may be stored and

communicated in complex organisms. The principles that

emerge have much in common with other advanced informa-

tion-processing systems that underlie neural and computer

function, including component multitasking and endogenous

control signals (referred to as the ‘‘hidden layer’’ in neural

systems),(4) and may also underpin the regulatory and epi-

genetic interactions controlling the ontogeny of complex

organisms. An elephant may not be like E. coli.
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