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Central Dogma

The remarkable progress in biological sciences during the past five decades following the
unraveling of DNA structure has been largely based on the so-called "central dogma of
molecular biology" which outlines a formal basis to understand the flow of genetic information
from genes to phenotype. However, too strong a faith in the "central dogma" and the consequent
"protein- centric" role of genes denigrated large chunks of genomic DNA, which do not code
for proteins, as "junk " or "selfish" or "parasitic". Paradoxically, however, the increase in
biological complexity with evolution is associated with increase in the proportion of noncoding
DNA. Thus noncoding DNA, almost non- existent in bacteria, can make up as much as 90% or
more of the genome in higher organisms like mammals.

Analysis of genomes of a wide variety of eukaryotes makes it clear that the genetic
differences between any two related species are mostly due to changes in the "noncoding” DNA
rather than in the protein-coding genes. Thus although the human genome carries ~25 fold more
DNA than the fruit fly, the protein-coding genes appear to be less than 2-old greater. Thus, one
can ask if the noncoding DNA in our genomes is really "junk”, whose accumulation to such high
proportions reflects "failure" of natural selection, or is it necessary for evolution of biological
complexity, Evolutionary biologists have long argued that the increase in biological complexity
is not due to a greater variety of proteins but due to more complex regulatory circuits that allow
generation of more complex structures and organizations in spite of diversity of proteins. As a
welcome change, recent years have attracted a very fast-growing interest in the diversity of roles
played by the noncoding genomic DNA sequences and their transcripts. Some of these are
summarized in the following (see Figure 1).

Sequences that Regulate Expression of Genes are Key to Biological Complexity

Multi-cellular eukaryotes require genes to be expressed in a regulated manner in time as
well as space. Characterization of promoters and other regulatory elements shows that the
cis-and trans-regulatory DNA sequences are often longer than the transcribed parts which they
regulate. Alterations in regulation of genes can be brought about, rather rapidly, by small
changes in the base sequences and thus create new (or eliminate existing) target sites for binding
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of the transcription factors, Similar changes can be brought about by insertion/mobilization of
transposable elements. Since the increasing biological complexity has to be associated with
more complex regulatory networks, one of the very important functions of the noncoding DNA
sequences is to provide for plasticity in regulation of transcriptional activity of protein-coding
and other genes.
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Figure 1. Complex regulation of nuclear DNA information by the diverse species of
noncoding RNAs in cells. The broken double lined area includes the various classes
of noncoding RNAs. Solid arrows indicate production of different transcripts or
polypeptides while the broken arrows indicate regulatory interactions of the
various noncoding RNA species at different levels. The double-headed
arrow indicates regulatory changes in chromatin organization. The broken
thick arrows from 'Polypeptides” to "Phenotype" reflect the muitiple
steps that result in the final phenotype.

The physical organization of the nuclear DNA, in the form of chromatin, in the
3-dimensional nuclear volume appears to reflect a cell-type specific architecture. It is clear that
the cell type specific regulation of sets and sub-sets of genes is hierarchically regulated by the
way the chroamtin is organized and remodeled. We do not yet know how much of the genomic
DNA is required for regulation at chromatin packaging level.,
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The Protein Coding Genomic Regions also contain
Functionally Significant Noncoding Components

Of the 3.2GB genomic DNA in humans, only about 1.2GB accounts for protein-coding
gene or gene related sequences and of this only ~48MB is the actual coding part. The remaining
"protein-coding DNA" is comprised of pseudogenes, gene fragments, introns, 5°- and 3°- UTRs
(untranslated regions), promoter/regulatory regions etc. Some of these noncoding regions,
specially the introns and the UTRs have very significant roles in generation of protein diversity
(through alternative splicing of introns) and in regulating the half-lives and locations of the
transcripts in cells. In many cases, the length of DNA sequences present as UTR and/or introns
is much larger than the protein coding exonic sequences. A particularly remarkable example of
the great potential of introns in generating protein diversity is the Dscam gene of Drosophila
which has the potential to generate as many as ~38000 varicties of proteins because of
alternative splicing and this potential diversity appears to be significant in neural specificity and
axon guidance.

Noncoding RNA Genes have Vital Functions

The part of genome that is transcribed but produces RNA species that are neither
translated nor involved in any way with the process of translation is the more intriguing and
often the more ignored component of the genome. It has been known for several decades that
the RNA species present in a eukaryotic nucleus are very diverse (that is why these were
designated as hnRNA or heterogeneous nuclear RNA in 1960s) and that a majority of these
never leave the nucleus. Till recently, these RNA species did not receive the deserved attention
because of strong influence of the concept of selfish or junk DNA. An increasing number of
noncoding RNA species are now shown to be essential for very basic and vital functions in cells
as noted below,

Noncoding RNA species can regulate the chromatin organisation and transcriptional
states of parts or of entire chromosomes : The phenomenon of dosage compensation evolved
in several organisms with heterogametic sex to compensate for the difference in dosages of the
sex-chromosome-linked genes between the homo-and hetero-gametic sexes. Dosage
compensation in mammals is achieved by activation of one of the two X-chromosomes in
somatic cells of females, while in Drosophila activity of the X-linked genes in males is enhanced
to the combined level of two X-chromosomes in females. It is significant that in spite of such
opposing operative mechanisms, noncoding RNA species are the key players that determine the
activity level of the X-chromosome.

In mammalian females, the long and nucleus-limited noncoding RNA of the Xist, or its
homologue, is produced only by one of the two X-chromosomes and the Xist transcripts spread
in cis along the entire length of the X-chromosome. This "painting" of the one-chromosome in
female cells provides the platform for binding of other proteins etc. to keep that particular
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X-chromosome in an inactive state. On the other hand in the case of Drosophila, the single
X-chromosome of males becomes hyperactive because noncoding RNAs like Rox 1 and
Rox 2 "paint" the entire X-chromosome and thereby allow the assembly of protein complexes
(the Msl complex) for "hyperactivity" of the single X-chromosome in male cells. Comparable
functions of different species of noncoding RNAs are known to regulate activities of several
"imprinted" chromosome regions/loci in mammalian genomes.

Noncoding RNA may regulate RNA processing by regulating activity of different
proteins : A large variety of proteins are required for processing and transport of the different
protein-coding transcripts synthesized in nucleus. In keeping with dynamism of cellular
activities, the RNA processing activities also have to be equally dynamic, which in turn requires
the RNA processing and transporting proteins to toggle between active and inactive states. In
addition, under conditions of sudden environmental stresses, cells need to quickly reprogramme
their RNA synthesis and processing activities, Studies on stressed cells have shown that
different classes of RNA processing proteins are sequestered in distinct nuclear compartments
or speckles. Studies in our laboratory with Drosophila cells have shown that a species of
noncoding RNA, the hsro-n (heat shock RNA omega-nuclear) transcripts, is essential for
organizing the omega speckles, which are involved in storage/sequestration of members of
hnRNP (heterogeneous nuclear RNA binding proteins) family and other related proteins in
normal as well as stressed cells. During development, this noncoding RNA is expressed, in a
regulated manner, in almost all cells types of Drosophila. In keeping with such vital functions
of this noncoding RNA, studies in our laboratory have revealed that its over-as well as under-
expression has severe consequences for the organism.

The satellite I1I noncoding transcripts in human cells appear to carry out somewhat similar
function in stressed cells. Heat shock or other cellular stress induced transcripts of the satellite
[T sequences sequester a variety of RNA processing proteins, RNA polymerase Il and heat
shock transcription factor etc. in the form of stress granules in human cells.

In both these instances, the hsro-n or the satellite Il noncoding transcripts serve an
important function through sequestering specific classes of proteins when they are not required
to be active. Recently, it has been shown that binding of a distinct noncoding RNA with heat
shock transcription factor (HSF) is essential in stressed cells for activation of the HSF and
vonsequent activation of the stress-induced genes. It is highly likely that many other such
noncoding RNA species that regulate activity of variety of proteins remain to be discovered.

Many small noncoding RNAs are Important Riboregulators : Role of RNA as
riboregulators has received considerable attention in recent years. A large variety of small RNA
species (21-23 nucleotide or slightly longer) are now known to affect gene expression at the
levels of chromatin structure, RNA degradation (RNAI) and translation. All these processes
obviously have very significant roles in establishing the biological complexity of multicellular
organisms. Major categories of these riboregulators are noted below.
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MicroRNAs (miRNA) and short-interfering RNAs (siRNA) are the smallest functional
RNAs ranging in size from 19 to 25 nucleotides. These regulate gene activity through RNA
interference at multiple levels like chromatin organization, transcription, post-transcriptional
processing, stability and translation of mRNA etc. Their multiple roles allow these short RNAs
to integrate the regulatory networks and thus play significant role in the origin and evolution of
biological complexity. Effe: .ce RNA (eRNA) and mirtrons refer to noncoding miRNAs
derived from intronic sequences of protein coding or other noncoding genes.

Piwi-interacting RNA s (pIRNAS) or repeat-associated short interfering RNAs (rasiRNAs)
are germ cell-specific 26-31 nucleotide long RNA molecules that silence the mobile genetic
elements and repetitive sequences in germ cells. They may have additional roles as well.

Promoter RNAs (pPRNA) associate with the promoter regions of genes and control
RNA-directed epigenetic remodelling and transcriptional silencing by direct binding of the
antisense strand of pRNAs either to DNA or to a sense-stranded RNA corresponding to the
promoter.

tmRNAs (t(RNA-like and mRNA-like RNA), also known as 10Sa RNA4 or ssRa RNA, are
complex, dual-functional, small, stable RNA species in bacteria that mimic both a tRNA and
mRNA. They recognize and recycle the sialled ribosomes.

Guide RNAs (gRNA) carry out RNA editing in certain organisms/genes and are part of
the editosome.

Signal recognition particle RNA or the 4.55 RNA in eukaryotes and bacteria, respectively,
is a major structural component of the signal recognition particle (SRP) in the cytoplasm that
binds to the mRNAs of proteins destined for secretion.

Concluding Remarks

Understanding gene function in terms of protein synthesizing activity has been a major
achievement of modern Biology. Such studies clearly establish that the effective proteome in
any species is much larger than that originally encoded by the genome due to the versatile
processes like alternative splicing, trans- splicing, RNA-editing, post-translational modifications
of proteins etc. Yet, the enormous diversity in structure and organization of the multicellular
organisms cannot be explained only in terms of the proteome. Elucidation of functions of many
noncoding RNA species in recent years has established that the "noncoding RNome" has a
significant role in establishing and maintaining biological complexity. Unraveling of such
unexpected functions emphasizes the need for more in depth studies on the noncoding DNA
component in any genome. It will be erroneous to ignore this as "junk" or "selfish" DNA. Like
in the primitive "RNA-world", the ribonucleic acid molecules can be, and indeed are,
functionally versatile even in the modern "DNA-world".
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