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Major discoveries like the one gene-one enzyme hypothesis, demonstration of DNA as the genetic material and finally the
elucidation of the double helical structure of DMAL940s and early 1950s set the stage forgenee of molecular biology

Parallel cell biological studies during this period also indicated a correlation between rate of protein synthesis in a cell and
the amount of cytoplasmic RNA. Following the proposal of @e@amowa physicist, about the triplet genetic code and
possible involvement of RNA in the transfer of information from DNA to proteins, Crick proposed the ‘central dogma of
molecular biology’ to suggest the paths of information transfer between nucleic acids and proteins, with the limitation that
the information cannot flow back from protein to nucleic acids. With emphasis on proteins as the central phenotypic
determinants and the continuing enigma of heterochromatin, which largely appeared to be ‘gene desert’, enriched in
repetitive DNA sequences and claimed to be inert in transcription, the many observations in 1960s of a large variety of
heterogeneous nuclear RNAs remained ignored. Curiosity in the nuclear RNAs that do not see the face of cytoplasm
appeared to be quelled by concepts of ‘selfish’ or ‘junk’ DNA in the early 1980s, notwithstanding the fact that active
transcription of typical constitutive heterochromatin regions and repetitive and other noncoding DNA sequences was well
demonstrated in 1960s and 1970s. With a few exceptions like thehdrroX transcripts ifDrosophila and the Xist

RNAs in mammals, the noncoding RNAs remained largely ignored for nearly two decades. The discovery of RNA
interference and sequencing of different eukaryotic genomes, including the human genome, led to revisits to possible
significance of noncoding RNAs (ncRNAS) in the new millennium. The occasional identification of ncRNAs in early 2000s
has in recent years transformed into a ‘tsunami’, resulting in concepts of ‘selfish’ or ‘junk’ DNA themselves becoming junk.
There is now increasing realization that the subtle and large phenotypic effects of heterochromatin and the existence of
diverse nucleus-limited RNAs reported through painstaking genetic and biochemical studies that were undertaken before
molecular biology had grown fullgan be lagely related to the enormous diversity of short and long ncRNAs now known

to be produced by all genom@dthough Crick’s proposal of Central Dogma was only about the directions of information
transfer, its mis-interpretation due to the great emphasis on the central roles of proteins and the reductionist linear
approach of molecular biology that led to widespread belief in concepts of ‘selfish’ or ‘junk’ DNA, delayed the appreciation
of multi-dimensional roles that ncRNAs actually play in maintaining homeostasis in complex biological networks.
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Introduction the progress in genetics has been very rapid, with

Biological inheritance has been known to human Profound impact on biology in generak expected

society since times immemorial. Howemvedefinitive 10 the basic philosophy of progress in research in
understanding of the principles underlying the SClence, the field of genetics and understanding of
biological inheritance remained largely unknown till the mechanism of gene action that finally results in
Mendel presented results of his experiments onphenotype of the individual, have witnessed diverse,
inheritance of several phenotypes in the sweet pea irtnd often opposing, views as the experimental
1865 As is well known, Mende$ findings remained ~ approaches evolved, and continue to evolve, to provide
ignored till their rediscovery in 1900, following which details of genaction at ever-increasing finer details.
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The present review briefly examines history of proteins. Consequentlg typical and most common
development of these concepts and how mis-definition of gene learnt by all students of biology for
understanding and/or mis-interpretation of some the past 60 years has been that a gene is a segment
concepts thwarted the appreciation of great functionalof DNA than encodes a protein. Such beliefs were
significance of the noncoding RNAs in biological also interpreted to imply that the DNA segments that

organization. are not directly involved in synthesis of proteins are
_ _ of little consequence for the organism (Doolittle and
Proteins as Determinants of Phenotype Sapienza, 1980; Ohno, 1980; Orgel and Crick, 1980).

Following the establishment of Mendeltaws of However contrary to such beliefs that were prevalent

inheritance and their relations with chromosomal dUring the last few decades of 20th cenfuhe
behaviors during meiosis, further characterization of PreSent century has witnessed a remarkable reversal
the Mendelian factor or ‘gene’ followed two different ©f the negative views about the noncoding DNAs
approaches. One led by Morgan (Morgsa., 1915) present in all organisms, WhICh has led to an
attempted to characterize the organization of geneUnPrecedented interest in the diverse noncoding
without worrying about its physico-chemical features RNAS during the past two decades.

(Morgan, 1935). The other approach was more of

biochemical and physiological and as Goldschmidt Establishing RNA as Intermediary Between

(Goldschmidt, 1916) stated ‘Those who approachedPNA and Proteins

it from the physiological-chemical side all seem t0 o vithstanding Garrod'classical studies on Inborn

agree that the unit-factors are to be compared in SOM& . ;< of Metabolism (Garrod, 1909), the above noted
way to enzymes (Loeb, Robertson, Moore, Bateson, o natic and biochemical approaches to understand

Riddlg, etc.) or expr_essed more generally_ “that theMendelian inheritance and the genotype-phenotypes
heredltqry factor . Is a determiner for agiven ma,ssrelationships remained separate. It was only in the
of certain ferments” (Loeb and Chamberlain, 1915)'. late 1930s that the two approaches began to merge

Rolg of proteins, especially the enzymes, as the(AIIen, 2015; Strauss, 2016). The coming together of
mediators of gene action was more firmly establlshedgenetiC and biochemical approaches was primarily

by Beadle andatums (Beadle andatum, 1941)  55y7ed by studies on mutations that affect

clas's_ical StUdi‘?S on mu_tations that affected thepigmentation in flowers and eye colour in insects and
nutritional requirements ||Neuros_pora. This Was  the biochemical pathways that the different mutations
soon followed by f[he dempnstratlon that DNA |§ the affect (Beadle and Ephrussi, 1936; Caspari, 1933
bearer of genetic information from one generation to Lawrence and Price, 1940). The real breakthrough
the next (Aery et al., 1944; Hershey and Chase, i, genotype-phenotype relationship was the ‘one gene-

1952). Unfolding of the doqble helical structL_Jre of one enzyme’ concept that emerged from Beadle and
DNAin 1953 (Watson and Crick, 1953), dramatically o, classical studies dveurospora (Beadle and

altered the course of biological studies. Subsequentratum, 1941). It is notable that around that time the
developments that ijd to emergence of the ‘Cent_ralstructure of proteins was not very well known. The
dogma of molecular biology', unraveling of the genetic idea that proteins are linear polymers of amino acids

code, understanding of the mechanism of protein, 4 howevergained wide acceptance by 1950
synthesis using the RNA template and development gy5,55) 2016). The elegant demonstration that DNA
of r_e'comblnanf[ DNA tec_hnology gtc led to the most functions as the genetic material in bacteria and
exciting phase in biology in recent times. Most of theseviruses (Areryetal., 1944; Hershey and Chase, 1952)
SIUd'?S have been base‘?' on the_wgw that it is theand the constancy of DNA content in different cell
proteins that are the key intermediaries between thetypes of eukaryotes (Swift, 1950) laid to rest the view

genetic information in DNA base sequence and _theheld by many that proteins functioned as the genetic
phenotype that emerges and that the RNA acts e'thefnaterial

as the intermediate between DNA and protein (the

messenger or mMRNA) or as components (ribosomal With improving understanding of protein
and tRNAs) of the platform where amino acids are structure and realization that the specificity of enzyme
assembled as guided by the mRNA template to makeactivity depends upon its 3-dimensional structure,
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Pauling suggestedyénes serve as the templates on The discovery of double-helix structure of DNA
which are molded the enzymes which are responsiblgWatson and Crick, 1953) prompted synthesis of the
for the chemical characters of the organism” (Pauling, disparate findings relating genes and proteins on one
1948). SimilarlyHaurowitz (Haurowitz, 1950), taking hand, and cellular contents of RNA and rates of protein
cue from Pauling (Pauling, 1940) earlier suggestion synthesis on the oth€ébamowa theoretical physicist
of antibody production on the antigen template, and cosmologist, who first mooted the idea of ‘big-
believed “synthesis of antibodies is a special case ofbang’, was also the first to propose the idea of the
protein synthesis, but it is certainly not different from triplet genetic code (Segré, 2008atson, 2003).
the synthesis of the other proteins such as normalnterestinglyGamows initial proposal (Gamaw954),
serum globulin”. Identification of sickle cell anemia akin to Paulings theory mentioned above, suggested
as a ‘molecular disease’ (Paulimg al., 1949) DNA to directly participate in assembly of the linear
established a causal link between an abnormalarray of amino acids with three adjacent nucleotides
molecule and its pathological consequences and als@roviding a specific shaped ‘hole’ in which a given
showed that a gene could alter the physical propertiesamino acid could fit in. Gamowspeculations evolved
of a protein rather than determining only its presencerapidly. In one of his hand-written letters to Crick in
or absence. Further studies on mechanisms 0fl954, he suggested “this is why we find 2 strands one
antibody formation and the finding that they may be to keep code. the other to be transformed to RNA
present even without an antigen led to weakening ofwhich sneaks to cytoplasm and makes protein”. In
the 'three-dimensional templatbeory’ of protein another hand-written letter (s&datson, 2003) to
synthesis. The later demonstration that a single geneCrick on 1%' October 1954, Gamow elaborated his
mutation can change one amino acid of the hemoglobinviews about origin of RNA as follows: “DNA coud
polypeptide chain in sickle cell anemia (Ingram, 1957) make RNA by either chemical conversion or acting
finally demolished the theory that DNA structure acted as template. The former is ruled out by isotope
as a direct template for the 3-dimensional structureexperiments and so we have to decide whether the
of proteins (8asser2006). two strand or one strand stage of DNA is active. If a
one strand stage operates it likely does it by a DNA
The idea that RNA is in some way related to like base pairing mechanism. The answer in this case
synthesis/abundance of proteins in a cell aroseis trivial. Even if it proved possible to stick a RNA
indirectly from independent studies by embryologists strand in a two stranded structure, of that | am
and cytologists/cell biologists in 1940s, who examined sceptical. Moreover | don't like the idea of the two
distribution of different macromolecules in different strands having to separate since we have no reason
cell types and developmental stages usingto believe it would be viable. Still more | cant see any
cytochemical, histochemical and biochemical answer of why ribonucleotides & deoxyribo-
approaches. These studies indicated a generahucleotides wouldn’t occasionally got mixed up and
correlation between the abundance of RNA andthus cause mistakes in replication process”. In a
proteins in different cell types that were presumably subsequent paper Gamow aridas (Gamow and
actively synthesizing proteins (Brachet, 1947; Yéas, 1955)while considering the vital role of RNA
Caspersson and Schultz, 1940; Thorell, 1947).in protein synthesis as suggested by empirical
Biochemical studies combined with metabolic labeling evidence, stated: “It appears rational to assume that
of proteins with radioactive amino acids (Holloway the sequence of amino acids characterizing a given
and Ripley1952) revealed a parallel increase in RNA protein is uniquely determined by the sequence of
content of the reticulocytes and the amount of nucleotides in the ribonucleic acid molecule. While
radioactive L-leucine incorporated into proteins. RNA is a polymer of four different nucleotides,
Similarly, the quantity of RNAn pancreas, liveand proteins are polymers of 20 different amino acids.
kidney was found to be correlated with their vastly Since it is possible to form 20 kinds of triplets from
different rates of protein synthesis (Allfrey al., four different elements, this suggests that each of the
1953) Although these studies indicated some relation 20 amino acids is determined by a triplet of nucleotides,
between RNA and proteins in cells, its implications taken without regard to order”. Gamow also
were not clear at that time. assembled a ‘RNA4€& Club’to foster interest in the
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role of RNA as an intermediary between DNA, the by Gamow (Gamowl954).The above statement of
genetic storage molecule in cell nucleus, and proteinJacob and Monod (Jacob and Monod, 1961) thus
synthesis in cytoplasm (a semi-scientific account of identified the physiological function of the gene to be
Gamows remarkable interest in genes, genetic code“to specify the molecular structure of a certain protein
and RNAcan be found iWatson, 2003). or polypeptide chain”. Much of the subsequent studies
_ . on RNA started with this belief, although with respect
Crick proposed the first scheme of ‘central g the ribosomal and tRNAs, that were quickly
dogma’in his lecture at a symposium on the Biological jgentified in the 1960s, it was realized that they do not
Replication of Macromolecules, organized by the ¢ode’ for polypeptides but help in the translation of

Society for Experimental Biology at University jnformation in mRNA into the polypeptide chain.
College London on 19 September 1957. The ‘central

dogma’ concerned the flow of genetic information The large number of studies in the 1960s that
from DNA to RNA to protein, with the possibility of addressed questions relating to site of synthesis of
flow of information from RNA to DNA also left open. RNA in cells, kinetics of transport and turnover of
A major feature of the central dogma was: “Once different RNAs, size variabilitysimilarities between
information has got into a protein it can't get out nuclear and cytoplasmic RNAs etc., employed a

again”, where information “means the sequence of variety of novel techniques like cell fractionation,

the amino acid residues, or other sequences relatefnetabolic labeling with radioactive ribonucleotides,
to it" (Crick, 1958). transcriptional inhibition, cellular autoradiography

sedimentation coefficient measurements, solution

The proposed involvement of RNA in transfer hybridization etc (reviewed in Darnel| 1868; Harris,
of genetic information from DNA to proteins 1963;Weinbeg, 1973).The techniques like cell
stimulated many studies on RNA, accompanied byfractionation, sedimentation co-efficient
development of novel methods and approaches formeasurements of RNA molecules, solution
such studiesThe terms ‘transcriptiorand ‘mRNA hybridization of nucleic acids, RNA sequencing etc
were introduced by Jacob and Monod (Jacob andthat were used in these studies (Harris, 1963) involved
Monod, 1961) along with the ‘operon model’ of gene intensive manual hard work with hazardous reagents
regulation in bacteria. They stated: “According to and would appearwhen compared with the
modern concepts, the deoxynucleotide sequencecontemporary approaches, crude and indiréet,
which constitutes a gene participates in two distinct these were remarkably advanced for those days and
chemical processes. In the first, for which the term helped lay the foundation of the emerging molecular
replication should be reserved, free deoxyribon- biology.As may be expected, studies on Rbidlogy
ucleotides are linearly assembled by specific basedin the early 1960s evoked many questions and
pairings, forming an identical sequence or replica of speculations, several of which did not stand as later
the original sequence; the second process, which westudies provided better insights. The question whether
shall call transcription, allows the gene to perform its the cytoplasmic RNA was derived from the rapidly
physiological function, i.e., to specify the molecular labeled nuclear RNA or was synthesized directly in
structure of a certain protein or polypeptide chain. cytoplasm was debated as noted by Harris (1963) at
Transcription does not appear to be a direct processthe end of an extensive review: “many instances of
since it most probably involves the formation of an the transfer of information from nucleus to cytoplasm
intermediate as carrier of the genetic informafiovo will prove to be simply the transfer to the cytoplasm
stages may then be distinguished in transcription, theof enzymes or other proteins made in the nucleus;
first of which is presumably closely similar to and many of the elaborate schemes which have been
replication, involving, howeveribonucleotides instead  evolved to explain an immediate genetic control over
of deoxynucleotides, and resulting in an RNA cytoplasmic protein synthesis will be reduced to a
“transcript” of the original DNA sequence. In the consideration of the mechanisms by which synthesis
second transcription stage, the RNA transcript in turn of protein is repressed and derepressed in the nucleus-
directs the assembly of amino acids into the a mechanism in which the labile nuclear RNA may
polypeptide”. The ‘second transcription stage’ was well play a crucial role. Howevethis scheme,
subsequently termed ‘translation’, a term already usedalthough it could indeed be a close approximation to
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certain aspects of protein synthesis in the cell, providesSRNA (Edstrom, 1964; Goldstein afidescott, 1970;

no mechanism for the genetic determination of baseShearer and McCarthyl967; Soeircet al., 1968)
sequence in the cytoplasmic RNA; and even if found that a significant fraction of the rapidly labeled
cytoplasmic RNA can be replicated in the cytoplasm hnRNAs was not transported to the cytoplasm but
it is difficult to avoid the conviction that its base was degraded within the nucleus (DarngllLB68;
sequence must ultimately be genetically determined.Harris, 1963;Weinbeyg, 1973).The nature and
But whether the mechanism of this genetic significance of such nucleus restricted hnRNA species
determination is a continuous flow of RNA molecules remained unknown and unexplored at that time.
from nucleus to cytoplasm, a passage of RNA to the

cytoplasm at one particular stage of the cell cycle, or _
a synthesis of cytoplasmic RNA in association with Bfo tr;‘nelr 1974; Hotlmf:t %‘kégzzgﬁzorted that ma?y
the nuclear membrane is a problem that may continue’ ¢ 'arge (up 10 19" ) n s I mammalian
t0 tax our ingenuity for some time to come.” cells comprised mte_rspersed mld'-repetmve and smgle
copy sequences. Since a majority of the nucleotides
One of the early studies that indicated existenceOf nuclear RNA were found to never reach the
of MRNA, like that proposed to exist in bacteria (Jacob Cytoplasm, these results also raised the possibility that
and Monod, 1961), was that of Scheeteal. (1963) many of these hnRNAs, which remain confined to
in which they showed that i) the RNA from HeLa the nucleus, may not contain structural (protein-coding)
cells can stimulate in vitro protein synthesisbgoli ~ information (Holmes and Bonnet974; Holmest
extracts, i) an unstable fraction of RNA exists, and & 1972).

iii) that a small fraction of the total RNA has DNA- A controversial claim, initially originating from
like base ratios. In view of these, they suggested thatj; mes Bonnes lab (Huang and Bonnet965) and
messenger RNA does indeed exist in animal cells agter a1s0 reported by a few other labs (reviewed by
yvell."!'he same study (S_cherretral., 1_9'6.3) also  Weinbeg, 1973), was that some small (<40
identified 45S RNA and raised the p(_)SSlblIlty that this nucleotides) RNAs remain covalently associated with
may be “a complex of several ribosomal RNA hisiones and. therefore, were named as ‘chromosomal

molecules” and that this implied “a mechanism for pna However in view of contradictory results from
accurately dividing the large molecule into smaller ones §ifferent labs and some claims about non-

of specific sizes”.

Studies from James Bonrisiab (Holmes and

reproducibility of the Bonner lab experiments,
Weinbeqg in his review of nuclear RNAs concluded
that the existence of cRNA as a separate class of
nuclear RNAs questionable (@inbeg, 1973).

With further studies, several of the ambiguities
got resolved, as evident from the more definitive
statements in later reviews on RBarnell Jy 1968;
Weinbeg, 1973).The general picture that erged  cyiogenetic Sudies on Chiomatin Organization
was that in eukaryotes, RNA was synthesized in5nq4 Gene Expression
nucleus and transported to cytoplasm for directing _ o
protein synthesis and the nuclear synthesized RNAThe cytogenetic approach to understand organization
included precursors to mRNAs, ribosomal RNAs and @nd functions of genes progressed somewhat
tRNAs, the later also named as adaptor or solubleindependently of the biochemical and molecular
RNAs. Initially, nuclear RNAraction was classified approaches catalyzed by the above discussed
as D-RNA (DNA-like RNA) and ribosomal RNA  developments about DNA-RNA-protein relationship.
(Bolton and McCarthyl962) The D-RNAwas also ~ One of the significant cytogenetic findings was that a
named as giant RNA or messenger-like RNA, but variable component of nuclear chromatin remains
was soon commonly renamed as heterogeneou§ondensed all through the cell division cycle in most
nuclear RNAor hnRNA(Darnell Jr 1968) because fissues, and hence was named ‘heterochromatin’
of the wide range of sedimentation coefficients (20S (Heitz, 1928). Cytogenetic and later molecular studies
to 100S) of this fraction of nuclear RNA. revealed that this chromatin component was largely

devoid of ‘Mendelian’ genes, replicated in late S, was

It is significant that many studies in the 1960s enriched in highly and mid-repetitive sequences, and
that examined the synthesis and turnover of nuclearthe condensed chromatin, as inferred through cellular
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autoradiography studies, was generally information between DNA, RNA and proteins (Crick,

transcriptionally silent (Brown, 1966; Coop&59; 1970). The major emphasis in the central dogma was
Craig, 2005; Gatti and Pimpinelli, 1992; Lakhotia, thatthe information once delivered to proteins cannot
2017a, 2017b; Sha al., 1973). go back to nucleic acids (Crick, 1958, 192%hough

Parallel studi h | ¢ DNA there were some early suggestions that information
_Paralielstudies on the nuclear content o can flow back from proteins to nucleic acids (Cook,
in different organisms reyealed that th_e haP'o'd D_NA 1977; Mekler1967), the idea of ‘reverse translation’
colnte(;]t (C-valug)(jln dl_]lj‘erer:t SPECIGS, including did not get experimental support and thus has not been
relate ones, varied signi icant yyv|t °F‘t any apparent o, serioushyl he paths for flow of information from
correlation with specific phenotypic attributes, and that DNA to protein as enunciated in the central dogma

the C-value even in the species with least DNA did not specifically state that only proteins, whose

content was much more than required to code for thestructure is dictated by the flow of information from

estimated number of protein-coding genes in thaty\ A /oNA had the primary or exclusive roles in
species. Such unexplainable variations in C-values inmanifestat’ion of the phenotype. In fact, Crick in his
diverse organisms lead to formulation of the C'Valuefuller version of the central dogma sta,tethe‘ real
paradox (Gall, 1981; T_ho_mas, 1971; Zuckerkan(_jl, guestion to ask is, how much extra information is
1976).Although the basic increase in the C-value in required, inaddition to DNA and the code, to make a
more evolved eukaryotic groups appeared to Correlateparticular cell work?” (Crick, 1970)8X, it began to
with their biological complexity and this was suggested |, commonly believed thal’t only thé segments of
to be related to the requirements of more complexgenome that produce mRNAs and those RNASs that
regulatory circuits (Britten and Davidson, 1969; Mayr are parts of the translational machinery are of
1970), the unusually large vr_nlriationsinthe C-v_alue in consequence in determining the phenotype. Such
members of same taxonomic group, howgdtefied common perception that gene functiomrmanifest

asimple explanation. entirely through proteins perhaps gained widespread
Heterochromatin and the C-value paradox, when belief whenWatson statedDNA makes RNAnakes

viewed from the protein-centric view of the genotype- Proteins’in his popular book, ‘Molecular Biology of
phenotype relationship, have continued to puzzlethe Gene{Watson, 1965)

cytogeneticists as well as molecular biologists.
Although many cytogenetic studies had documented
specific as well as general phenotypic effects of
different heterochromatin regions in diverse organisms
(Brown, 1966; Coopetl959; Shatet al., 1973) and
some heterochromatin regions and repetitive DNA
sequences were also shown to be transcriptionall

active (Hess and Meyet968; Holmes and Bonner existence of ‘selfish’ or ‘junk’ DNA in eukaryotic

1974; Lakhotia and Jacob, 1974), the underlying ted ind dently b |
mechanisms and their significance remained vague.genorm.ES were mooted Independently y severa
Consequentlyan emagent view among molecular groups in 198@Doolittle and Sapienza, 1980; Ohno,

biologists in 1970s was that bulk of the repeatsequencé1980;dc.)gel apd Crlck,t%_QSO)Agctordmgly, th%NA
rich heterochromatin regions may not serve any noncoding unique, rep: ! |vdetanb ‘rar::prc]{son‘. K
specific functions in eukaryotes. sequences were considered to be ‘selfish’ or ‘junk’.

Despite some debate about these proposals in the
Was the ‘Central Dogma of MolecularBiology'  1980s (e.g., see Bernardi, 1983; Gould, 1982; Hickey
Wrong? 1982; Shuteet al., 1983), these viewpointsere
widely accepted so that ‘selfish’ and ‘junk’ DNAs

The populist view of central dogma appears to placepecame standard topics in most text-books in genetics,
proteins as the crucial mediators of the information molecular biology and biotechnolagy

readout in the genotype-phenotype relationship.
However the primary suggestion in the central dogma Use of the word ‘dogmah Crick’s proposal
was to indicate the plausible paths of flow of genetic was unusual and not justified from the viewpoint of

The widespread perception that DNA makes
RNA makes proteins heightened the enigmas
associated with the nuclear RNAs that did not see
the face of cytoplasm and the heterochromatin
associated DNA sequences. Not finding suitable
answers to these vexing issues and following the linear
yIogic of reductionist molecular biologgroposals for
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basic philosophy of science research. He (Crick, 1988)a consequence, much of the excitement in 1960s about
himself explained the reasons for this usage as followsthe nuclear transcripts that do not move to cytoplasm
“I called this idea the central dogma, for two reasons, and thus do not code for proteins, and transcription of

| suspect. | had already used the obviousrepetitive sequences and heterochromatic regions
word hypothesis in the sequence hypothesigl in cooled down for lack of support. Thus, this area of
addition | wanted to suggest that this new assumptionRNA biology made limited progress during later
was more central and more powerfulAs.it turned decades of the last centuitudies on functional

out, the use of the word dogma caused almost moresignificance of heterochromatin, repetitive sequences
trouble than it was worth. Many years lalecques  and of the diverse transposons, common in all genomes,
Monod pointed out to me that | did not appear to were mostly driven by the view that transposons were
understand the correct use of the word dogma, which'parasites’ and ‘selfish’, and the condensed state of
is a belief that cannot be doubted. I did apprehendheterochromatin primarily served to keep the
this in a vague sort of way but since | thought transposons in a repressed state to protect the genome
that all religious beliefs were without foundation, | used against DNA damage and deleterious genome
the word the way | myself thought about it, not as rearrangements that accompany the transposition
most of the world does, and simply applied it to a events.

grand hypothesis that, however plausible, had little

direct experimental support.” The protein-centric view of genotype-phenotype

relationship received indirect support also from the
The basic tenets of the ‘central dogma of recombinant DNA methods that were emerging in
molecular biology’ thus remain valid, but the very wide early 1970s. Cloning, sequencing, expression and
accpetance of its mis-interpreted view that DNA alterations of specific DNA sequences found meaning
makes RNA makes protein as the ‘dogma’ and of and purpose in terms of the activities and properties
the existence of ‘selfish’ and/or ‘junk’ DNA in of the encoded proteins, leading finally to the
eukaryotes as the explanation for the C-value paradoxenormously popular band-wagon of recombinant DNA
and nucleus-limited RNAs, led to the widespread technology and genetic engineering based
neglect of large parts of genome and its transcriptionalbiotechnology Amidst the rush for cloning,
outputs. characterizing and altering different proteins for
_ . understanding gene-protein functions, and for diverse
The Populist View of Central Dogma and  pjptechnological applications and gene-therapyne

Concepts of Selfish and Junk DNASimulated basic issues of biologyinfortunately got widely
Research on Gene Expression but Thwarted jgnored. For example, studies directed to identify
Progress in ncRNA Biology mutations that may be responsible for a given inherited

The paths of genetic information flow in cells as human disease mostly emphasized those affecting the

envisaged in the central dogma indeed transformedf0ding potential while others were generally left as
biological research, leading to the birth and subsequenNP'S- Similarlthe basic tenet of evolution that
growth of molecular biologyEmegence of tweaking of regulatory circuits rather than evolving

recombinant DNA and many other powerful methods new proteins is an important driver of evolution (Britten

for molecular biological studies galvanized researches2nd Davidson, 1969; Mayt970) was often not the
main point of focus in molecular phylogenetic studies.

directed to understanding of the organization, ’ )
expression and regulation of protein-coding genes inThe diverse nucleus-limited hnRNAs also were not

diverse eukaryotes. These in turn led to the remarkabléCtively pursued although their existence continued
developments in bioinformatics, expansion of internet {0 P€ recorded but often ignored as ‘run-on’ transcripts

and many high-throughput technologiesd their of little consequence (Diatal., 1981; Diaz and Gall,
biotechnological applications. Howeyeatudies on 1985).

those parts of the nuclear genome that were nOtResurgence of Noncoding RNAs
directly involved in synthesis of one or the other .
proteins and the noncoding transcripts were not only
not pursued activelfout were often discourageik Notwithstanding the general lack of support for

in the
Genomics Era’
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research on noncoding RNAs, some noncoding RNAsthrough binding with diverse proteins. The protein-
were shown, during the last two decades of 20thbinding functions of this gerglage nucleus limited
centuryto have remarkable functio$iese included  RNAs were confirmed by discovery of the omega
i) multiple noncoding transcripts of t®8D or hsrw speckles, which we suggested to regulate the
gene inDrosophila, some of whose transcripts availability of diverse hnRNPs and some other RNA-
appeared to regulate the dynamics of hnRNPs andinding proteins in normal and stressed cells (Lakhotia
some other RNA binding proteins (Gasbal., 1986; et al., 1999; Prasantht al., 2000). Such a role of
Lakhotia, 1996; Lakhotia and Mukherjee, 1982), ii) noncoding RNAs in dynamically regulating the
Xist transcripts associated with inactivation of one of availability of regulatory nuclear proteins appeared to
the two X chromosomes in somatic cells of female be widespread (Jolly and Lakhotia, 2006; Lakhotia,
mammals (Brockdor#t al., 1991; Brown, 1991),and 2011, Lakhotia, 2012; Lakhotia, 2016). More recently
i) the roX transcripts responsible for hyperactivation a variety of nuclear sub-organelles have been found
of the single X-chromosome in mal@rosophila in different organisms to contain noncoding
(Amrein andAxel, 1997; Melleret al., 1997).These ‘architectural RNAs’ to organize the membrane-less
and a few other noncoding RNAs that were reportedphase-separated entities that harbor specific sets of
in diverse organisms laid the foundation for the proteins and regulate their dynamicity under different
appreciation that some noncoding RNAs transcribedconditions (Chujo and Hirose, 2017; Chefal., 2016;

by the RNA polll can perform significant functions Lakhotia, 2017a; Lakhotet al., 2012). Xist and roX,
without undergoing the act of translation (Lakhotia, the other long noncoding RNAs were, on the other
1996). hand, established as examples of long noncoding
RNAs that impact chromosome scale chromatin
organization (Keller andkhtar, 2015; Lakhotia, 2015;
Valencia andVutz, 2015).

My lab reported two interesting findings about
the 93D/hsrw gene inDrosophila in 1982. One was
that its singular transcriptional activation following

benzamide treatment of larval salivary glands did not The other experimental approach in 1990s that

resultin synthesis of any new protein which suggestedcatalyzed a widespread excitement in noncoding
that these transcripts may not encode a proteingnAs was the demonstration thattienomena like
(Lakhotia and Mukherjee, 1982) and second, that thisquelling or transgene co-suppression (Cogbal.,
gene was conserved in a wide rang®odsophila  1996) post-transcriptional gene silencing, RNA
species since in each of the examined species, one Gferference or RNAI etc (Cogoni and Macino, 2000;
the heat shock induced loci also responded in agj e et al., 1998) were dependent upon small

singular manner to benzamide treatment (LakhOtianoncoding RNAs (Hannon, 2002; Schramke and
and Singh, 1982). The essentiality of this noncoding ishire, 2004) Another development that re-kindled
gene for survival of flies was established using anterest in noncoding RNAs was the revelations
genetic approach (Mohler and Pardue, 1984). Theégmganating from sequencing of whole genomes in
noncoding nature of th@3D/hsrw gene was Soon jfferent organisms, including the human genome. The
confirmed by its cloning and sequencing in different genome data graphically demonstrated that the actual
Drosophila species (Garbet al., 1986; Risecket  hyotein-coding component in any eukaryotic genome
al., 1985). Its noncoding nature and the apparent fap'OE only a tiny fraction of the total nuclear DNA, being

divergence in its base sequence in related specieggss than 2% in the human genome (Szymanski and
(Garbeet al., 1986; Rsecket al., 1985) appeared (0 garciszewski, 2002; Zuckerkandl, 2002).
match the properties of typical ‘selfish’ DNA.

However taking into consideration the rapid sequence In 1995, | was invited to give a talk at the
divergence of this gene and the earlier reported‘TRendys’meeting at Jawaharlal Nehru University
accumulation of several nuclear non-histone proteinsNew Delhi. A primary objective of this series of
at this gene locus in stressed cells (Saumweber meetings was to highlight areas of research that are
al., 1980), | suggested (Lakhotia, 1987; Lakhotia, likely to become trendy in the coming years. Being
1989) that the structure, rather than the base sequenasonvinced that the views about the existence of
of this genes noncoding transcripts may be important ‘selfish’ or ‘junk’ DNA are largely due to ignorance,
and that such RNAs have some regulatory functionsl predicted in this ‘TRendys’ meeting that noncoding
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RNAs would soon become trendy the published  transcription in Cricls scheme of information transfer
review that was based on this talk on RAlll delayed a wider acceptance of presence of reverse
dependent noncoding RNAs (Lakhotia, 1996), | statedtranscriptase in eukaryotic cells and its possible roles
“While some of these transcripts may function as in their lives. The name ‘central dogma’ and the
ribozymes or as anti-sense regulators, most othersomewhat mis-interpreted importance only of proteins,
may function more directly through their specific which led, primarily out of ignorance, to the widely
protein-binding properties, Since RNA is believed to held conviction that those parts of genome that do not
be the first “living” molecule, it is very likely that some encode a protein were ‘selfish’ or ‘junk’ and, therefore,
genes even today function only through this class ofinconsequential, had a negative impact on gaining a
molecules. Itis expected that instead of being ignoredholistic view of eukaryotic genome organization and
as examples of “selfish DNA”, a more positive search its functions. In this context, it is interesting to note
for their functions will help unravel the significance that till about 1910, Morgan, who is justifiably
of this novel class of genes”. This indeed has recognized as one of the founding pillars of post-
happened. The diverse regulatory and other functiondMendelian genetics and thus of contemporary biglogy
of heterochromatin can now be examined in terms ofdid not believe in Darwinian natural selection or
the large variety of small and long noncoding RNAs chromosomal and Mendelian theories of inheritance
generated by and associated with this enigmatic(Allen, 2015; Benson, 2001; Gilbert, 1978). Idan’s
component of eukaryotic genomes (Bierhefal., scorn for the state of Mendelian genetics is apparent
2014; Chuongt al., 2017; Felden and Paillard, 2017; in the first few lines with which he starts his paper on
Lakhotia, 2017a, 2017b; Sawyer and Dugad 7). The “What are “factors” in Mendelian explanations?”
presence of chromosomal RNAs, reported in 1960s(Morgan, 1909): “In the modern interpretation of
but quickly debunked in 1970s (see above), may find Mendelism, facts are being transformed into factors
parallels in the roles of RNAs like the Xist and roX at a rapid rate. If one factor will not explain the facts,
transcripts and in the many other small and longthen two are invoked; if two prove insufficient, three
noncoding RNAs that associate with chromatin and will sometimes work out. The superior jugglery
affect its structural and functional organization (Bell sometimes necessary to account for the result, may
et al., 2017; Johnsoet al., 2017; Lakhotia, 2016, blind us, if taken too naivelyo the common-place
2017a, 2017b; Sridhaat al., 2017;Velazquez that the results are often so excellently “explained”
Camachet al., 2017). because the explanation was invented to explain them.
We work backwards from the facts to the factors,
and then, presto! explain the facts by the very factors
that we invented to account for them. I am not
) o unappreciative of the distinct advantages that this
has now beco_m_e a ‘tsunami’ with enormously large method has in handling the facts. | realize how valuable
numbers of original research papers and reviews %Nt has been to us to be able to marshal our results

ncRNAs c,)f various sizes and remarkqbly dlverge under a few simple assumptions, yet | cannot but fear
funcfuons in normal development and disease be'ngthat we are rapidly developing a sort of Mendelian
published every month. ritual by which to explain the extraordinary facts of
alternative inheritance. So long as we do not lose sight
of the purely arbitrary and formal nature of our
Progress in science, or for that matter in any disciplineformulae, little harm will be done; and itis only fair to
of learning, depends upon provocative hypothesesstate that those who are doing the actual work of
which researchers attempt to disprove and till provenprogress along Mendelian lines are aware of the
wrong, are accepted as the working principle hypothetical nature of the factor-assumption. But
underlying a given phenomenon. The ‘central dogma’ those who know the results at second hand and hear
proposed in late 1950s was indeed a bold andthe explanations given, almost invariably in terms of
provocative hypothesis, which triggered and catalyzedfactors, are likely to exaggerate the importance of
the birth of the new era of molecular biology the interpretations and to minimize the importance of
However uncertainty about the existence of reversethe facts”.However as his own work with

The new found interest in noncoding RNA since
the beginning of this century is indeed remarkable.
What started as a trickle at the turn of this millennium

Concluding Remarks
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Drosophila progressed, he reversed his views rapidly times? Perhaps the linear reductionist approach and
within the next 5-6 years (Morgamal., 1915) and  the race to publish and find applications, prevalent in
thus laid the foundation for much of the modern recent times, were some of the contributory factors.
experimental biologyit would be an interesting issue

for the historians and social scientists to find reasons®cknowledgements

as to why the mis-interpretation of ‘central dogma’, Regearch on thesrw noncoding gene in my laboratory
and the concepts of ‘selfish/junk’ DNA continued to ¢ currently supported by a COE-II grant from the
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