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In recent years more and more examples of RNA polymerase 1I dependent non-coding tran-
scripts have been described. Although these have frequently been ignored as “selfish DNA ele-
ments”, it is becoming increasingly clear that many, if not all, of them have very important biological
roles. Examples of such “genes” from Drosophila, mammals, other vertebrates, yeast etc. are consid-
ered. Although the specific mechanisms through which these non-coding transcripts function in the
cell are not clear, comparisons reveal certain common themes, particularly the importance of secon-
dary structures, rather than the primary base sequence of these transcripts. While some of these
transcripts may function as ribozymes or as ahti-sense regulators, most others may function more di-
rectly through their specific protein-binding properties. Since RNA is believed to be the first “living”
molecule, it is very likely that some genes even today function only through this class of molecules. It
is expected that instead of being ignored as examples of “selfish DNA”, a more positive search for
their functions will help unravel the significance of this novel class of genes,

Introduction

Eukaryotes have three principal RNA polymer-
ases, each earmarked for transcribing specific
class of genes. The RNA polymerase 1 is respon-
sible for transcribing DNA sequences coding for
the major ribosomal RNAs while the RNA po-
lymerase 1T is used to transcribe the 58 ribosom-
al RNA, the various tRNAs and the small nuclear
RNAs (snRNA), The transcripts produced by
RNA polymerases 1 and I1I are not translated but
are involved in processing and translating the
transcripts made by the RNA polymerase 11
which transcribes all the protein-coding genes dis-
persed throughout chromosomal DNA. The RNA
polymerase II transcribed genes share many fea-
tures in common with regard to their transcrip-
tional regulation, post-transcriptional processing
of the primary transcript (heterogencous nuclear
RNA or hnRNA) and finally the transport of the
processed messenger RNA (mRNA) to the cyto-
plasm for translation into their specific polypep-
tide products. The central dogma of molecular bi-
ology has ascribed such an important role to the
translational activities of mRNA that any RNA
polymerase II transcribed gene is expected to
have a protein product. Those that seemed to not
code for a protein have often been put aside as
“sclfish DNA"!, However, over the years more
and more instances of genes that are transcribed
by RNA polymerase 11, whose products may dis-

play typical post-transcriptional processing events
and are yet not coding for any protein, have been
discovered in diverse organisms. This review will
consider some of the known examples of “non-
coding” genes.

Y-Chromosome loops or the fertility genes in
Drosophila males

Ever since the classical studies of Bridges® on
sex-determination in Drosophila, it has been
known that the Y-chromosome is not essential for
sex-determination but is essential for fertility of
male flies. However, whole of the Y-chromosome
is condensed, heterochromatic and genetically “in-
ert” and, therefore, its essential role in male fertil-
ity remained enigmatic although conventional gen-
ctic studies did identify a number of Y-linked
“fertility genes” having specific effects on sper-
miogenesis®. Meyer and his group™® showed that
during the primary spermatocyte stage in D. hy-
dei, the Y-chromosome opens up into very large
microscopically visible and transcriptionally very
active “lampbrush” loops which are essential for
normal differentiation of spermatids into mature
motile spermatozoa. In D. hydei, six distinctive
loops with characteristic morphology and tran-
script patterns are present while in D. melanogas-
ter, the Y-chromosome loops in primary spermat-
ocyles are not so distinct but are comparable in
their general organization to that in D. hydei’.
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Y-Linked munations that affect fertility have a
complex relationship with the Y-chromosome as-
sociated loops. The most remarkable feature of
the Y-chromosome linked fertility genes and the
lampbrush chromosomes is the enormous size of
the transcription units and the natdre of DNA as-
sociated with them: the Y-chromosomal transcrip-
tion units in primary spermatocytes are as large as
4000 kb in D, melanogaster and between 260 to
1500 kb in D. hydei®®. Bulk of these huge tran-
scription units is comprised of simple, satellite
and of functional or degenerating transposable
elements. None of these have any substantial
open reading frames®'?. The only conventional
protein coding gene so far known to be present
on the D. melanogaster Y-chromosome is the one
that produces a male-specific beta-heavy chain of
dynein microtubule motor®. The klI-5 comple-
mentation unit of the Y-chromvsome, at which
the dynein gene maps, is estimated to be about
1300 kb long while the dynein transcript is esti-
mated to be only about 14 kb'“!"!¥. The physical
arrangement of the dynein mRNA coding region
with rest of the transcription unit is not well un-
derstood: it has been speculated that the dynein-
coding region may actuaily be outside of the k/-5
transcription unit'’ or may be scrambled in its
1300 kb region'’.

All the known Y-chromosomal transcription
units, active only during the primary spermatocyte
stage, share a few common enigmatic features.
These include (i} production of very large sized
transcripts that remain restricted to the nucleus,
(it} the transcription units comprise essentially of
simple repetitive and retrotransposon elements
which show remarkable sequence diversity be-
tween related species, (iii) the base sequences of
these transcription units are full of stop codons in
all possible reading frames and thus do not seem
to code for any protein (except for the above not-
ed dynein genej and (iv) the various transcripts
bind to specific proteins and are responsible for
the characteristic shape and size of the different
Y-chromosome lampbrush loops®!®1418 1t ap-
pears that during the evolution of these male fer-
tility genes, many retrotransposons got incorpo-
rated within the lampbrush transcription units; in-
terestingly such insertions do not appear to have
affected the functioning of these genes. Thus the
male fertility gene Q in the lampbrush loops
called *Nooses™ has a large number of gypsy ret-
roposons; sequence analysis of these gypsy ele-
ments reveals that all of them are truncated and
have lost those sequences that may interfere with
transcriptional continuity along the loop™. Tran-

scription of these retroposons is required but not
sufficient for the function of fertility genes like the
Q gene (Nooses) of D. hydei'’"'8, It is also inter-
esting to note that the many tandem repeats of
retroposons that are present in the loop transcrip-
tion units show identical sense orientation al-
though outside the loop boundary the same retro-
posons show random arrangement'®.

What is the function of these unusually large
and apparently untranslatable RNAs? The
Y-linked fertility genes and the lampbrush loops
are essential for spermiogenesis to proceed nor-
mally. The discovery of at least one protein-cod-
ing genes (dynein) on the Y-chromosome of D.
melanogaster has encouraged hopes of finding
more such protein-coding genes associated with
the other fertility genes; such hopes. have further
encouraged suggestions that the huge transcrip-
tion units comprising of satellite sequences and
transposons, have evolved because the fertility
genes are “the ultimate heaven for selfish genetic
elements™'?, However, an alternative and a chal-
lenging hypothesis suggests these transcripts to
have more of structural and/or regulatory role by
providing substrates to which other macro-
molecules may bind®.

Other non-coding genes expressed in germ line
cells of male Drosophila

Besides the above considered Y-chromosome
loops, a few other non-coding “genes” active dur-
ing spermatogenesis in Drosophila are also note-
worthy. One of the them is the enigmatic “crystal
{or Suppressor of Stellate)-Stellate” set of genes.
D. melanogaster males without a Y-chromosome
(X/0O males) show presence of needle-like or star-
like inclusions in their primary spermatocytes®, a
high level of non-disjunction of meiotic chromo-
somes, abnormal distribution of organelles in mei-
ocytes and events of meiotic drive?. A Y-chrom-
osome linked locus, the crystal or cry?' (also
named Suppressor of Stellate, Su(Ste)*?) and an
X-linked locus, the Stellate or Ste?°, are involved
in this phenotype of X/O male D. melanogaster
flies. These two X- and Y-linked loci contain ar-
rays of partially homologous, tandemly repeated
sequences®?. The normal functioning of cry or
Su(Ste) locus requires a critical number of subun-
its rather than physical integrity of the whole ar-
ray of tandem repeats?*?*. The Ste allele of Stell-
ate locus carries about 200 copies of the repeat
unit while the Ste * allele has only about 20 cop-
ies of the repeat units; in the absence of Su{Ste)
gene on the Y-chromosome, the Ste' allele
causes production of needle-like inclusions in
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spermatocytes while the Ste allele causes star-like
inclusions®”. The Stellate locus codes for a pro-
tein which shares homology with the beta subunit
of casein kinase I1*2. The Su(Ste) locus on the
Y-chromosome suppresses activity of the Stellate
locus on the X-chromosome so that in XY indi-
viduals, only a few stellate transcripts are made
and even these are not properly spliced and pro-
cessed but in the absence of Y-chromosome or in
the presence of Y-chromosome deficient for the
Su(Ste) locus, the level of stellate transcripts in
spermatocytes is significantly elevated resulting in
the formation of needle- or the star-like inclusions
and to consequently affect disjunction and segre-
gation of homologous chromosomes and cytoplas-
mic organelles like mitochondria**?3, The Su{Ste)
locus besides sharing homology with the Ste lo-
cus, also shares sequence homology with the He-T
family of transposons?®. The 2800 bp repeat unit
of the Su(Ste) locus has been shown to consist of
(i) a region of homology to the Ste locus, (ii) a
Y-specific AT-rich segment and (iii) a mobile ele-
ment 1360 inserted in the Ste sequence?’. It is not
known if the Su(Ste) transcripts code for a pro-
tein but this appears unlikely in view of its struc-
ture. The suppression of Ste activity in the pres-
ence of Su(Ste) has been suggested?? to be due to
a mutual competition for a limiting set*of tran-
scription and splicing factors so that in the abs-
ence of Su(Ste), these will be available to Ste for
an abundant production of the stellate protein.
This mutual inactivation of these two genes has
also been considered an intriguing type of selfish
genetic system?? since related species of Droso-
phila do not have Ste or Su{Ste) loci. However,
the important point to note is that in this case al-
so, the Su(Ste) gene has very vital effect on the
organism without possibly having a typical protein
product.

Another gene active in the male germ line of D.
melanogaster, but apparently not having a protein
product, is the recently identified®® Mst 40 sequ-
ence (Male specific transcript 40} located on the
section 40 of the right arm of chromosome 2: the
Mst 40 sequence is organized as tandemly arrayed
1.4 kb repeat unit with transcripts limited to nuc-
lei in male germ line; the longest possible open
reading frame is 43 amino acid long without
homology to any known polypeptides; this gene
was detected in all strains of D. melanogaster
tested although other species of Drosophila did
not show its presence’®. A function for this gene
is yet to be found.

Among the diverse variety of transposons that
make up the bulk of Y-chromosome in Drosophi-

la is the micropia family. These retroposons are
present both on the autosomes, X-chromosome
and ‘the Y-chromosome of D. hydei as well as D.
melanogaster. Lankenau et al?® have reported
that in meiotic cells of male D. hydei, in addition
to full length transcripts, micropia also encodes
antisense transcripts complementary to the re-
verse transcriptase and RNAse H coding region;
these antisense transcripts are present only in
male germ line since they are produced from a
testes specific promoter. Furthermore, while most
of the sense transcripts are present as part of
giant RNA molecules because of their location on
the lampbrush loop forming sites, the antisense
micropia transcripts are 1.0 and 1.6 kb long®. It
appears that these full length antisense transcripts
have-an important role in the control of micropia
encoded reverse transcriptase protein in male
germ cells®.

The 93D or the HSR @ gene of Drosophila

One of the first non-protein coding genes to be
characterized in some detail is the 93D or the
hsrw gene of D. melanogaster and its homologues
in other species of Drosophila. Transcriptionally,
this is one of the most active genes following heat
shock?%*!. That this gene was different from other
heat shock genes was revealed by its singular in-
ducibility in polytene cells treated with a variety
of agents like benzamide, colchicine etc. {see re-
views in ref. 32-34). Since no new proteins were
induced when this locus was selectively activated
by benzamide, Lakhotia and Mukherjee?® suggest-
ed that this gene does not code for any protein;
this was confirmed when this gene and its homo-
logues in other species were cloned and se-
quenced?$3?. Sequence analysis revealed a remar-
kably conserved overall organization of this gene
but equally remarkable divergence in the base se-
quence in different Drosophila species. In all spe-
cies, the locus spans more than 10 kb and in-
cludes two exons and an intron in the proximal
1.9 to 2.0 kb followed {on the 3° end) by a long
stretch of tandem arrays of repeat units unique to
this locus. The base sequence of the unique as
well as of the repeat units is not strongly con-
served between species except for certain small
regions at the exon-intron junctions and for a
9 bp motif in the repeat units**4°. Although the
repeat units do not share homology between dif-
ferent species, all the repeats in a tandem array in
a species are highly homogeneous and maintain a
certain minimum and maximum length*®, The
hsrw locus produces twc primary nuclear tran-
scripts of > 10 kb and ~ 1.9 kb size, respectively;
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the 1.9 kb transcript (spanning the two exons and
one intron) is spliced to produce the 1.2 kb po-
ly(A) cytoplasmic transcript. The 1.2 kb transcript
has only one very short ORF but the amino acid
sequence coded by this ORF is not conserved in
different species?®*?442 The relative abundance
of the three transcripts produced by this locus de-
pends upon the nature of inducer**#*. Unlike
most genes, the spliced out intron in this case is
highly stable**#*. Besides being induced by the
different inducers, this locus is also developmen-
tally active in most tissue types of embryo, larva,
pupa and adult* and although without a protein
coding function, it is essential for survival of
flies*® and also for development of normal ther-
mo-tolerance’®. Hsp 83 is known to bind to the
heat shock induced 93D locus*’ and recent ob-
servations in our laboratory suggest that the le-
thality due to deficiency of this locus is enhanced
in HSP83 mutant heterozygotes*®,

A series of studies in our laboratory (reviewed
in refs 32-34) showed that the 93D locus affected
synthesis and/or turnover of the hsp 70 and aff
repeat (heat induced but non-translatable, see be-
low) transcripts. The rates of synthesis and/or
turnover from the site of synthesis of the 87A-
type and 87C-type hsp70 and the af transcripts
varied in relation to the specific profile of the
93D transcripts present or. synthesized in re-
sponse to a given condition of heat shock®. In
this context, it is interesting to note that the five
copies of hsp 70 genes in D. melanogaster, pres-
ent at the 87A (2 copies) and 87C (3 copies)
sites, share nearly identical coding and the 5" up-
stream regulatory regions but their 3’ untranslated
regions (3 UTR) show considerable divergence.
Sharma and Lakhotia*® suggested that the differ-
ing 3' UTRs may target the hsp70 mRNAs to dif-
ferent cellular compartments and that the 93D
transcripts have a role in this process.

It is obvious that the 93D locus in D. melano-
gaster and its homologue in other species have
important functions to perform in almost all tissue
types during normal development as well as under
various conditions of cellular stress****. It has
been suggested that one of the functions of the
cytoplasmic 1.2 kb transcript is to “monitor the
health” of translational machinery while the nuc-
lear >-10 kb transcript may be involved in syn-
thesis and turnover/transport of other transcripts
like the hsp70344%,

The apf repeats of D. melanogaster
This is an interesting family of repetitive se-
quences that is present at several locations in the

genome of D. melanogaster with some of them
being heat shock inducible. The 87C locus, site
for 3 copies of HSP70 genes, also harbours about
10-14 copies of af repeats®”. In addition, the ap
repeats are also present at the heterochromatic
chromocentre but these are not heat inducible.
Those at the 87C site are heat inducible due to
their being associated with sequence ¢lements (the
y elements) that are identical to the Asp 70 prom-
oter region®”’!. The af units that are immediate-
ly downstream of the ‘y" elements at the 87C site
are induced by heat shock to produce multiple
poly-A* transcripts of 2.5, 1.8, 1.4 and 1.1 kb
sizes™?. None of these appear to code for any pro-
tein™ 4. The suggestion that these sequences are
one more example of “selfish DNA” has gained
support from observations that deletion of these
sequences from the 87C site has no deleterious
effect and that a sibling species, D. simulans, does
not carry any heat inducible af repeats at the
87C or at any other site™*°. Nevertheless as not-
ed above, a series of studies in our laboratory has
shown that the non-protein coding heat shock lo-
cus at 93D has specific effect on transcription of
the af sequences during heat shock?**##92%_ Col-
chicine treatment which induces transcription at
the 93D locus (see abdve) also leads to an in-
crease in the level of af transcripts at the 87C
site*?, Significance of these interactions remains
unknown.

Non-protein-coding genes in mammals

In recent years, a number of genes associated
with specific functions but apparently not coding
for any protein have been identified in different
mammalian genomes. These are briefly consid-
ered below.

The Xist gene

All mammals show inactivation of one of the
two X-chromosomes in somatic cells of females to
achieve dosage compensation of X-chromosome
linked genes in males and females®’. While the
paternal X-chromosome is preferentially inactivat-
ed in Marsupials, the inactivation of one of the
two X-chromosomes in eutherians is generally
random in different somatic cells but once inacti-
vated, the same X-chromosome continues to re-
main inactive in all cell generations. This inactiva-
tion affects condensation, transcription and repli-
cation of the entire chromosome and is apparent-
ly regulated by a single cis-acting centre, the X-
inactivation centre (termed Xic in human and Xce
in mouse), which is not only responsible for the
initiation of inactivation but also for its spread to



I AKHOTIA: RNA POLYMERASE Il DEPENDENT GENES 97

the entire chromosome length (reviews in refs 58-
60). A major breakthrough in understanding of
this whole chromosome inactivation process was
the cloning and characterization of a human as
well as mouse gene that appeared to correspond

to the Xic or Xce®®'. This gene, termed XIST

(human} or Xist (mouse) for X inactive specific
rranseript, has attracted considerable attention not
only for its remarkable role in inactivation of a
whole chromosome but also for the way it
achieves this role. The human Xist mRNA is
17kb long while the mouse Xist mRNA 1s 15 kb
long but none of these appears 10 code for any
protein®®* and in both cases, the transeripts are
made only by the inactive X-chromosome, the al-
lele on the active X-chromosome remaining com-
pletely silent. Xist transcripts are exclusively nuc-
lear and appear to remain associated with the
Barr body, which represents the inactive
X-chromosome in interphase nuclei®>. Evidence
for involvement of Xist transcripts in inactivation
of the X-chromosome appears complete since the
appearance of these transcripts shows an absolute
parallel with the pattern of X-inactivation. In
mouse, humans and other eutherians, the first sign
of X-inactivation is seen in extra-embryonic tro-
phectoderm and primitive endoderm lineages with
exclusive inactivation, of the paternally derived
X-chromosome in all cells®*; X-inactivation in em-
bryonic lineages occurs later and this is random
with respect to the parental origin of the
X-chromosome. Paternal X-chromosome derived
Xist transcripts are first seen at 4-cell stage of fe-
male embryo prior to X-inactivation®®®’. Specific
inactivation of the paternal X-chromosome in the
carliest stages of embryo correlates with the spe-
cific patterns of imprinting of paternal and mater-
nal X-chromosomes: during spermatogenesis, the
Xist locus is demethylated, passed on to the zy-
gote in a hypomethylated state and, therefore,
poised for transcriptional activity while the mater-
nally derived Xist allele is fully methylated at this
stage of embryonic development®®. At a some-
what later stage of embryonic development in eu-
therians, the paterndl imprinting is lost and Xist
gene of one of the two homologues is remethylat-
ed randomly and this sets the stage for random
inactivation of one of the two X-chromo-
somes®™ ", 1t is notable that during mejosis in
male mammals, the X-chromosome is inactivated
and at this time its Xist gene is active. Therefore,
Xist transcripts are believed to be responsible for
inactivation of the X-chromosome during sperma-
togenesis in a manner analogous to the X-inacti-

1

vation in somatic cells of female™ 77,

The mechanism of action of Xist transcripts in
initiating inactivation of the X-chromosome from
which these are produced is not known. Although
Brown et al®® showed by in situ hybridization
that in interphase nuclei from female, the Xist
transcripts are seen more abundant in vicinity of
the Barr body, it was not clear if this indicated
binding of these transcripts to the inactive
X-chromosome or to the nascent transcripts made
by this chromosome. A structural feature of the
inactive X-chromosome is worth noting: in inter-
phase nuclei the two {elomeric regions of the in-
active X-chromosome (Barr body) remain clos-
er’?; the inactive X-chromosome in metaphase
cells also shows a characteristic bend at the Xic
locus™ and in the primary spermatocytes, the in-
active X-chromosome shows a similar spatial
orientation within the sex-vesicle”. This bending
at the Xic may facilitate non-homologous chrom-
osome associations leading to heterochromatiniza-
tion involving heterochromatin-specific proteins’.
Whether this change in chromosome structure is
due to the act of transcription at this locus or due
to binding of the Xist transcripts or due to some
other factors recruited by the Xist transcripts re-
mains unknown®' 46775 Buzin et al’, using
quantitative RT-PCR single nucleotide primer ex-
tension assay found only about 2000 Xist tran-
scripts per cell and suggested that only models
that do not require Xist RNA to cover the entire
inactive X-chromosome are compatible with the
number of these traanscripts present in a nucleus.

HI19

This is another well known example of a non-
coding gene in mammals. The H19 gene was first
identified as a ¢cDNA that was coordinately regu-
lated along with the a-fetoproteins by trans-acting
raf in murine fetal liver’’. Subsequent cloning of
the human H19 homologue™ and comparison of
sequence of the murine and human homologues
revealed lack of conservation of the small open-
reading frames although the organization of exons
and introns was comparable and the base sequ-
ence of certain other regions was conserved™.
These features led to the inference that H19 tran-
scripts are not translated but as such function as
RNA. In Southern blots, an H19 cognate could
be detected in monkey, rat, and chicken but not
in Drosophila™. A large proportion of H19 RNA
in both human and mice cells exists in association
with 28S cytoplasmic particle’®. Subsequent stud-
ies showed the H19 gene to be imprinted with
only the maternal allele normally expressed; H 17
expression has an interesting regulatory effect on
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expression of the adjacent group of imprinted
genes™. The insulin-like growth factor 2 (Igf2)
gene is immediately upstream of the /19 on hu-
man chromosome 7 and is expressed only from
the paternal allele due to imprinting. A variety of
studies have shown that H19 expression is specif-
ically responsible for silencing of the neighbouring
cis-located genes: since the paternal H19 is im-
printed (methylated), this promoter is transcrip-
tionally inactive while the non-methylated mater-
nal allele is transcribed. This in turn inhibits the
cis-located Igf2 and other adjacent genes on the
maternal chromosome. These neighbouring genes
are transcribed from the paternal chromosome on
which the H19 allele is inactive’®", In this re-
spect, H19 functions in a manner reminiscent of
XIST: while XIST activity inactivates a whole
X-chromosome, H19 expression silences a nearby
imprinted domain®’,

The H19 1s expressed as abundant, spliced and
poly{A) containing transcripts whose levels in-
crease with cellular differentiation but are absent
or reduced in several tumours. In agreement with
these observations, Hao et al?' have shown that
H19 RNA has a tumour-suppressor activity. H19
RNA has also been suggested to have important
roles in differentiation of embryonic cytotropho-
blasts of ectodermal origin®?.

An interesting feature of the XIST and H19
genes, shared with several other non-coding genes
{e.g, the 93D locus of Drosophila), is the rather
high degree of divergence of the base sequence
(particularly at the open-reading frames) in spite
of the structural organization of the locus being
conserved. While in the case of human and mouse
H19 genes, the exon-intron organization is highly
conserved, in the case of XIST and Xist genes,
the number of exons varies, although there is
some degree of similarity”. The XIST and H19
transcripts share similar secondary structures with
long energetically favourable stem-loop structures;
in both cases, the longest of the stem-loops are
present in the regions that show most conserved
base sequence and therefore, appear to be func-
tionally important’®. The mouse and human Xist/
XIST genes share certain short tandem repeats
throughout their length at comparable positions
although their total numbers vary between the
two species. H19 transcripts do not have such ex-
tensive repeat motifs but both the human and
mouse H19 transcripts carry 8-10 copies of
TGGGGG motif in a short region near the 5
end’”. Conservation of these repeat motifis is
reminiscent of the conservation of a 9 bp motif in
the otherwise divergent repeat units at the 3" end

of the 93D locus of Drosophila™'. In all probabil-
ity such short repeat motifs help in functions of
these transcripts perhaps by determining some
aspect of the secondary structure of the RNA
and/or by providing binding sites for other mole-
cules.

Other examples of non-coding genes in mam-
mals

While the above examples of non-coding tran-
scripts are better known, more cases of non-cod-
ing transcripts have been reported from mammals
and other organisms in recent years. Some exam-
ples of these are briefly considered below.

His-1 locus in mouse

The His-1 locus in mouse has been reported to
be a common site for retroviral insertions leading
to myeloid leukemias®*#*. Viral insertion leads to
activation of the His-1 locus which produces a
3 kb RNA derived from a gene consisting of 3
exons spanning 6 kb on mouse chromosome 2.
This gene is conserved as a single copy gene in
vertebrates and Drosophila; in mouse it is highly
active in transformed myeloid cells but not in the
normal. cells examined and produces spliced po-
ly(A} RNA which does not have any appreciable
open-reading frame®4.

Synapse-associated non-coding RNA in rat

Velleca et al® identified a novel synapse-asso-
ciated RNA, the 7H4 RNA, in rat diaphragm
muscle: this transcript is present selectively in as-
sociation with synapses in the endplate zone of
skeletal muscle of rat diaphragm and is upregulat-
ed during early postnatal development and after
denervation. The 7H4 gene is without introns, yet
produces 2 different sized transcripts with ident-
ical poly-adenylated 3’ ends. Sequence analysis re-
vealed absence of any significant open-reading
frames and is, therefore, believed to function
through its RNA products®s.

Human UHG for U22 snoRNA

The nucleolus associated small RNAs {snoRNA )
are involved in maturation of the 188 ribosomal
RINA and are usually produced by processing of
intron fragments of protein-coding host genes®®#7,
The U22 snoRNA ({earlier called human RNA
Y#889) is highly conserved between man and Xen-
opus. A search for its host gene in humans (the
UHG) whose intron is processed to produce the
U22 snoRNA, revealed that the host gene speci-
fies a poly(A) but non-protein coding RNA™.
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IPw

IPW or the imprinted gene in the Prader-Willi
syndrome region was identificd® to map to the
smallest deletion overlap corresponding to the
Prader-Willi syndrome region on the proximal hu-
man chromosome 15q. Only the paternal allele is
expressed in lymphoblasts and fibroblasts due to
imprinting; the transcript is spliced and poly-ad-
enylated but its longest open-reading frame codes
only for 45 amino acids. Therefore, this gene also
appears to be making a non-protein coding tran-
script. It has been suggested that the Prader-Willi
syndrome phenotype may be a direct consequ-

ence of lack of expression of this gene®.

Non-translatable repetitive transcripts in eggs

Non-translatable RNA  transcripts carrying
single copy genomic sequences interspersed with
repetitive sequences are commonly present in the
cytoplasmic poly(A) RNA fractions in oocytes of
sca urchins as well as Xenopus®' 4. These inter-
spersed (ISp) maternal RNAs show a high sequ-
ence complexity, are distinct from nuclear as well
as embryonic messenger RNAs and are not asso-
ciated with polysomes”®. These ISp RNAs are not
due to readthrough transcription of oogenetic
mRNA promoters like the histone genes” but are
specific transcripts in their own right”’; the pres-
ence of identical transcripts i somatic cells of
late embryos also suggests that these transcripts
do not result from readthrough products charac-
teristic of oocytes”>.”

A very interesting class of repetitive transeripts
in Xenopus oocytes 1s the Xlisirts (Xenopus lacvis
short interspersed repeat transcripts): these are a
family of interspersed repeat RNAs that carry 3
to 13 repeat units of 79 to 81 bp length flanked
by unique sequences”™*’. The repeat units carry a
sequence that is very similar to the conscnsus re-
peat found in the human XI/S5T and mouse Xist
genes”. The Xlsirt transeripts show a characteris-
tic {n st localization 1 growing oocyte: particu-
larly remarkable i1s their overlapping distribution
at the vegetal cortex in stage 3-4 oocytes with the
Vgl and Xcat2 mRNAs (the Vgl is a TGF-8-like
molecule while the X¢at2 is a NANOS-like mole-
cule and both are implicated in axial patterning of
early amphibian embryo). Kloc and Etkin'"™
showed that destruction of Xlsirts in growing oo-
cytes by microinjected antisense oligonucleotides
resulted in delocalization of the Vgl, but not of
Xcat2 RNA, suggesting that the Xlsirts help an-
chor the Vgl transcripts on the microfilaments at
the vegetal pole in oocytes.

meiRNA in fission yeast

Nutrient starvation of diploid fission yeast
(Schizosaccharomyces pombe) cells triggers them
to enter meiosis through a cascade of events in-
itiated by lowering of cAMP levels. One of cAMP
regulated gene which is crucial for progression of
meiosis in these cells is the mei2* gene'”' which
makes an RNA-binding protein. mei2* function
is required not only for pre-meiotic DNA replica-
tion but also for entry into meiosis I. Watanabe
and Yamamoto'’? found that the RNA-binding
mei2 protein interacts with 440 and 508 nucleo-
tides long mei2RNA produced by the sme2”
gene. Neither of these two transcripts have any
appreciable open-reading frame. This interaction
was necessary for entry of cells into meiosis I but
not for initiation of pre-meiotic DNA synthesis
for which a different RNA may associate with the
mei2 protein'"?!%, It is notable in this context
that meiosis-specific small nuclear RNA and a
group of poly(A) RNA (zygRNA) has been de-
scribed in lily'™. The meiRNA appears to be dif-
ferent from the meiosis-specific RNAs of lily al-
though it is possible that the zygRNA of lily in-
cludes a meiRNA counterpart'”?. It has been sug-
gested'®2193 that the mei2-meiRNA complex may
act as a meiosis-specific splicing factor. Whether
this turns out to be the case remains to be seen
but it is obvious that a non-coding-RNA has a di-
rect role in regulating sexual development in fis-
slon yeast.

Non-coding genes: selfish DNA or genes with
important biological roles ?

The belief that a spliced and poly{A] containing
RNA must have a protein coding function is so
deeply entrenched that for any newly discovered
instance where the transcript does not appear to
code for a protein, the authors tend to make an
apologetic explanation that the RNA may code
for a protein after some unknown kinds of editing
or alternative splicing events or else the RNA
may actually be a product of a selfish DNA. For-
tunately, the increasing number of such genes be-
ing known in diverse organisms has lent credence
to the concept of non-coding transcripts also hav-
ing a biological role. The non-coding transcripts
may function as ribozymes'>1" or as antisense
RNA regulating the activity of other transcripts as
in the case of lin-4 gene of C. elegans V7%,

In addition to roles as ribozymes or as anti-
sense regulators, it is likely that the non-coding
transcripts have more direct roles in cell regula-
tion. Several possibilities exist. A large number of
proteins are now known to perform significant bi-
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ological roles through RNA-binding Con-
trary to carlier beliefs, it is now clear that in the
ribosomes also, it is the RNA rather than the pro-
tein moiety that has the major catalytic acti-
vity"*!"". Thus it remains possible that as in the
case of the various RNA polymerase 1 or I tran-
scription products, binding of RNA polymerase 11
transcribed non-coding RNAs to proteins may
either alter the activity of the protein or may
cause the RNA to have some activity about which
we still do not know much.

A large number of coding transcripts have 3
untranslated region (3" UTR]) of varying length; in
a few cases these 3" UTRs may be cven longer
than the coding region. Recent studies have
shown the 3" UTRs to perform very important
roles in either targeting the transcript to specific
cell compartments''*2%21 or in controlling the
kinetics of turnover of the mRNA!"* or cven in
transcriptional activation of own or other gene/s
as trans-acting factors'****, The 3" UTR of alp-
ha-tropomyosin of mice can suppress tumourigen-
icity**%, In analogy with the 3" UTRs, it is possible
that the non-coding poly{ A} containing transcripts
may also carry out a variety of functions in the
cell through their protein-binding properties. Cer-
tain zine-finger proteins bind specifically to DNA-
RNA hybrids with implications of their biological
roles', In many of these cases the binding is de-
pendent upon the secondary structure of RNA
rather than its primary base sequence'™. Since
most of the non-coding transcripts show  con-
served structure although not necessarily the pri-
mary base sequence, it 1s likely that these RNAs
perform important biological functions through
their structural motifs.

RNA directed de novo methylation of spectlic
senomic sequences in plants has been demon-
strated"?”. Various RNAs in crude HeLa cell ex-
tracts inhibit DNA methylase'™™. It is also known
that certain unusual DNA structures favour cyto-
sine methylation'™”. Thus it is possible that RNA-
DNA hybrid may direct the DNA methylases'’.
It will be interesting to examine if the XIST RNA
mediated inactivation of X-chromosome in mam-
mals is due to some such propertics. The RNA-
DNA triple helices are stable under physiological
conditions in viro'™ and it has been suggested
that RNA may regulate gene activity by binding
to the major groove of double helix™=" ' Sequ-
cice-specific binding of RNA  or ribonucleo-
protein to duplex DNA has also been considered
to be important in gene regulation'*.

[t is obvious that RNA polymerase H depend-
ent non-coding transcripts are no longer mere cu-
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riosiies or vagaries of the biological diversity.
These seem to have established themsclves as a
distinct class of genes with very important func-
tions. Understanding of the significance of such
genes has been thwarted by the common “selfish
genetic element” label applied to them. Recent ye-
ars have witnessed an increasing understanding of
the biological significance of heterochromatin'*
in view of which the biological’felevance of the
so-called “selfish™ or “junk” DNA is debatable. It
is to be hoped that with an increasing awareness
of genetic functions through structural motifs as
well rather than through the primary base sequ-
ence alone, will stimulate an appreciation and un-
derstanding of this interesting class of genes. With
RNA being the first “living molecule”, it is but to
be cxpected that even today biological systems
continue to utilize this versatile molecule directly.
Progress in modelling the structure of RNA and
RNP molecules will be of considerable help in
this direction.
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