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The 93D or hsr-omega (hsrw) is an unusual non-
protein-coding gene with multiple transcription
products which are dynamically expressed in most
cell types of Drosophila melanogaster and this gene,
besides being a member of the heat shock gene fam-
1ly, is uniquely induced in polytene cells by a variety
of amides. The various aspects of this gene’s organi-
zation, regulation and inducible properties are
briefly reviewed. Recent data in our laboratory show
that absence of the hsr-omega transcripts because of
nullosomy or over-expression of the these transcripts
in specific cell types due to mutation in the promoter
region of this gene results in specific phenotypes. It is
known from several earlier and our recent studies
that in unstressed cell nuclel a variety of hnRNA
binding proteins (hnRNPs) associate with many
chromosomal sites, including the 93D, and with extra-
chromosomal speckles where the hsr-omega tran-
scripts also co-localize. Following heat shock and

THE transcripts of heat shock or other stress-induced
genes are rapidly translated into specific heat shock
proteins or Hsps'. However, unlike most of the widely
studied genes for Hsps or other stress proteins, the
stress-inducible 93D or hsrw gene of Drosophila pro-
duces several transcripts but does not code for any pro-
tein®”’. This intriguing gene is situated at the 93D6-7
band position of right arm of chromosome 3 of
D. melanogasterg‘g and because of i1ts unique heat-
inducible transcription products 1t 1s also designated as
heat shock RNA omega or hsrw genem. Among the heat
shock loci in D. melanogaster, the 93D (hsrw) locus
forms one of the most transcriptionally active putfs after
a temperature shock'""'%. However, the 93D puff is also
uniquely induced by benzamide, colchicine and other
amides'?™"°. The hsrow gene is conserved in the genus
Drosophila since one of the major heat shock induced
genes in all specics of Drosophila has similar inducible
properties'®.

Besides being highly induced by heat shock and
amides, the hsro transcripts are also normally present in
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other stresses, the bulk of these proteins and the hsr-
omega nuclear (hsrw-n) transcripts get localized to
the 93D site. We propose that one of the important
functions of the hsrw-n transcripts is to act as a

‘sink’ for at least some members of the hnRNPs and
related proteins so that any increase or decrease in
the abundance of these nuclear transcripts corre-
spondingly modifies the °‘sink’ size, which in turn
affects the availability of such proteins in active nu-
clear compartments and - regulates the nuclear
RNA processing activity. It appears that non-
availability or over-abundant availability of these
transcripts disrupts the regulated and fine-tuned
balance of the various RNA-processing factors re-
sulting in frans-dominant mutant phenotypes.
We believe that binding with specific proteins and
consequent regulation of their activity may be a
common feature of the functions of non-protein cod-
ing genes.

cultured cells and 1n most cell types during develop-
ment! "8, Interestingly, however, the relative abundance
of the different hsr® transcripts varies in relation to
developmental stage and 1n  an inducer-specific

mannerw‘lg.

Structure rather than sequence of the
non-coding hsrw transcripts is conserved

The genomic organization of this locus 1n different spe-
cies of Drosophila i1s remarkably conserved since in all
cases analysed so far, the locus spans 10-20 kb with a
5 to 10 kb or longer stretch of short tandem repeats at 1ts
3’ ¢nd and two exons separated by an intron at the 5°
end; sizes of the two exons and the intron are compara-
ble in different species (sce Figure 1). Surprisingly, the
DNA sequence of the hsrwo homologues n different
spccies 1s highly diverged®® %, It is interesting that one
of the major heat shock induced pufls in polytene nucler
of some Chironomus species also produces non-coding
transcripts whose structure, sequence divergence and
some other propertics are reminiscent of the hsrw locus
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Figure 1. Schematic representation of the architecture of the hsrw gene of Drosophila and its differ-

ent transcripts (redrawn after Ray and Lakhotia’).

of Drosophila; the possible presence of an Asrw homo-
logue in Chironomus indicates its wider evolutionary
conservation® ™%

This locus produces two primary nuclear transcripts
(Figure 1) of which the larger, the nucleus limited hsrw-
n transcript, is about 10-20 kb long and spans the entire
transcription unit composed of the proximal unique re-
gion and the distal long stretch of short tandem repeats
which are not present at any other site. The second
smaller transcript, the hsrw-pre-c, 1s ~1.9 kb long, and
includes the two exons and the intron corresponding to
most of the proximal unique region of the gene. The
~700 bp intron in the hsrw-pre-c is spliced out to gener-
ate the 1.2 kb cytoplasmic transcript, the hsrw-c, which
is transported to cytoplasm and carries a small (23-27
amino acid residues in different species) translatable
open reading frame, but does not produce any detectable
product’™. All the three transcripts have the same start
point, but while the omega pre-c 1s precursor for omega-
c, the omega-n is not precursor to any of them™' %,
Splicing of the hsrw-pre-c takes place at the site of syn-
thesis'’ and the spliced out intron persists as a 600 bp
fragment'°.

Regulation of the hsrw gene expression is
complex

The production of more than one transcript by the Asrw
locus, their dynamic developmental expression and their
inducibility by heat shock and by amides, indicate pres-
ence of multiple regulatory elements in 1ts promoter re-
gion. Further complexity in its regulatory organization is
suggested by the tissue-specific variations in 1ts expres-
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sion pattern and also by the fact that its induced expres-
sion is modulated by specific conditions. Thus, a variety
of experimental conditions and certain genotypes are
known to specifically prevent putfing of the 93D locus
in heat shocked but not in amide treated salivary gland
polytene cells of D. melanagasterﬁ‘%. Promoter analyses
studies by Mutsuddi and Lakhotia'® revealed that the
basic regulatory elements for its developmental and heat
shock induced activity are mostly within the —844 bp
upstream region. The putative amide response elements
(AREs), on the other hand, seem to be located far up-
stream (>22 kb) from the transcription start point?’.
Other unpublished results in our laboratory further sug-
gest that the induced expression of this gene is differ-
ently regulated in polytene and non-polytene cells.

Heat shock and amides increase the levels of all the
hsro transcripts but their yYelative levels are regulated in
an inducer specific manner. Chemicals like benzamide
and colchicine that specifically induce 93D, but not the
other heat shock loci, result in higher levels of the
omega-n transcripts, whereas heat shock leads to a rela-
tively greater increase in the level of omega-c °. The
omega-n transcripts rapidly turnover in the nucleus but
conditions that result in inhibition of general nuclear tran-
scription lead to a rapid accumulation of this transcript
through its increased stability®; likewise drugs that inhibit
translation through chain initiation or elongation, stabilize
omega-¢ transcripts which also normally turnover withn
minutes in control cells'’. It is notable that heat shock as
well as the amide treatments cause a general inhtbition
of chromosomal transcription®"’.

It is interesting that under certain conditions of heat
shock the 93D puff is not induced in polytene cells and
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shows little “H-uridine incorporation and vyet, the
amount of hsrw transcripts present at the 93D region of
polytene chromosomes remains nearly as high as when

this is typically induced'”. This suggests a reduced turn-
over of the hsrw transcripts in the nucleus and/or with-

drawal of these transcripts back to the 93D site from

their otherwise more wide distribution in the nucleus
(see later).

The hsrw gene has important functions

Since the hsrw gene does not produce any protein and
also since its base sequence in different species of Dro-
sophila has changed rapidly, the functional significance
of this gene can be questioned and one could argue that
a gene like this is a typical example of ‘selfish’ or ‘junk’
DNA. However, the above noted complexities of its
regulation, 1ts role in thermo-tolerance and the pheno-
typic effects resulting from this gene’s absence or due to
Its over-expression, as discussed below, lead us to be-
lieve that even though without a typical protein product,
the hsrw gene has vital functions during normal devel-
opment and under conditions of stress.

Role in thermotolerance

hsrw-nullosomics are relatively poor in acquiring
thermo-tolerance®” and unlike wild type flies do not
survive when grown at 31°C (ref. 30). These suggest
that the transcripts of this gene play crucial role in the
stress response. A more direct evidence for this was ob-
tained by studies of A. A. Hoffmann’s group’ * who
carried out selection experiments for thermo-resistance.
Their results showed significant differences with respect
to allelic vanations and the ievels of the nuclear and
cytoplasmic transcripts of the hsrw gene between the
lines selected for thermo-resistance and those not
selected.

Phenotypes due to nullosomy of the hsrw locus

Intensive mutagenesis at the 93D locus by Mohler and
Pardue® failed to recover any point mutation but pro-
vided two small overlapping deletions, viz. Df(3R)e""*
and Df(3R)GCI4, whose overlap specifically defines the
93D heat shock and amide-inducible locus®’. Mohler
and Pardue® found these hsraw-nullosomic trans-
heterozygotes (DfI3R)e“"*/DfI3R)GCI4) to mostly dic at
embryonic stage while the few (~20%) survivors to adult
stages were very weak, unable to properly walk or fly,
sterile and died within a few days. A more dctailed
study of effects of the nullosomy for the Asrw locus In
D3R IDF(3R)GC14 trans-heterozygotes in our labo-
ratory>” revealed additional phenotypes as follows:
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1. About 10% of the hsrw-nullosomic embryos that died
after development of cuticular structures showed de-
fects in anterior terminal structures ranging from near
absence of some or all components of the anterior
structures to complete fusion of the dorsal arm, dor-
sal bridge, H-piece, labrum, and the hypopharyngeal
organ. Such defects in anterior terminal structures
were absent 1n the nullosomic embryos that hatched.

2. Many of the stage 12 to stage 15 Asrw-nullosomic
embryos showed (i) fusion of the anterior and poste-
rior commissures on one side of the ladder like CNS
and/or (ii) break in the longitudinal axons in the cen-
tral nervous system in the abdominal segments. Em-
bryos with at least one copy of the Asro locus did not
show such abnormalities.

3. The few surviving hsrw-nullosomic flies were very
weak, unable to walk or fly properly and were short-
lived. The hsrw-nullosomic males showed apparently
normal reproductive organs with bundles of motile
sperms 1in their testes but such males never produced
any progeny when crossed with wild type females.
On the other hand, out of the 104 hsrw-nullosomic
females crossed with wild type males, 47% did not
lay eggs and 34% laid eggs which did not hatch but
the remaining 19% laid a few eggs, at least some of
which hatched into normal viable larvae. Examina-
tion of ovaries of these different categories of hsrw-
nullosomic females after Phalloidin and DAPI stain-
ing showed that the ovaries of hsrw-nullosomic fe-
males that did not lay eggs after mating, showed
more severe defects than the other two categories of
hsrw-nullosomic females. These ovaries showed high
percentage of degenerating follicles and most inter-
estingly, in some of the egg chambers the nurse cells
were not properly demarcated. Associated with the
reduced number of nurse cells, the distribution of
ring canals was also aberrant. Another interesting de-
fect was the reduced frequency of stage 9, stage 10a,
and stage 10b egg chambers 1n most of the ovarioles.
In some follicles, the correct positioning of the oo-
cyte was affected (for details, sce ref. 33).

Mutations at Ras or hsp83 genes act as dominant
enhancers of embryonic lethality due to
hsrw-nullosomy

Interestingly all the above phenotypic effects of hsro-
nullosmy are shared, to varying decgrees, by mutations in
the Rasl] or scveral other genes that are involved 1n the
Ras-signaling pathways™ ™, It is, therefore, not surpris-
ing that mutations at Ras! or Raslll genes in Droso-
phila, which by themselves have no effect on viability in
heterozygous condition, dominantly enhance the embry-
onic lethality due to Asre-nullosomy since even the 20%
of such embryos that develop to adulthood, = to hatch
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as larvae when also carrying a mutant Rasl or Raslil
allele 1n heterozygous condition’. Likewise, recessive
mutations at the Asp83 locus also act as dominant en-
hancer of embryonic lethality due to hAsrernullosomy”’.
Hsp83 is known to specifically localize to the 93D puff
following heat shock to larval salivary glands®** and
hsp83 mutations are known to affect some of the Ras-
signaling pathwaysmm.

Male sterility due to over-abundance of hsrw
transcripts in cyst cells in testes of
D. melanogaster

Recent studies in our ]abaratory“ on a P-insertion mu-
tant in which the P-lacZ-rosy’ transposon is inserted at
—~133 bp position 1n the promoter region of the hsrw
locus revealed that due to this promoter mutation, the
hsrw transcript level in the somatic cyst cells of testes
was several folds higher. This was associated with the
spatial order of the various spermatogenic stages in tes-
tes being disorganized and filled with immotile sperms
which did not leave testes so that the seminal vesicles were
completely empty. A pair of cyst cells encircles the growing
cysts of meiotic cells tll sperm maturation and provides
‘nourishment’ to the differentiating male germ cells*. It
appears that over-abundance of the hsro transcripts in cyst
cells of the mutant testes results in some critical function/s
being affected which in turn, disrupts the spatial order of
growing germ cells and their maturation within the testes
and ultimately results in male sterility (see later).

Hsro transcripts colocalize with a variety of
hnRNPs and some other proteins in the nucleus

A remarkable insight into some of the possible functions
of this gene has been gained by analysing the nature of
proteins that are known to associate with this gene’s
nuclear transcript. The 93D site of D. melanogaster and
Its homologues in other species are associated, specially
after induction, with unique large-sized RNP parti-
cles*™*, Clusters of such RNP-particles are seen in a
variety of cell types and are mostly associated with the
site of this gene’s location but are also present in the
nucleoplasm®*>. The proteinaceous core of such parti-
cles is surrounded by RNA®. As summarized below,
antibodies against an intriguing array of RNA-binding
proteins shows specific binding with the hsro tran-
scripts, and these complexes are localized mostly at the
93D site, specially after its induction.

P11, 014, Q16 and Q18

The P11, Ql4, Q16 and QI8 antibodies, generated
against nuclear non-histone chromosomal proteins of D,
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melanogaster, recognize the P11 group of RNA binding
proteins*®. The protein recognized by the P11 antibody
1s also known as Hrp36 in view of its 36 kDa size and its

hnRNA binding properties and as HRB87F in view of its
gene being located at the 87F cytogenetic region*’, Q14
and QI6 antibodies recognize different epitopes of
Hrp36 or HRB87F. Q18 antibody recognizes a similar-
sized protein whose gene is located at the 57A cytogenetic
region and ts, therefore, also known as HRB57A (ref. 48).
The earlier*******® and our own unpublished 1m-
munostaining studies show that all these proteins nor-
mally remain bound to a variety of transcriptionally
active sites on polytene chromosomes (Figure 2 a) but
after heat shock are almost eliminated from these sites
and mostly get specifically localized to the heat shock
induced 93D puff site (Figure 2 b) in association with
the characteristic large RNP-particles that also accumu-
late at this site**. We have seen that after benzamide and
colchicine treatments also, bulk of the HRB87F binding
1s restricted to the induced puff at 93D in D. melanogas-
ter as well as D. simulans (Figure 2 c—e). Our studies
further show that in a variety of other cell types of Dro-
sophila, the P11 antibody binding is similar to that in
salivary gland polytene nuclei: in all the tissues exam-
ined (larval gut polytene and the imaginal cells, Mal-
pighian tubules, brain ganglia of larvae and the cyst
cells 1n testes of adult flies), the unstressed cells show
many small speckles of P11 all through the nuclear area
along with a larger cluster which corresponds to the 93D
chromosomal region (see Figure 3¢, f) but after heat
shock, bulk of the HRB87F protein gets clustered at the
93D site although a few small speckles are still seen in
rest of the nucleus (Figure 3d). Hogan et al.*® using
radioactive in situ hybridization studies, claimed that the
hsrw-n transcripts were uniformly distributed in the
nucleus. However, our results, using the non-radioactive
in situ hybridization (colour and fluorescence) tech-
nique, which permits better spatial resolution of the hy-
bridization signal, showed that the hsrw-n transcripts in
nuclel of all these cell types are mostly present as dis-
tinct speckles (Figure 34, b and ¢) very similar to the
distribution of HRB87F protein. Indeed, simultaneous in
situ hybridization and immunostaining (Figure 3 e-g)
reveals that bulk of the nuclear hsro RNA and the
HRBR&7F protein co-localize. Such studies revealed that
while all the speckled HRB8&7F protein co-localized
with speckles of the hsra-n RNA, the more diffusely
distributed HRB87F protein in the nucleus was appar-
ently not associated with the hsrw transcript. On the
other hand, a few speckles of the nuclear hsrw transcript
were free of HRBE7F (Figure 3 e—g). Unlike our present
results that the hsrw-n transcripts are located at multiple
sites in nuclei of different cell types, Buchenau et al.®®,
using a short oligonucleotide probe, reported that hsrw-n
transcripts in D. melanogaster cells were localized ex-
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Figure 2. Immunofluorescent localization of the HRB87F or HRP36
protein (PII antibody) on polytene chromosomes of D. melanogaster (a—d)
and D. simulans (e). The HRB87F protein is widely distributed (yellowish
green fluorescence) on many transcriptionally active polytene chromo-
some sites, including the 93D, in unstressed cells (a) but a 40’ heat shock
at 37°C (b) causes this protein to be withdrawn from all sites and to get
exclusively localized at the 93D puff (the two homologs are partly asyn-
apsed in the example in b and thus two 93D puffs are visible). Benzamide
(1 mM for 10’ at 24°C) and colchicine (100 pg/ml for 40’ at 24°C) also
cause bulk of the HRB87F protein to accumulate at the 93D puff although
it continues to be present at several other sites also (¢ and d, respectively).
The example in e shows the massive localization of HRB87F protcin at
the 93D puff in polytene chromosomes of D. simulans following the ben-
zamide treatment. The immunos[aininﬁ was carried out following Saum-
weber et al.*® and Dangli and Bautz'® with some minor modifications.
The polytene chromosomes were counter-stained with propidium iodide
(red fluorescence) to show chromosome bands. All photomicrographs
were recorded with a Nikon E800 fluorescence microscope on Fujicolour
200ASA film. The photographic prints were scanned and reproduced
using the Adobe Photoshop software. The scale bar represents 10 um.
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clusively at the 93D site. We think that this discrepancy
is related to a reduced sensitivity of the oligonucleotide
probe used by Buchenau efr al.*® compared to the full
length repeat unit (280 bp) or the cDNA (1.2 kb) ribo-
probes used by us. The distinct speckled distribution of
hsr-n RNA 1s unique since no other nuclear RNA,
other than the snRNAs, etc. 1s so far known to show a
comparable pattern.

The binding properties of HRB87F or Hrp36 suggest
that its association with the hsrw transcripts is due to
indirect interaction’'”*. HRB87F is a homologue of
hnRNP-A1 of vertebrates*’>*>>, HnRNP-A1 is known to
act as RNA helicase, to catalyse RNA-RNA annealing
activity and may play a role in pre-mRNA splicing,
alternative splice site selection and other aspects of nu-
clear mRNA metabolism®>™>>. HnRNP-Al may also
function as RNA chaperone to prevent misfolding of
RNAs and resolve RNAs that are misfolded’. In agree-
ment with these roles 1in hnRNA processing, over-
expression of Hrb87F 1n a transgenic line was associ-
ated with aberrant splicing of the ddc (dopa-
decarboxylase) transcripts 1n larval brain ganglia®’.
However, its null mutants do not have any phenotype,
which suggests existence of redundant pathways.

The HRBS87F or Hrp36 has been seen to bind mostly
to those chromosomal sites whose transcripts are gen-
erally not immediately transported to cytoplasm and on
this basis it has been suggested to have a role 1n nuclear
retention of such transcripts“'sg_ However, studies 1n our
laboratory (Prasanth, K. V. and Lakhotia, S. C., unpub-
lished) show this protein’s transient binding with the
hsp70 loci during initial stages of their heat shock in-
duction. Since the hsp70 transcripts are 1mmediately
transported to cytoplasm, it seems that the Hrp36 has
other roles as well.

HRB57A protein recognized by the Q18 antibody 1is
homologous to the hnRNP K family of proteins*
which have roles in nuclear metabolism of hnRNAs.
HRBS57A, like the HRB87F, is withdrawn from other sites
and recruited specifically to the 93D puff upon heat shock
and gets rapidly redistributed during recovery from stress™.

HRB57A and HRB87F are present in cytoplasm dur-
ing very early embryonic development but are trans-
ported to nuclei from stage 12 onwards of embryonic
development*®®, It is interesting to note that this stage
corresponds to initiation of zygotic gene expression,
including that of the Asrw (refs. 17, 18).

SS and T29

S5 and T29 antibodies, also generated
non-histone chromosomal proteins of Drosophila, to-
gether form the S5-group*®. These antibodies bind to a
varicty of transcriptionally active sites on unstressed
polytenc chromosomes but after heat shock, they lo-
calize mostly at the 93D puff*. However, unlike

against
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Figure 3. The hsro>-n RNA {(a, b, € and g) and the HRB87F protein (¢, d, f and g) are distributed in overlapping speckles in unstressed (a. c)
and 40’ heat shocked (b, d) larval Malpighian tubule (a-d) and adult testes cyst cell (e—g) nuclei. The hsrw>-n RNA was localized in intact
Malpighian tubule (a, b) or testis cyst cells (e, g) by in situ hybridization under non-denaturing conditions with a dig-UTP labelled anti-sense
riboprobe transcribed in vitro from a clone'” of the repeat unit of the 93D locus (pDRM30) while the HRB87F protein was localized through
immunostaining using the P11 monoclonal antibody®. In a, b and e, the RNA hybridization was detected using the TRITC conjugated anti-
dig-antibody (Boehringer Mannheim, Germany). The HRB87F immaunostaining in ¢ and d was detected by anti-mouse-HRP secondary anti-
body (Amersham, UK) and in f with anti-mouse-FITC secondary antibody (Sigma, USA). The hsr@-n RNA and the HRB87F protein in cyst
cell in e-g were simultaneously detected by in situ hybridization with the dig-labelled riboprobe and immunostaining with the P11 antibody: e
shows only the localization of hsrw-n RNA (TRITC fluorescence detected by the G2A filter block), f shows the distribution of HRB87F protein
in the same cell (FITC fluorescence detected by the B2A filter block) while in g, the localizations of both are simultanecously seen using the
DFT fluorescence filter block in the Nikon E800 Fluorescence microscope. Note that both the hsro-n RNA (a) and the HRB87F protein (¢) are
present in the unstressed Malpighian tubule cells as many speckles, one of which 1s larger (arrow head 1n a) and represents the hsrw locus.
Heat shock (& and d) causes most of the small speckles to disappear while the large cluster at the hsrw locus (arrowheads) becomes more en-
larged. Co-localization of the hsro-n RNA and the HRB87F protein in unstressed cyst cells of adult testis (e—g) shows that almost all the
speckles of the HRB87F protein are supertmposed on speckles of the hsr@-n RNA (orangish colour in g) while the more diffuse green fluores-
cence in nuclear area (f) 1s not matched by similarly distributed hsrwa-n RNA (e). Photomicrographs were taken on Nikon E800 microscope

and processed as in Figure 2. The scale bars (common for a—d and for e, f) represent 10 um.

the above noted P11l-group, they continue to decorate
several non-heat shock loci as well. S5 is also known to
bind to the Y chromosomal loops A and C in primary

62
spermatocytes®! %,

V4, P75 and T7

These antibodies were also generated against non-
histone nuclear proteins by Saumweber et al.*® and bind
with many chromosomal sites i1n unstressed polytene
cells. After heat shock the V4 antibody binds to 93D
and the other heat shock puffs. T7 decorates all major
heat shock puffs but its presence over other inactivated
loci is reduced. After 5 min of heat shock, T7 binding is
considerably higher at the 93D puff than the other heat
shock puffs®”. The proteins recognized by V4, P75 and
T7 antibodies are yet to be characterized.

The P75 antibody of Fleischmann et al.®® seems to be
different from the P75 of Saumweber et al.*°. It recog-
nizes a non-histone chromosomal protein of 75 kDa,
which though preferentially associated with transcription-
ally active regions on larval salivary gland polytene chro-
mosomes, in many cases shows an inverse correlation with
the RNA polymerase Il content of the given site. While its
binding with the 93D site is strong in unstressed as well
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as heat shocked cells, the other heat shock loci show
little binding except during recovery from heat shock®.
Unlike the P11 group of antibodies that bind only on a
subset of RNA Pol II transcribed regions of polytene
chromosomes, the P75 also decorates at least some Pol
IIT transcribed sites. Since the P75 was generally more
abundant at sites whose transcripts are retained for a
longer period in the nucleus, its role in nuclear retention
of transcripts has been suggested®.

Hrp40 or squid

Hrp40 or squid is another member of hnRNPA1/3 class
of hnRNA binding protein family and was first identi-
fied as part of the complex that contains at least ten
major hnRNPs of which the Hrp36 (HRB87F) also is a
member®*®, hrp40 (squid) encodes transcripts of differ-
ent Iengths and produces at least three different protein
isoforms presumably due to alternative splicing. hrp40
gene is also localized at 87F band position of polytene
chromosomes, very close to the gene coding for the
Hrp36 or HRB87F protein®. Hrp40 is a nuclear protein
which directly binds to poly-A containing nuclear RNAs
in most somatic cells and which is mostly associated
with actively transcribing loci of polytene chromo-
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somes!. Recent studies in our laboratory (Prasanth, K.
V. and Lakhotia, S. C., unpublished) revealed that after
40” at 37°C, Hrp40 gets highly localized to 93D puff,
much like the earlier noted Hrp36 (P11). It is, however,
Interesting to note that the 87A7 puff site, one of the
hsp70 loci, also showed a weak staining with Hrp40
antibody even after 40 min of heat shock, while the
87C1 puff, the other hsp70 locus, did not show any
binding. Female flies homozygous for null mutation of
hrp40 or squid have been reported to be sterile and to
show variable degree of degeneration of oocytes and
some other abnormalities®®®” which are somewhat
reminiscent of the defects seen in ovaries of
Df(3R)e“’* IDf(3R)GCI4 that are nullosomic for the
hsrw gene (see above and ref. 33).

Sxl (Sex-lethal) and Snf (Splicing necessary
factor)

The Sxl gene has a key role in sex determination and
dosage compensation in Drosophila®® since the Sxl is a
RNA-binding protein that regulates the sex-specific al-
ternative splicing of a number of pre-mRNAs of sex-
determining and dosage compensating genes as well as
of its own pre-mRNA®" Sxl complexes with Snf
(splicing necessary factor) to prevent spliceosome as-
sembly at the male-specific exons of pre-mRNAs of
downstream genes in females”. Snf is a 28 kD nuclear
protein and shows extensive sequence similarity to ver-
tebrate RNA-binding proteins UlA and U2B” with
greater similarity to U2B” with respect to its size and
structure’®. Immunostaining of female larval salivary
gland polytene chromosomes indicates that Sxl deco-
rates more than 50 cytological sites (Sxl-antibody does
not bind to any site in salivary gland chromosomes of
normal male larvae). Results of Samuels ef al.”” and our
own observations show that alter heat shock, Sxl gets
localized exclusively to the 93D locus. Though Snf co-
operates with SxI 1in sex-specific splicing, the Snf stains
many sites on polytene chromosome without gex bias.
Furthermore, unlike Sxl, the Snf is present after heat
shock on all the major heat shock puffs, including 93D
(ref. 77). Other than Snf, some hnRNA-binding proteins
are also known to interact with Sx). For example,
hnRNPL helps SxI bind to transcripts to which Sxl
alone docs not bind and Sxl helps Hrp36 or Pll
(HRB&7F) bind to RNA to which the latter alone
binds only weakly’™. The Sx) protein strongly binds with
RNA at AUUUUUUU or AUUUUUUUU sequence mo-
tifs and relatively weakly with motifs that have fewer Us
following the 5’A (ref. 77). Our analysis of the base se-
quences available in the EMBL database revealed that
there are a number of potential Sx}-binding motifs in
the hsrorn (ranscripts of D. melanogaster as well as
[, hydei.
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Sera of patients suffering from ankylosing
spondylitis (AS), mixed connective tissue disease

(MCTD) and from systemic lupus erythematosus
(SLE)

Patients suffering from AS, MCTD and SLE are known
to possess antibodies against hnRNPs, snRNPs and other
packaging proteins’®. Sera from certain AS patients bind
strongly to the heat shock induced 93D puff, with a
weak staining at other heat shock loci; MCTD sera bind
with 93D and other heat shock loci after heat shock
while SLE sera binds with the 93D, 87A and 87C puffs

as well as with some other non-heat shock loci after heat
shock®®.

Hsp83

Morcillo et al.?* reported that after heat shock, Hsp83
(the Hsp90 homologue of Drosophila) was present in a
fibrillar network in the entire cytoplasm of polytene
cells but within the nucleus, it was specifically localized
to the 93D puff and disappeared from this site as the
putf regressed during recovery. It is interesting to note
that the hsrw homologues in other species of Drosophila
and Chironomus also show specific binding of Hsp90
family protein and the other HRPs noted above after
heat shock. Our results’”” on interactions of hsp83 and
Ras genes with the Asrw locus are significant in the
context of the binding of Hsp83 with the hsro locus
after heat shock. Hsp90 family proteins are known to
possess DNA and RNA binding properties® > and the
LKVIRK-region of the Hsp90 is homologous to the
RNA-binding domain of cauliflower mosaic virus RNA-
movement protein®. Although similar properties of
Drosophila Hsp83 are yet to be discovered, the highly
conserved structure and function of the Hsp90 family
protein 1n different organisms suggest that Drosophila
Hsp&3 may also possess RNA binding activity. Further-
more, many RNA binding proteins are also involved in
Ras/Src signalings‘“"ss, It may also be mentioned that an
earlier report™ indicated that antibody to cyclic
guanosine monophosphate (cGMP) also showed specific
binding with the 93D puff after heat shock. It is not
known if the ¢cGMP localization at the 93D putf is in
some way related to the interaction of hsro gene with
Ras pathway genes.

Hsp70

Laran et al.” reported that following heat shock, the
Hsp70 also binds with the Asreo locus 1n heat shocked
salivary glands of D, hydei (2-45C puth). However, the
heat shock induced 93D pulf of D. melunogaster did not
show detectable binding of Hsp70, although Shopland
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and Lis*® have reported that Hsp70 generally ‘paints’ all
polytene chromosome regions after heat shock.

hsro-n transcripts function as ‘sink’ for
nuclear RNA-processing factors: A model

It is clear from the above that many of the proteins that
bind with nuclear transcripts of the 93D or the hsrw lo-
cus in polytene and a variety of other cells belong to the
haRNP family of nuclear proteinssa‘{’d'gg which are in-
volved in regulated splicing and mRNA transport. Sx|
and Snf are also RNA-binding proteins and are involved
in regulated splicing while the Hsp83 or Hsp70 belong
to the molecular chaperone family. Recent studies in our
laboratory (Figures 2 and 3 and other unpublished re-
sults) have extended the earlier observations made
mostly on salivary gland polytene chromosomes to many
other cell types of Drosophila and 1n all cases hnRNPs
like Hrp36, Hrp40 and presumably other similar pro-
teins co-localized with the nuclear hsro transcripts. In
unstressed cells the hsro transcript and the hnRNPs are
distributed as small speckles while heat shock causes
them to aggregate mostly at the hsrw gene locus
(Figures 2 and 3). It may be noted that members of the
SR family of proteins, so named due to their serine/
arginine rich domains and which are involved in regu-
lated alternative splicing reactions and modulating
chromatin structure during transcription’ 2, do not ap-
pear to bind to the 93D site or its transcripts®** (also
our unpublished observations) in a manner as the
hnRNP family members do. In mammalian cells, the SR
family proteins associate with the interchromatin
speckles or interchromatin granules which contain little
hnRNPs™°. Apparently the speckles or clusters of the
hsraw-n transcripts and the hnRNPs in Drosophila cells
also are distinct from speckles or the inter-chromatin
granules that contain the SR-family proteins. Earlier
ultrastructural studies*** also showed that the particles
containing the Pll-family of hnRNPs and the hsro-
transcripts had a unique organization

We believe that the dynamic co-localization of the
hnRNP and some other RNA-binding and processing
proteins with the hsro-n transcripts is very significant
and suggests a possible role for the non-coding hsre
nuclear transcripts. We propose that one of the impor-
tant functions of the nuclear hsrw-n transcript is to act
as a ‘sink’ for at least some members of the hnRNA-
processing proteins so that any increase or decrease in
the abundance of the hsrw-n transcripts correspond-
ingly modifies the ‘sink’ size, which in turn affects the
availability of such proteins in active nuclear compart-
ments and thereby regulates the nuclear RNA process-
ing activity. It is likely that the speckles or clusters of
hsrw-n transcripts and the assoctated hnRNPs in the nu-
cleus represent the sequestered form of these proteins
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while the more diffusely distributed hnRNPs are perhaps
associated with active chromatin sites. In view of the
known antagonistic roles of the SR proteins and
hnRNPs>>?72%7 " RNA processing activities are ex-
pected to be affected by the specific sequestering of -
hnRNPs by hsrw-n transcripts and consequent change in
the balance between the SR proteins and hnRNPs.

Cellular stresses like heat shock significantly inhibit
chromosomal transcription and RNA-processing activity
and since most of the heat shock transcripts do not need
splicing or other processing prior to their rapid transport
to the cytoplasm for translation” "%, it is logical to pre-
sume that much of the hnRNPs, whose half-life is gen-
erally long'”, remain unengaged under these conditions.
Heat shock may also thermally denature or cause other
damage to these proteins due to which they, if allowed
to remain available in active compartment, may carry
out aberrant RNA processing functions. To avoid such
possibilities, these proteins must be prevented from be-
ing active and therefore, need to be sequestered away
from active compartment. The amount of hsrw-n tran-
scripts also rises rapidly during stress due to new syn-
thesis and reduced turnover'®'®. The increased pool of
hsro-n transcripts can thus ‘soak’ the unengaged
hnRNPs. We believe that the rapid and correlated redis-
tribution of hsro-n transcripts and some of the RNA-
processing factors in heat shocked nuclei serves to se-
quester a subset of RNA-processing proteins away from
the active compartment. The hnRNPs are not found free
of RNA in the nucleus® and therefore, it is likely that
the pool of hnRNPs that 1s not productively engaged
with hnRNA processing remains anchored to some other
RNA. The hsro-n RNA would be one such RNA. Like
the interchromatin granules which probably are the stor-
age sites for the SR family of proteins™'%, the unen-
gaged hnRNPs presumably also aggregate with the
hsro-n RNA as speckles or granules for storage till re-
quired. It is significant in this context that RNA is not
present in core region of the large RNP particles that
characterize the Asrw locus”. Therefore, it appears to us
that the hsro-n transcripts mask various hnRNPs that
aggregate in these large particles and thereby keep them
sequestered. Dangh et al.**, while characterizing the
large RNP-particles associated with the 93D puff, sug-
gested the large RNP-particles to have a ‘storage’ func-
tion so that the 93D transcripts could be retained in the
nucleus. However, we believe that it is the 93D or the
hsrwm transcripts that help ‘store’ a variety of hnRNPs,
etc. during periods of their inactivity. As the cells re-
cover from stress and resume their normal transcrip-
tional and RNA-processing activities, the hsro
transcripts are rapidly turned over'  and redistributed in
the nucleus and in parallel, the RNA-processing factors
are released and also redistributed to active nuclear
compartments.
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The dynamically regulated expression of hsre gene 1n
almost a]l cell types from embryo to adult stage of Dro-
sophila"’ presumably provides for a rapid increase or
decrease in the ‘sink’ size in relation to the ‘varying de-
mands on the nuclear RNA processing machmery in dif-
ferent cell types; one of the consequences of the
developmental alterations in the ‘sink’ size would be a
dynamic change in the ratio of the functionally antago-
nistic SR proteins and hnRNPs in active compartments.
Inhibition of nuclear transcription by actinomycin D
results in a rapid stabilization and accumulation of the
hsro-n RNA*®, We think that such stability serves to
provide adequate ‘sink’ for the hnRNPs that remain un-
engaged 1n the absence of new transcription. A positive
role of the hsro-n transcripts in regulating the spatial
distribution of the various hnRNPs is further suggested
by our unpublished observations that in unstressed and
more particularly heat shocked cells of the few surviving
hsrw-nullosomics, these proteins mostly remain distrib-
uted in a diffused manner. The disorganized spatial dis-
tribution of the RNA-processing proteins due to absence
of these transcripts in hsrw-nullosomics can be expected
to result 1n malfunctioning of the nuclear RNA-
processing machinery. Indeed, as noted above, hsrw-
nullosomy is associated with a high degree of embryonic
lethality and other phenotypic effects. Survival of about
20% of the nullosomic embryos is suggestive of exis-
tence of redundant genetic pathways as expected for
vital developmental functions'®. As noted earlier, the
hsro®**! promoter mutation due to a P-transposon in-
sertton at —133 bp region of the hsrw gene is associated
with a several-fold higher level of expression of hsre
nuclear transcript in the cyst cells of adult testes and
also male sterility. The hsro nuclear transcript in these
mutant cyst cells colocalize with the various hnRNPs in
the form of larger clusters, reminiscent of those seen in
wild type cells after heat shock*'. We believe that the
over-abundance of hsro transcripts in cyst cells due to
the hsro®?*" gain of function mutation traps a larger
proportion of the nuclear RNA-processing factors 1n
inactive compartment®'. This may have a trans-dominant
effect on the processing of many nuclear transcripts so
that a variety of cyst cell functions are affected. Since
cyst cells have important roles in the growth and matu-
ration of spermatogenic stages, their malfunction results
in male sterility*’

It 15 not clear if the massive accumulation of the hsrw
transcripts at the 93D chromosomal stte during heat
shock 1s due to increased synthesis alone or is also due
to the ‘withdrawal’ of these transcripts from the speckles
distributed throughout the nucleus., Lakhotia and
Sharma'? showed that even when there is no 'H-uridine

incorporation at the 93D site under certain conditions of

heat shock, the in situ level of the hsro transcripts at this
site remained high. Therefore, we believe that the very
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high level of hsrw transcripts at the 93D site after heat
shock and their concomitant disappearance from most of
the other nuclear regions is also due to these transcripts
being actively ‘withdrawn’ to the site of synthesis. It is
Interesting to note here that the 93D locus has been
shown to be highly dynamic and mobile in living cells*.
An attractive possibility is that the dynamicity of this
locus 1n live cells plays a role in its ‘soaking’ function.
Recent observations of Philips et al.'® and Lu et al.'%
on the consequences of the CUG triplet expansion in the
3’-untranslated region of the myotonic dystrophy or DM
gene are very significant in the present context. Tran-
scripts from the expanded gene accumulate in the form
of aggregates in the nucleus and work of Philips et al.!*

-indicates that the CUG-binding protein (CUG-BP), a

splicing factor, gets titrated out by the triplet-repeat ex-
panded mutant DM transcripts and this disrupts the nor-
mal function of the CUG-BP in sphcmg of transcripts of
a certain family of genes'®. Lu et al.'® have further
identified a new member of the CUG-binding proteins,
elav-type ribonucleoprotein (ETR-3), which is highly
expressed 1n heart and is able to interact with CUG re-
peats.

A comparable regulation of certain DNA-binding
protemns by sequestering during periods of their inactiv-
ity also exists. During interphase stage, the Drosophila
GAGA factor remains bound to sites of high GA content
In the regulatory regions of a variety of genes to main-
tain a transcriptionally competent state of chromatin'?’,
However, during mitosis when transcriptional activity is
absent, the GAGA factor molecules get displaced from
the euchromatic sites and transiently bind to simple AG-
rich repeats in peri-centromeric heterochromatin.
Almost a similar situation is observed for the protein
encoded by the proliferation disrupter (prod) gene of
Drosophila'”. Thus, in these cases also, the DNA
binding regulatory factors are sequestered by hetero-
chromatic repeat blocks when not required.

We believe that during heat shock, the chaperones like
Hsp83 (and possibly also Hsp70) accumulate at the hsro
locus to protect the RNA-processing proteins, that ag-
gregate there, from irreversible thermal damage. It has
recently been reported that heterozygosity for recessive
mutation at the hsp83 gene of D. melanogaster has a
trans-dominant effect on many other genes resulting in
mutant phenotypes that do not show up when both cop-
ies of the hsp83 are functional'™, Since the h sp83 muta-
tions have a dominant interaction with the Asrw locus, it
Is tempting to speculate that at Icast a part of the trans-
dominant cffect of Asp83 mutations on other genes may
be mediated through the hsro transcripts: in the absence
of threshold levels of functional Hsp83, a variety of
hnRNPs that bind with hsre transcripts, especially dur-
ing conditions of cellular stress, may not function ap-
propriately and this would affect the functioning of
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genes whose transcripts need to be processed by these
hnRNPs.

Concluding remarks

The 93D or the hsro gene, hike the several other ‘non-
coding’ genes, has remained interesting but enigmatic
ever since its serendipitous discovery nearly 30 years
ago'™. The puzzling array of its inducible properties,
genomic organization and its complex regulation kept
the belief alive that transcripts of this and similar other
genes have tmportant cellular roles without coding for
conventional protein product/sﬁ‘”o. A combined genetic
and molecular cell biological approach has now pro-
vided the first insight into one of the several possible
ways in which its nuclear transcripts regulate vital func-
tions relating to processing, etc. of pre-mRNAs. The
hsro-c (the 1.2 kb cytoplasmic RNA) binds to ribosomes
and 1ts short ORF is presumably translated>™. In parallel
with the above noted role of the hsro-n transcripts, It is
tempting to speculate that the hsro-¢ has a comparable
role in regulating the availability of ribosomes. The
stable hsro-intronic RNA may also have some nuclear

functions. All these remain exciting possibilities for.

further studies. It 1s obvious that such regulations are
essential functions in all eukaryotic cells. Therefore,
homologues and analogues for Asrw-like gene must exist
in all eukaryotes. Since the hAsrw gene sequences show
rapid change, sequence homology may not unravel such
genes in other organisms but analysis of the ever-
increasing DNA sequence databases for the hAsrw-like
gene architecture and/or protein-binding properties of
non-coding RNA species may be expected to permit
identification such genes in organisms that do not have
the advantage of polytene chromosomes.
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Protozoan parasites display a range of unusual mo-
lecular mechanisms that may be helpful for their
survival in nature. Among these parasites Entamoeba
histolytica, the causative agent of amoebiasis, is one
of the most prevalent in developing countries like
India. E. histolytica transcribes at least four different
unusual transcripts, IE, Tr, ehapt2 and UEE1, that
are polyadenylated but do not have extensive open
reading frames and are unlikely to code for anything
other than small peptides. In this review we describe

the current status of our understanding about these
transcripts.

THE protozoan E. histolytica is the causative agent of
amoebiasis, an invasive disease that mainly affects the
Intestine and occasionally extra-intestinal tissues such as
liver and brain. Over 50 million people world-wide
suffer from amoebiasis, with majority residing in devel-
oping countries such as India'. Of the different specles
of Entamoeba, E. histolytica is known to cause invasive
disease’. Qur knowledge of E. histolytica genome or-
ganization is still at its infancy. While the number of
chromosomes and the ploidy are still being worked out,
the data available so far suggest that it may have un-
usual genome organization with short intergenic re-
gions’, A number of circular DNAs of varying size
classes have been identified® and the structural organi-
zation of the circular DNA carrying the ribosomal RNA
genes has been worked out in detail. Unlike in many
other protozoan parasites, Entamoeba genes have con-
sensus sequences upstream from the transcription start
site which have been shown to be involved in regulation
of transcription®. So far presence of RNA polymerase II
has not been unequivocally demonstrated®’.

Four different classes of poly A containing RNA have
been characterized in E. histolytica so far which do not
have large open reading frames (ORFs) that can be
translated into meaningful proteins. Together they con-
stitute the most abundant poly A-containing RNA in E.
histolytica. 1t is possible that the stop codons could be
introduced or removed by post-transcriptional modifi-
cation as in case of RNA editing®. However, it does not
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appear that any post-transcriptional modification is
taking place in these transcripts as cDNA and genomic
sequences of these are exactly identical. The functions
of these transcripts are still unknown.

Transcript from the ribosomal DNA plasmid

The best characterized circular ribosomal DNA mole-
cule in strains of E. histolytica is the rDNA plasmid
found in E. histolytica strain HM-1:IMSS (EhR1); this
24.5 kb molecule has been fully sequenced’. Each mole-
cule of EhR1 contains two rRNA transcription units ar-
ranged as inverted repeats separated by a 3.7 kb
downstream intergenic spacer and 9.2 kb upstream
spacer. Both upstream and downstream regions contain
different classes of repeat sequences apart from a se-
quence coding for a polyadenylated 0.7 kb RNA that is
transcribed from the upstream region. The RNA was
detected by Northern hybridization using probes from
different parts of EhR1 and using RNA that was frac-
tionated over oligo-dT column. No hybridization was
detected In the unbound fraction suggesting that the
transcript (Tr) has a poly A tail'’. When the nucleotide
sequence was translated to look for open reading frame,
all the six reading frames had abundant stop codons.
Since the same stop codons used by other E. histolytica
genes are translational stop sites, the 0.7 kb Tr can, at
best, code only for short peptides. The size of the largest
ORF is 117 nucleotides. We have also analysed the Tr
sequence with a new gene-prediction software
(GeneScan) developed by us''. Figure 1 shows the
power spectrum of Tr, rRNA and actin. A typical gene
(the sequence that codes protein, that is, only the exons)
hke actin gives a peak at f=1/3 and peak-to-noise ratio
IS much larger than 4 (Figure 1 g). On the other hand, a
sequence that does not code for a protein, for example
rRNA, does not show any such peak at f=1/3 (Figure
1 ¢). GeneScan of Tr reveals a pattern similar to that of
rRNA (Figure 1 &), confirming that Tr is unlikely to be a
protein coding sequence.

The possibility of producing functional RNA by edit-
ing appears unlikely since a ¢cDNA sequence exactly
matching the Tr sequence has also been reported from
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