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Abstract The nucleus limited long-noncoding hsrw-n tran-
scripts, hnRNPs, and some other RNA processing proteins
organize nucleoplasmic omega speckles in Drosophila.
Unlike other nuclear speckles, omega speckles rapidly disap-
pear following cell stress, while hnRNPs and other associated
proteins move away from chromosome sites, nucleoplasm,
and the disappearing speckles to get uniquely sequestered at
hsrw locus. Omega speckles reappear and hnRNPs get
redistributed to normal locations during recovery from stress.
With a view to understand the dynamics of omega speckles and
their associated proteins, we used live imaging of GFP tagged
hnRNPs (Hrb87F, Hrb98DE, or Squid) in unstressed and
stressed Drosophila cells. Omega speckles display size-
dependent mobility in nucleoplasmic domains with significant
colocalization with nuclear matrix Tpr/Megator and SAFB pro-
teins, which also accumulate at Asrw gene site after stress.
Instead of moving towards the nuclear periphery located Asrw
locus following heat shock or colchicine treatment, omega
speckles rapidly disappear within nucleoplasm while chromo-
somal and nucleoplasmic hnRNPs move, stochastically or,
more likely, by nuclear matrix-mediated transport to 4srw locus
in non-particulate form. Continuing transcription of Asrw dur-
ing cell stress is essential for sequestering incoming hnRNPs at
the site. While recovering from stress, the sequestered hnRNPs
are released as omega speckles in ISWI-dependent manner.
Photobleaching studies reveal hnRNPs to freely move between
nucleoplasm, omega speckles, chromosome regions, and Asrw
gene site although their residence periods at chromosomes and
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Introduction

The nucleus is a well-orchestrated dynamic information center
in eukaryotic cells. Besides nuclear envelope, nuclear matrix,
chromatin, and nucleolus, a variety of nuclear speckles/bod-
ies, like splicing speckles, omega speckles, paraspeckles, OPT
domains, Gems, PcG bodies, Cajal bodies, cleavage bodies,
PML bodies, stress bodies/granules, perinucleolar compart-
ments, etc., are also present in nucleoplasm (Matera et al.
2009; Mao et al. 2011; Lakhotia 2012; Sleeman and Trinkle-
Mulcahy 2014). Many of these nuclear bodies contain, be-
sides their specific sets of proteins, nucleus limited long non-
coding RNAs (IncRNAs), which seem to help in maintaining
their integrity and functions (Jolly and Lakhotia 2006; Spector
and Lamond 2011; Ip and Nakagawa 2012; Lakhotia 2012).
Live cell imaging has revealed remarkable spatiotemporal
dynamicity of these nuclear bodies in relation to cellular con-
ditions and cell type (Misteli et al. 1997; Phair and Misteli
2000; Platani et al. 2002; Gorisch et al. 2004; Spector and
Lamond 2011; Mao et al. 2011). Abiotic and biotic stresses
cause disturbances in the steady state influx and efflux of their
constituents and thus affect their structure and organization
(Lakhotia 2012; Mercer and Mattick 2013; Place and
Noonan 2014).

The hsrw is a developmentally active, heat shock (HS)
inducible, noncoding gene in Drosophila (reviewed in
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Lakhotia 2011) producing multiple IncRNAs (http:/flybase.
org). Its most extensively studied nucleus limited hsrw-nl
(hsrw-RB) and spliced hsrw-n2 (hsrw-RG) IncRNAs, togeth-
er referred to as hsrw-n (Mallik and Lakhotia 2011), interact
with variety of RNA processing proteins including Hrb87F/
Hrp36, Hrb57A/Bancal, Hrb98DE/Hrp38, Squid/Hrp40, PEP,
Rumpelstiltskin/Hrp59, NonA, and SxI (Prasanth et al. 2000;
Jolly and Lakhotia 2006; Ji and Tulin 2009; Onorati et al.
2011; Singh and Lakhotia 2012) to organize the omega
speckles. In all cell types of Drosophila, these nucleoplasmic
speckles disappear after HS or other stress while hnRNPs and
several other proteins get clustered almost exclusively at Asrw/
93D locus (Saumweber et al. 1980; Dangli et al. 1983;
Lakhotia et al. 1999, 2012; Prasanth et al. 2000; Lakhotia
2011).

We have examined dynamics of GFP-tagged hnRNPs in
normal and stressed cells. Our results show that omega
speckles have restricted movement possibly because they in-
teract with nuclear matrix as revealed by their association with
Tpr/Megator and SAFB proteins. The stress-induced rapid
clustering of hnRNPs requires continuing transcription at the
hsrw locus. Unlike earlier presumption (Lakhotia et al. 1999;
Prasanth et al. 2000; Lakhotia 2011) that stress causes indi-
vidual nucleoplasmic omega speckles to fuse and the resulting
larger clusters move to the Asrw locus, present time lapse
imaging and photobleaching experiments revealed that omega
speckles disappear in nucleoplasm rather than fusing with the
hsrw gene site. In normal as well as stressed cells, the hnRNPs
move rapidly and stochastically between different compart-
ments; however, they appear to be also actively moved, pos-
sibly by nuclear matrix components, to the Zsrw gene site in
non-particulate form, where they are sequestered by hsrw
transcripts. Interestingly, the hnRNPs accumulating at the
hsrw locus still show a reduced stochastic efflux to nucleo-
plasmic pool. During recovery from HS, the hnRNPs aggre-
gated at the /srw locus are released as omega speckles, whose
biogenesis requires the chromatin remodeling ISWI protein.

Materials and methods
Fly strains

Drosophila melanogaster wild-type (Oregon R") and mutant
stocks were reared on standard cornmeal-agar food medium at
23+1 °C. Three GFP tagged hnRNP protein-trap homozygous
viable stocks (Morin et al. 2001; Buszczak et al. 2007) viz.
Hrb87F-GFP (CC00189), Squid-GFP (CB02655), and
Hrb98DE-GFP (CC01563) were used to examine dynamics
of hnRNPs in different nuclear domains of live cell nuclei.
Since the GFP-coding region is inserted in an intron of the
given endogenous gene in protein-trap lines (Morin et al.
2001), the GFP-tagged protein is generally expressed in the
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same pattern as the original gene. The Asrw®/hsrw® was used
as hsrw-null (Johnson et al. 2011; Lakhotia et al. 2012).
Appropriate crosses were made to recombine the Hrb87F-
GFP or Squid-GFP or Hrb98DE-GFP with hsrw® allele.
ISWI' Bc/SM5; +/+ and ISWI; +/T(2;3)CyO, TM6B, Th
(Deuring et al. 2000) flies were crossed to obtain heterozygous
ISWI'/ISWF progeny (ISWI null) which do not produce ISWI
but survive till late larval stage because of the maternal con-
tribution (Corona et al. 2007). The GFP expressing Act-GAL4/
UAS-SAFB-GFP progeny larvae, obtained from cross be-
tween UAS-SAFB-GFP/UAS-SAFB-GFP (Alfonso-Parra and
Maggert 2010) and Act-GAL4/CyO flies, were used to localize
SAFB-GFP in live cells and for co-immunoprecipitation
experiments.

Treatments and cytological methods

Late third instar larvae of the desired genotypes were collected
in 1.5 ml moist filter paper lined microcentrifuge tubes and
heat shocked in water bath at 37+1 °C for desired duration.
Parallel control larvae were similarly maintained at 24+1 °C.
For immunostaining, the larvae were dissected immediately
after HS in Poels’ salt solution (PSS) (Tapadia and Lakhotia
1997) and the desired tissues were processed further (see
below).

Actively wandering Act-GAL4/UAS-SAFB-GFP late third
instar larval Malpighian tubules (MT) were dissected out in
Graces’ insect medium and treated with DNase-free RNase A
(1 mg/ml, Sigma-Aldrich, India) for 15 min at 23 °C prior to
fixation and immunostaining.

Salivary glands (SG) of actively wandering late third instar
Hrb87F-GFP, Squid-GFP, or Hrb98DE-GFP larvae were in-
cubated in a hanging drop (see below) of Graces’ medium,
freshly supplemented with colchicine (100 pg/ml) for live
imaging of the distribution of Hrb87F-GFP by confocal mi-
croscopy at 1 min interval for 30 min.

To examine the effects of chemical inhibition of transcrip-
tion on HS-induced changes in hnRNP distribution, SG of
actively wandering late third instar Hrb87F-GFP homozy-
gous larvae were dissected in Graces’ medium and incubated
in actinomycin-D (10 pg/ml) or x-amanitin (5 pg/ml) contain-
ing hanging drop for 20 min at 23 °C followed by 30 min at
37 °C on confocal microscope heating stage (see below).
Hrb87F-GFP distribution in live SG was monitored at 1 min
interval throughout the treatment.

Confocal microscopy, live cell imaging, and image analysis

A Zeiss LSM510 Meta laser scanning confocal microscope
with Plan-Apo 63X, 1.4-NA oil immersion objective was used
for live cell imaging of hanging drop preparations (Reed et al.
2009; Szczepny et al. 2009; Millet and Gillette 2012). Desired
tissue from late third instar larvae of various genotypes (see
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Results) was placed in a drop of Graces’ medium hanging
from a coverslip mounted on a cavity-slide and sealed with
nail polish. When required, HS was applied in situ using a
heating stage (MC60, Linkam Scientific Instruments, UK)
mounted on confocal microscope; its temperature can change
from 23 to 37 °C or vice-versa in less than a minute. Time-
lapse live cell images were collected using the ROI and time-
series tools of the LSM 510 Meta software. Quantitative esti-
mates of fluorescence intensity on defined regions were ob-
tained with Profile and Histo tools.

Photobleaching experiments (FRAP and FLIP)

Fluorescence recovery after photobleaching (FRAP) and fluo-
rescence loss in photobleaching (FLIP) methods, based on
irreversible loss of fluorescence after photobleaching
(Axelrod et al. 1976; Klonis et al. 2002), was used to examine
dynamics of GFP-tagged hnRNPs in live nuclei. The GFP
expressing region of interest (ROI) in FRAP, a circle of fixed
diameter (see Results), was rapidly photobleached by 200
iterations of exposure to Argon laser (488 nm) at 100 % pow-
er. Subsequent recovery of fluorescence in the photobleached
region was examined at defined time intervals. As control,
fixed cells were examined to confirm that fluorescence recov-
ery in the ROI was indeed due to mobility of the GFP-tagged
protein in live cells. FRAP experiments were carried out on
desired tissues at 23 °C, during HS at 37 °C and during re-
covery from HS. The fluorescence signal from the ROI was
normalized and data analyzed following published methods
(Phair and Misteli 2000; Lippincott-Schwartz et al. 2001;
Ishikawa-Ankerhold et al. 2012).

FLIP is a direct method to examine the connectivity and
fluxes between different cellular compartments (Phair and
Misteli 2000). Following acquisition of five control images,
the Hrb87F-GFP fluorescence of ROII in desired tissue was
continuously photobleached by Argon laser (488 nm) at
100 % power and images collected after each 200 iterations
of photobleaching. The loss in fluorescence in another region
of interest, the ROI2, over a period of time was concurrently
measured. Fluorescence signal of ROI2 was normalized and
data analyzed following Nissim-Rafinia and Meshorer (2011).

Immunostaining

Intact eye discs or SG or MT or SG polytene chromosome
squash preparations from actively wandering late third instar
larvae of desired genotypes and following the required treat-
ment were processed for immunostaining as described (Singh
and Lakhotia 2012; Lakhotia et al. 2012) using mouse anti-
Hrb87F (P11, 1:20 dilution, Saumweber et al. 1980), mouse
anti-Megator (BX34, 1:10 dilution, Zimowska and Paddy
2002), and rabbit anti-GFP (1:50 dilution, Sigma-Aldrich,
India) primary antibodies. Secondary antibodies were

conjugated with Cy3 (1:200, Sigma-Aldrich, India) or Alexa
Fluor 488 (1:200; Molecular Probes, USA). Chromatin was
counterstained with DAPI (1 pug/ml) for 10 min at room
temperature.

Immunoprecipitation (IP), SDS-PAGE, western blotting,
and RT-PCR

To detect physical interaction of Hrb87F with Megator and
SAFB-GFP, respectively, total proteins from Act-GAL4/UAS-
SAFB-GFP late third instar larvae were processed for
immuno-precipitation (Prasanth et al. 2000) with anti-
Megator (BX34) or anti-GFP antibody, respectively. The
SAFB-GFP larval protein samples were incubated with
10 pl of the desired antibody for 2 h at 4 °C followed by
overnight incubation with 50 pl protein-A agarose beads
(Bangalore Genei, India) at 4 °C on 360° rocker. As a control,
beads were parallely incubated with antibody without protein
sample. The beads were pelleted, washed five times with 1 ml
of IP buffer, and the bound material was eluted either by
addition of 50 ul SDS-PAGE sample buffer for SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) or by addi-
tion of 200 ul DEPEC-water for reverse transcription poly-
merase chain reaction (RT-PCR). Samples for SDS-PAGE
were boiled for 10 min and centrifuged at 6000 RPM for
2 min followed by separation of proteins in supernatant by
10 % SDS-PAGE and blotting on PVDF membrane. The
western blots were probed (Prasanth et al. 2000) with anti-
Hrb87F (P11, 1:200) or anti-GFP (1:500, Sigma-Aldrich,
India) as primary and HRP-conjugated anti-mouse or anti-
rabbit as secondary antibodies (1:1500), respectively.

For detecting the presence of hsrw-n transcripts in the
above [P samples, DEPEC-water added samples were boiled
for 10 min and centrifuged (6000 RPM for 2 min). The super-
natant was mixed with 800 pl Trizol (Sigma-Aldrich, India)
and 200 pl chloroform. The isolated RNA was used for cDNA
synthesis (Singh and Lakhotia 2012), which was used for PCR
with hsrw-n transcript-specific forward LP: 5'-GGCAGACA
TACGTACACGTGGCAGCAT-3' and reverse R1 5'-TTGC
GCTCACAGGAGATCAA-3' primers (Lakhotia et al. 2012).

Results

As reported earlier (Prasanth et al. 2000), the hsrw-n tran-
scripts show complete colocalization with Hrb87F and Squid
in omega speckles. In addition, these hnRNPs are also present
on many sites on chromosomes and in the nucleoplasm in
non-speckled form. We used three GFP tagged hnRNP stocks,
viz. w'''%; Hrb87F-GFP/Hrb87F-GFP, w'''®; Squid-GFP/
Squid-GFP, and w'''®; Hrb98DE-GFP/Hrb98DE-GFP, to ex-
amine the dynamics of omega speckles in live cell nuclei. To
confirm that GFP tagging did not affect localization of
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Hrb87F (Hrp36), Squid (Hrp40), or Hrb98DE (Hrp38), the
endogenous Hrb87F was immunolocalized with these GFP
tagged proteins (Fig. 1). Intensity profile analysis revealed that
in each case, the distribution of Hrb87F completely overlap-
ped with that of the Hrb87F-GFP (Fig. 1a), Squid-GFP
(Fig. 1b), or Hrb98DE-GFP (Fig. 1c). This showed that GFP
tagged proteins have similar distribution in the nucleus as their
normal counterparts. Therefore, we used the GFP-tagged
Hrb87F-GFP, Squid-GFP, and Hrb98DE-GFP to examine
the behavior of these hnRNPs in live cell nuclei under normal
conditions or after heat shock or colchicine treatment.

Omega speckles are dynamic in live cell nuclei

Different nuclear domains showed characteristic GFP
fluorescence for each of the three hnRNPs in all exam-
ined cell types: (i) bright fluorescence at many chroma-
tin sites (especially distinct in larval salivary gland (SG)
polytene cells), (ii) low uniformly diffuse fluorescence
all over the nucleoplasm, (iii) brightly fluorescing nu-
cleoplasmic omega speckles, except in SG polytene nu-
clei, (iv) brighter fluorescence at the heterochromatic
chromocenter, identifiable in nuclei by brighter DAPI
fluorescence of irregular chromatin blocks, and (v) a
more bright region on chromatin, which from previous
RNA:RNA in situ hybridization results (Prasanth et al.
2000; Lakhotia 2011, 2012) is known to be the Asrw or
93D locus.

Examination of Hrb87F-GFP in more than 50 live cells
each from larval tissues like MT, fat body, brain ganglia, imag-
inal discs, and gut revealed the number of omega speckles to
range from 2 to 6 in larval diploid cells, 5 to 25 in fat body, and
50 to >1000 in the endoreplicated MT and gut cells. Diameter
of' mostly spherical omega speckles varied from 0.2 to 1.5 pum;
some larger ones occasionally showed irregular shape. Larval
SG nuclei generally did not show omega speckles: the
hnRNPs as well as hsrw-n transcripts were distributed in a
uniformly diffused non-particulate form throughout
interchromatin space (not shown).

Late third instar larval MT, gut, brain, and eye-antennal
disc live cells showed high dynamicity of the Hrb87F-GFP
or Squid-GFP or Hrb98DE-GFP marked omega speckles as
most of them changed their location in each consecutive
0.248 s intervals, although a small proportion of them did
not move (Fig. 1d-1"). Single particle tracking (SPT) analysis,
using Image J software (http://rsb.info.nih.gov/ij/), of the
Hrb87F-GFP marked omega speckles in MT principal cells
that remained visible in the same focal plane for at least eight
consecutive 0.248 s intervals revealed their high mobility with
an inverse correlation between speckle size and total distance
traveled (not shown) as reported for other nuclear speckles
(Misteli et al. 1997, Phair and Misteli 2000).
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Omega speckles and nuclear matrix

The nuclear matrix-specific protein Tpr/Megator (Zimowska
and Paddy 2002) and Hrb87F-GFP were co-immunolocalized
in fixed MT cells. As reported (Zimowska and Paddy 2002),
Megator was seen as nuclear lamina ring besides reticulated
tracks in interchromatin space across the nuclear volume with
superimposed brighter Megator puncta (Fig. 2a). Interestingly,
while the peripheral omega speckles were within the Megator
ring, those in inner nucleoplasm were always very close to or
partially overlapped with the brighter Megator puncta
(Fig. 2a) or followed the Megator reticulum. Distribution of
omega speckles in relation to another nuclear matrix protein
SAFB (Arao et al. 2000; Alfonso-Parra and Maggert 2010)
was examined through Hrb87F immunostaining in SAFB-
GFP expressing MT (Fig. 2b). Besides its presence on chro-
mosome regions, SAFB-GFP was present in nucleoplasm in
diffused as well as speckled form. The SAFB-GFP and
Hrb87F speckles showed frequent partial or complete
colocalization or close association (Fig. 2b).

In vivo RNase treatment is known to collapse the nuclear
matrix with its constituents forming dense clusters/aggregates
in nucleoplasm (Nickerson et al. 1989; Pederson 2000).
Therefore, to further examine the relationship between omega
speckles and nuclear matrix, live MT were treated with RNase
followed by immunostaining to localize Hb87F in SAFB-
GFP expressing cells. Following in vivo RNase treatment,
speckles of Hrb87F were no longer visible in nucleoplasm
instead the Hrb87F as well as SAFB-GFP proteins formed
partially or fully colocalized or closely associated large aggre-
gates in interchromatin space in these nuclei (Fig. 2c).

The fluorescence intensity profiles in linescans of Megator
and Hrb87F (Fig. 2d), SAFB-GFP, and Hrb87F in control
(Fig. 2e) or in vivo RNase-treated cells (Fig. 2f) confirmed
that omega speckles and Megator or SAFB-GFP puncta often
overlapped or were close to each other.

Co-immuno-precipitation studies showed Hrb87F to be
pulled down with Megator as well as with SAFB-GFP
(Fig. 2g, h). In parallel with the immunofluorescence findings,
our RT-PCR results with either of the IP samples revealed that
the hsrw-n transcripts were also pulled down with Megator or
SAFB-GFP (Fig. 2i). It is notable that Megator also co-
immunoprecipitated with SAFB-GFP since the Megator-IP
sample also showed the presence of SAFB-GFP (second lane
in Fig. 2h).

Immunostaining for GFP in polytene chromosome
spreads in control and heat shocked SAFB-GFP ex-
pressing SG revealed that in control cells this protein
was present at many chromosome sites, including the
93D site (Fig. 2j). Its accumulation at the 93D puff site
(red box in Fig. 2k) was significantly elevated after heat
shock while other chromosome regions showed reduced
but distinct presence.
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Immunostaining of squashed polytene chromosomes with
BX34 ab showed Megator to be mostly absent from chromo-
some regions except for faint but perceptible staining at 93D
and a few other, but not all, puff sites in unstressed cells
(Fig. 21). Interestingly, HS distinctly enhanced the presence
of Megator at 93D puff (Fig. 2m). No other chromosome
regions showed detectable presence of Megator in heat
shocked SG.

Dynamics of stress induced clustering of hnRNPs at 93D
locus in live cells

HS induced time-dependent accumulation of Hrb87F-GFP,
Hrb98DE-GFP, and Squid-GFP at 93D site in SG nuclei is
shown in Fig. 3a—c. As noted above, distinct omega speckles
were absent in unstressed SG nuclei with Hrb87F-GFP,
Hrb98DE-GFP, and Squid-GFP being distributed uniformly
through nucleoplasm; in addition, they were present on differ-
ent chromosome bands including the 93D locus (Fig. 3a—c).
All the three proteins started to accumulate at 93D site almost
immediately after HS (Fig. 3a—c), and concomitantly, the GFP
fluorescence at other chromosome regions started waning; in
many nuclei, the chromocenter retained weak but detectable
fluorescence. After 30 min, HS, Hrb87F-GFP, and Hrb98DE-
GFP proteins were localized almost exclusively at 93D site
but while bulk of Squid-GFP was present at 93D site, some
chromosome bands continued to show Squid fluorescence
even after 30 min HS. In all cases, nucleoplasm showed a very
low diffuse presence of these proteins after 30 min HS
(Fig. 3a—c).

Imaging of live SG cells revealed that in about 90 % nuclei
(N=206), the hsrw/93D locus, where the GFP tagged hnRNPs
accumulated following HS, was located close to nuclear en-
velope. Its stable peripheral location was further confirmed by
following the same nucleus for two rounds of HS and recov-
ery. Two consecutive cycles of 20 min HS and 30 min recov-
ery at 23 °C revealed identical kinetics of accumulation of
hnRNPs at 93D locus and their dispersal without any change
in position of Asrw/93D locus (see Supplementary Fig. S1).
The absence of any net alteration in position of the 93D locus
during these dynamic changes agrees with the classical view
that transient changes in transcriptional activity do not entail
chromosome repositioning (Hochstrasser and Sedat 1987;
Yao et al. 2007; Zobeck et al. 2010).

In vitro treatment of larval SG with colchicine or
other amides singularly enhances transcription at the
93D puff while other chromosome sites are largely si-
lenced (Lakhotia and Mukherjee 1984; Tapadia and
Lakhotia 1997). Live imaging of SG exposed to colchi-
cine (100 pg/ml) revealed that all the three GFP-tagged
hnRNPs begin to increasingly localize at the 93D locus
within 5-10 min of exposure to colchicine so that after
30 min, the cluster size became very large while the

presence of these proteins at other chromosome regions
and in nucleoplasm weakened (Fig. 3e—g). As after HS,
Squid-GFP fluorescence persisted at several chromo-
some regions and in cytoplasm throughout colchicine
treatment.

Clustering of hnRNPs at 93D site following stress is
dependent upon Asrw gene’s transcription

In order to see if the aggregation of hnRNPs at 93D locus is
dependent upon its DNA sequence or upon the increased pres-
ence of its transcripts, movement of Squid-GFP was examined
in Squid-GFP hsrw® live SG nuclei. The hsrw allele carries
a deletion of 1598 bp spanning the Asrw promoter and 9 bp
beyond transcription start site so that, in spite of the bulk of
~21 kb transcribed region being intact, none of the hsrw tran-
scripts are produced in unstressed or stressed cells (Johnson
et al. 2011; Lakhotia et al. 2012; M. Mustafa and S. C.
Lakhotia, unpublished). Interestingly, no chromosome site in
Squid-GFP hsrw® nuclei showed an enhanced GFP fluores-
cence after HS (Fig. 3d) or colchicine (Fig. 3h) treatment,
although other chromosome regions progressively lost
Squid-GFP as in wild type.

To further confirm the transcription-dependent aggregation
of hnRNPs at the 93D site during HS, Hrb87F-GFP hsrw"
late third instar larval SGs were treated with oc-amanitin or
actinomycin-D to inhibit transcription and imaged during ex-
posure to inhibitor for 20 min at 23 °C followed by 30 min at
37 °C (N=9 nuclei in each case). The Hrb87F-GFP fluores-
cence either disappeared or weakened at many chromosome
sites during the 20 min at 23 °C but no new GFP-positive
chromosome bands appeared (Fig. 31, j). Significantly, the
stress induced characteristic accumulation of hnRNPs at
93D site was absent in transcriptionally inhibited nuclei since
after 30 min heat shock, only a narrow band of fluorescence
was detectable at 93D site, similar to that seen after the initial
20 min exposure to inhibitor at 23 °C (compare Fig. 3a with 3i
and j).

Omega speckles do not directly move to the /srw locus
following HS but the sequestered hnRNPs are released
during recovery as omega speckles

Distribution of Hrb87F-GFP was examined at shorter
time intervals in live Asrw™ MT principal cells and eye
disc peripodial cells during HS (Fig. 4) and recovery
(Fig. 5). Normally, Hrb87F-GFP is present in omega
speckles, on chromatin regions and as a brighter spot
on the 93D locus besides a diffuse distribution through
nucleoplasm in both cell types (Fig. 4). Accumulation
of Hrb87F-GFP at the 93D site started almost instanta-
neously after HS and with increasing duration, the clus-
ter progressively enlarged (Fig. 4). Simultaneously,
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omega speckles either disappeared in nucleoplasm or a
few of them aggregated to form larger speckles. No
omega speckles or their larger clusters were seen mov-
ing to 93D locus in live cells during HS, suggesting
that the nucleoplasmic hnRNP speckles mostly disap-
pear within their local domains to release the associated
proteins, which move in a non-particulate form to the
93D locus. This was further confirmed by higher reso-
lution live images of the progressively increasing cluster
of Hrb87F-GFP in peripodial cells during HS (Fig. 4c).
The very bright cluster at the Asrw locus in stressed
cells was surrounded by an irregular halo of fluores-
cence signal which was less intense than the cluster
but brighter than rest of the nuclear area (Fig. 4c).
Shape and size of the halo appeared very dynamic, al-
though no omega speckles were seen to fuse with it.
The halo surrounding the cluster could be the transition
zone for continuing influx of hnRNPs which get asso-
ciated at hsrw locus with its new transcripts.

There was almost no change in the Hrb87F-GFP
fluorescence intensity at the 93D site during the first
5-10 min recovery from HS (Fig. Sa—k). After 10 min
recovery, size of 93D cluster started to decrease.
Interestingly, unlike the manner of accumulation during
HS, the Hrb87F-GFP appeared to dissociate in speckled
form (Fig. 51-°). During early stages of recovery, a few
strings of omega speckles dissociated from 93D cluster
to move away in nucleoplasm. With increasing recovery,
greater numbers of omega speckles were released from
the 93D cluster which spread farther into nucleoplasm.
Interestingly, the halo of weaker fluorescence surround-
ing the bright cluster, as seen during HS (Fig. 4c), was
not seen during recovery (Fig. 5). Along with the 93D
cluster, the nucleoplasmic omega speckle aggregates, oc-
casionally present in heat shocked cells, also could be
seen to release smaller omega speckles which moved
independently in nucleoplasm. Several of the released
omega speckles progressively disappeared with time,
perhaps as their constituents were released into the nu-
cleoplasm. Very little Hrb87F-GFP appeared to associate
with chromosomal sites till 30 min recovery from HS.

«Fig. 1 GFP tagging does not affect the distribution of hnRNPs in
nucleus. a—c¢ Colocalization of endogenous Hrb87F (red) with GFP-
tagged hnRNPs (green) in MT principal cell nuclei of Hrb87F-GFP (a)
or Squid-GFP (b) or Hrb98DE-GFP (c) larvae; intensity profile shown
on right of each nucleus corresponds to fluorescence intensity along the
white arrow across the nucleus. d—i Time-lapse (at 0.248 s interval)
optical section images of a MT principal cell nucleus showing
distribution of Hrb87F-GFP in diffused and speckled forms in
nucleoplasm and on chromosome regions. d’—i’ are magnified views of
the marked area in (d) at different time points (corresponding,
respectively, to d—i) showing that two of the omega speckles (red and
yellow arrowheads) continuously changed their position while another
omega speckle (green arrowhead) did not move during this period

ISWI chromatin remodeler is required for optimal aggregation
of hnRNPs at Asrw locus upon HS and release of omega
speckles during recovery

It is known that ISWI, the ATPase subunit of several chroma-
tin remodelers (Corona and Tamkun 2004; Corona et al.
2007), interacts with hsrw-n transcripts and that omega
speckles are not properly formed in ZSWi-null cells (Onorati
et al. 2011). Therefore, we examined the movements of
Hrb87F-GFP in live MT cells of ISWI'/ISWIF (ISWI-null)
larvae. As can be seen in examples of Hb87F-GFP fluores-
cence patterns in fixed (Fig. 6a—’) and live cells (Fig. 6d—aa),
the smaller omega speckles were nearly absent in unstressed
ISWI-null cells. Instead, larger speckles, often arranged in
strings or streaks (arrows in Fig. 6), were visible, especially
in older larvae in which the maternal ISWI contribution is
progressively dwindling (Corona et al. 2007). The accumula-
tion of hnRNPs at the Asrw gene locus in heat shocked ISWI-
null cells (arrow head in Fig. 6a—c’) generally appeared to be
less than in wild-type cells since the area of the hnRNP cluster
at 93D site in fixed MT principal cell nuclei after 30 min HS in
WT and ISWI'/ISWF was 7.8+0.5 um® (N=15) and 3.2+
0.3 um? (N=15), respectively. Individual or strings of omega
speckles persisted in nucleoplasm even after 30 min at 37 °C
in ISWI'/ISWF cells (Fig. 6b, b’, d—i). The release of hnRNPs
from the Asrw site during recovery was severely thwarted in
ISWI-mull MT cells since most of the protein remained at the
hsrw gene locus even after >1 h recovery, and only a few
persisting large omega speckles, connected with a faint thread
of fluorescence (arrows in Fig. 6), were seen in the vicinity of
the Asrw locus (Fig. 6¢, ¢’, j—aa). These results suggest that the
absence of zygotically synthesized ISWI in ISWI'/ISWF cells
partially affects HS induced clustering of hnRNPs at 93D site
and normal biogenesis of omega speckles requires optimal
ISWI levels.

We noticed that the chromocenter region in unstressed
ISWI cells (* in Fig. 6a—”) showed a little higher presence
of Hrb87F-GFP than in wild type. Furthermore, unlike in
ISWI" cells, Hrb87F-GFP was also present in the nucleolus.
Significance of this change in distribution of Hrb87F in ISWI-
null cells is not clear but may be related to the altered chro-
matin organization and nuclear functions that follow the ab-
sence of this important chromatin remodeler.

Mobility of Hrb87F-GFP across different nuclear
compartments in unstressed and heat shocked live cells

FRAP and FLIP analyses were carried out in unstressed and
heat shocked cells expressing Hrb87F-GFP in Asrw wild type
(hsrw") or hsrw-null (hsrw®®) background to examine if
hnRNPs can move between (i) different chromosomal sites,
(i1) hsrw/93D site, (iii) omega speckles, and (iv) diffuse nucle-
oplasmic component. We confirmed that chemically fixed
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Fig. 2 Omega speckles interact with nuclear matrix. a—¢ Confocal
optical sections showing distribution of Hrb87F-GFP and Megator (a),
Hrb87F and SAFB-GFP in untreated (b), and in in vivo RNase treated (c)
unstressed larval MT principal cell nuclei; insets in each show magnified
images of overlapping speckles of the given two proteins; DAPI-stained
chromatin (blue) is also shown in (¢). d—f Profiles of Hrb87F-GFP (green)
and Megator (red) fluorescence intensities (d) or of SAFB-GFP and
Hrb87F (e, f) along the arrows drawn in a, b, and, ¢, respectively. g
Co-immunoprecipitation of Hrb87F and Megator with BX34 (lane 2),
and Hrb87F and SAFB-GFP with anti-GFP ab (lane 3); lane 1

GFP expressing cells neither showed any recovery in FRAP
experiments nor lost any fluorescence signal at other sites
following continuous photobleaching at a site.

Movements of Hrb87F-GFP between different nuclear lo-
cations were examined by FRAP in control and heat shocked
peripodial cells. In controls, the ROI was nucleoplasm
(Supplementary Fig. 2A), while after HS, ROI was either nu-
cleoplasm or the 93D locus (Supplementary Figs. 2B—C). The
“nucleoplasm” ROI in peripodial cells may have included
some chromatin regions since they could not be resolved in
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Megator, HS

corresponds to control sample without any larval protein while lane 4 is
the input protein sample; Igh and Hrb87F on right mark the
corresponding bands. h The blot in (g) reprobed with anti-GFP to detect
the ~132 kDa SAFB-GFP protein; the Igh band is also marked on right. i
RT-PCR with the above immunoprecipitates using hsrw-n specific
primers generated 598 bp amplicons in all samples, except the control
IgG sample. j—m Polytene chromosome spreads from control (j, 1) or heat
shocked SG (k, m) immunostained for SAFB-GFP (j, k) or Megator (1,
m); red boxes indicate the 93D region which is further enlarged in insets
in each panel. Scale bar in (j) is applicable to (j—m)

unstained cells. Figure 7a and Table 1 show that 95 to 100 %
fluorescence was recovered within 25 s of photobleaching of
“nucleoplasm” ROI indicating rapid mobility of Hrb87F-GFP
molecules. The time required for 50 % fluorescence recovery
(t1) for the nucleoplasmic ROI was comparable in unstressed
(0.83£0.12 s) and heat shocked (0.87+0.09 s) cells, suggest-
ing a fast and temperature-independent movement of Hrb87F-
GFP. Interestingly, FRAP kinetics were different when ROI
for photobleaching in heat shocked cells was the 93D hnRNP
cluster. The t;,, at the 93D locus after 30 min HS was 1.74+
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Fig. 3 HS or colchicine
treatment induced clustering of
hnRNPs at 93D in live cell nuclei
of SG. Time lapse live cell images
of Drosophila SG nuclei during
HS (a—d) or colchicine treatment
(e—h) at 5 min intervals (noted at
upper corner in each column’s top
row) for 30 min showing
distribution of hnRNPs (Hrb87F
(a, e), Hrb98DE (b, f), and Squid
(c,d, g, h))in hsrw' (a—c, e-g) or
hsrw® (d, h) background. i, j
Time-lapse live cell images of
Hrb87F-GFP in SG nuclei at

10 min intervals (noted at upper
corner in the i row) in presence of
a-amanitin (i) or actinomycin-D
(j) at 23 °C (left three images)
followed by HS (right three
images). The scale bar in a applies
to a—h while that in i applies to i
and j

X
(8]
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0.14 s (Table 1), suggesting a slower efflux of Hrb87F-GFP
from the 93D site under HS conditions. This is also supported
by the much greater photobleaching achieved at the 93D ROI
than at the nucleoplasmic ROI (Table 1, Fig. 7, Supplementary
Fig. 2). Comparable values were obtained in SG nuclei (not
shown).

The effect of the absence of hsrw transcripts on exchange
of Hrb87F-GFP at developmental 74EF/75B puffs
(Supplementary Fig. 2D) was examined by FRAP in
Hrb87F-GFP hsrw' and Hrb87F-GFP hsrw®® homozygous
(hsrw-null) larval control, heat shocked, and recovering SG

nuclei. Data in Table 1 and Fig. 7b show that the t;, in cells
with two copies of the wild-type Asrw alleles was comparable
with that in Asrw-null cells, indicating independence of gener-
al rate of free movement of Hrb87F-GFP from temperature
and the presence or absence of hsrw transcripts. Remarkably,
however, while more than 90 % fluorescence was recovered in
heat shocked and recovering cells with wild-type Asrw alleles,
the fluorescence recovery in Hrb87F-GFP hsrw’® cells in
both cases was significantly less (rows 8 and 9 in Table 1,
Fig. 7b), indicating that in stressed cells, a fraction of protein
does not move out of the chromosome regions in the absence
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Fig. 4 HS induced clustering of
hnRNPs at 93D locus does not
involve fusion of nucleoplasmic
omega speckles. Time lapse

(1 min interval, noted at upper
corner of each image) live cell
projection images of MT
principal cell (a) and eye disc
peripodial cells (b) during HS
showing dissociation of hnRNPs
from chromatin, disappearance of
omega speckles within the
nucleoplasm with concomitant
increased accumulation of
Hrb87F-GFP at 93D locus; the
chromatin-associated Hrb87F-
GFP also gradually moves out. ¢
Higher resolution images of the
boxed area in (b) (1 min) to show
the progressively enlarging
aggregate of Hrb87F-GFP at
different time intervals
corresponding to those in (b). No
omega speckles are seen at any
time near the enlarging Hrb87F-
GFP aggregate, which is
surrounded by a dynamically
streaming halo of less intense
fluorescence

of hsrw transcripts. A greater photobleaching at the ROI in
heat shocked Asrw-null cells, reflected by the smaller By value
(Table 1, rows 5 and 8), also indicates reduced efflux and
influx of Hb87F-GFP from the developmental puff sites in
hsrw-null cells. Slow removal of hnRNPs from chromosomal
regions in heat shocked Asrw-null cells was also confirmed by
comparison of the Hrb87F-GFP fluorescence persisting on
chromosome regions in squash preparations of chemically
fixed hsrw wild type and hsrw-null heat shocked SG
(Fig. 7e, ). Measurement of Hrb87F/DAPI fluorescence in-
tensity ratios in Asrw” and Asrw-null polytene chromosome
spreads after 30 min HS through profile analysis (Fig. 7e, f)
clearly revealed greater amounts of Hrb87F along the Asrw-
null polytene chromosomes than seen in wild type after sim-
ilar HS; the mean Hrb87F/DAPI fluorescence ratio (relative
amount of Hrb87F protein per unit DNA) in Asrw-null cells
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was also found to be nearly thrice that in Asrw" cells (Fig. 7e,
f). A comparable elevated presence of Hrb87F on chromo-
some regions in heat shocked Zsrw-null polytene chromosome
spreads was also reported in an earlier publication from our
laboratory (Fig. 6 in Lakhotia et al. 2012). These results sug-
gest that hsrw transcripts are necessary for efficient removal

of hnRNPs from chromosome regions. A 2 um circle, the
ROI1, was continuously photobleached for FLIP in control
and heat shocked peripodial cells (Table 2 and
supplementary Fig. 3) while loss of fluorescence at another
ROI2 region was concurrently measured. Fluorescence in
ROI2 gradually disappears if the GFP-tagged protein is ex-
changed between ROI1 and ROI2 (Phair and Misteli 2000).
Fluorescence loss was uniform throughout the nucleoplasm
following FLIP in unstressed nuclei with more than 90 %
signal disappearing within 68 s (Table 2, Fig. 7c, and
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Fig. 5 Hrb87F-GFP is released
from the Asrw locus during
recovery from HS as omega
speckles in MT principal cell
nucleus. Time lapse (1 min
interval, noted at upper right
corner of each panel) live cell
projection images of MT
principal cell nucleus showing
emergence of omega speckles
from 93D locus into nucleoplasm
during recovery following HS

Supplementary Fig. 3). Movement of Hrb87F-GFP protein in
heat shocked cells was assessed by FLIP using two different
ROIs (2 pm diameter). In first case, a nucleoplasmic region
(ROI1) was photobleached and fluorescence intensity was
measured at another nucleoplasmic region and at 93D site
(ROI12, rows 2 and 3 in Table 2). In another case, 93D site
(ROI1) was photobleached and fluorescence intensity was
measured at separate nucleoplasmic region and at the same
93D region (ROI2). Kinetics of fluorescence loss was signif-
icantly different between them (Fig. 7c, rows 2-5 in Table 2).
Photobleaching at 93D ROI1 in heat shocked nuclei showed
faster loss of fluorescence from nucleoplasmic as well as 93D
areas, but photobleaching in nucleoplasm of heat shocked
nuclei resulted in much slower fluorescence loss at 93D
ROI2 site (Table 2), supporting FRAP data that the efflux of
Hrb87F-GFP protein from the HS induced 93D aggregate is
slower than from nucleoplasmic sites.

FLIP analysis was also carried out in control and heat
shocked (Table 2; Fig. 7d and Supplementary Fig. 4)
Hrb87F-GFP expressing Asrw' and hsrw-null peripodial cells.
Fluorescence signal was lost relatively faster in control as well
as heat shocked Hrb87F-GFP hsrw’® nuclei, suggesting that

association of hnRNPs with the nuclear hsrcw-n RNA slows

down their net movements so that in Asrw-null nuclei, the
Hrb87F-GFP can move faster. The greater loss of fluorescence
at ROI2 after 68 s (Tqg) in heat shocked Asrw® than in Asrw”
nuclei seems to be related to the complete absence of stress
induced sequestering of hnRNPs at 93D site in Asrw-null cells.

Discussion

Expression patterns and nuclear distribution of Hrb87F-GFP,
Hrb98DE-GFP, or Squid-GFP in the protein-trap lines (Morin
etal. 2001; Buszczak et al. 2007) were identical to those of the
respective untagged protein and since no mutant phenotype is
seen in any of these lines, we believe that the GFP tagging has
not affected functions and interactions of these proteins.
Consequently, their live imaging is expected to faithfully re-
port the dynamics of the corresponding untagged hnRNP.
Although each hnRNP has some unique functions in different
cell types (Han et al. 2010; Piccolo et al. 2014), the three
hnRNPs share some properties including nuclear presence,
association with the active chromatin sites, presence in the
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Fig. 6 Optimal aggregation of
Hrb87F-GFP at the 93D site
during HS and its removal during
recovery requires ISWI. a—¢’
Confocal projection images of
fixed MT cells of Hrb87F-GFP
expressing /SWI-null late third
instar larvae: two examples each
of unstressed (a, a’), 30 min heat
shocked (b, b’), and 30 min HS
followed by 2 h recovered (¢, ¢’)
cells show the variable
appearance of omega speckles
and the cluster at Asrw locus. d—
aa Time-lapse (5 min intervals)
confocal projection images of
Hrb87F-GFP expressing ISWI-
null MT principal cell during

30 min HS (d—i) and recovery at
23 °C (j—aa). Arrow heads in (a—
¢’) indicate the Asrw locus;
asterisk indicates the
chromocenter region with
brighter Hrb87F-GFP
fluorescence; arrows point to
strings of omega speckles

hsrw-nuclear transcript-dependent omega speckles, and their
almost complete aggregation at the Asrw locus following stress
(Prasanth et al. 2000; Jolly and Lakhotia 2006; Lakhotia 2011,
2012). Thus, information obtained with one GFP tagged
hnRNP can in general be applicable to others, especially in
relation to hsrw-n transcripts and omega speckles.

Our FRAP and FLIP studies showed continuous and rapid
exchange of hnRNPs between nucleoplasm, omega speckles,
hsrw/93D locus, and other developmentally active chromo-
some sites. Such stochastic mobility of regulatory proteins
between different nuclear compartments is significant for
cell’s ability to dynamically and rapidly respond to continu-
ously changing internal and external environments.
Differences in the FRAP and FLIP curves for hnRNPs located
in nucleoplasm and those at 4srw gene site in unstressed and
stressed cells indicate that while the movement in nucleo-
plasm may be stochastic, the directional movements towards
or away from the hsrw/93D site involve additional factors.
Although FRAP/FLIP studies with rapidly moving omega
speckles were not possible, we believe that efflux of
hnRNPs from omega speckles is also regulated rather than
completely stochastic.

A significant interaction of omega speckles with nuclear
matrix is indicated by (i) close association or colocalization
of omega speckles with Megator and SAFB nuclear matrix-
associated proteins, (ii) co-aggregation of hnRNPs and SAFB
in RNase-treated nuclei, (iii) co-IP of Hrb87F with Megator
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and SAF-B and presence of hsrw-n transcripts in the Megator
as well as SAF-B IP samples, and (iv) accumulation of
Megator and SAFB at Aisrw locus following HS. While the
hnRNP and nuclear matrix association is known for long
(He et al. 1991; Zimowska et al. 1997), we now show that
omega speckles too are associated with nuclear matrix com-
ponents. This association reflects an important role of nuclear
matrix in omega speckle and hnRNP dynamics.

Cell stress and transcription inhibition affect a variety of
nuclear speckles (Spector and Lamond 2011; Lakhotia 2012).
However, the rapid relocation of omega speckle associated
proteins in stressed cells to the 93D site is unique. This more
than three decades old observation (Saumweber et al. 1980;
Dangli and Bautz 1983; Prasanth et al. 2000) has remained
intriguing. Present observations shed some light on processes
underlying the rapid and synchronous relocation of many dif-
ferent proteins to one specific chromosomal site. Contrary to
earlier suggestion (Prasanth et al. 2000; Lakhotia 2011, 2012)
that cell stress may cause smaller omega speckles to form
larger clusters in nucleoplasm which finally move and get
sequestered at the Asrw locus, we did not find any omega
speckles moving towards the Asrw site in control, HS, or
colchicine-treated live cells. Instead, they always disappeared
within nucleoplasm. High resolution imaging of heat shock
cells strongly indicated that hnRNPs and other colocalizing
proteins, stream into Asrw gene site from all directions as sub-
microscopic entities possibly added by as yet unidentified
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Fig. 7 The Hrb87F is continuously exchanged between different nuclear
compartments. FRAP curves for ROI in nucleoplasm (Nucl) or srw gene
(93D) in peripodial hsrw® control (Con) or heat shocked (HS) nuclei (a)
and for ROI at 74EF/75B puffs in hsrw’ or Asrw® SG nuclei in control or
after 30 min HS or after 30 min recovery from HS (Rec) (b). ¢ FLIP
curves for control or heat shocked Asrw" peripodial cells with different
ROI1 and ROI2 regions (Nucl=nucleoplasm; 93D=hsrw gene region). d
FLIP curves for nucleoplasmic ROI1 and ROI2 regions in control and
heat shocked hsrw' or hsrw®® peripodial cells. The Y-axis shows the
normalized relative fluorescence intensity while the X-axis shows time
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Confocal projection images showing DAPI (red) and Hrb87F (green)
fluorescence in heat shocked SG polytene chromosomes (telomere to
93D region of 3R only is shown) from Asrw'/hsrw’ (e) and hsrw®/
hsrw® (f) larvae. White lines with arrowhead near 93D in (e, f) indicate
the paths used for profile analysis, which is shown on right side of each
image as fluorescence intensity values (}-axis, red tracings for DAPI and
green for Hrb87F fluorescence) along the chromosome length (X-axis).
The mean (+S.E., N=10) Hrb87F/DAPI fluorescence intensity ratios for
100 F-93 F chromosome region are also noted at bottom in (e, f)
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Table 1  FRAP analysis of Hrb87F-GFP in live cell nuclei in different conditions and cells

Genotype Cells and condition (N) ROI (area pm?)* B¢ (%) t12 (S) M¢ (%)
1. Hrb87F-GFP hsrw® PP Con (10) Nucleoplasm (1) 26.842.5 0.83+0.12 99.6+1.5
2. Hrb87F-GFP hsrw" PP HS (10) Nucleoplasm (1) 29.2+4.1 0.87+0.09 95.6+2.1
3. Hrb87F-GFP hsrw” PP HS (11) 93D locus (1) 45.0+1.8 1.74+0.14 99.3+£8.2
4. Hrb87F-GFP hsrw" SG Con (11) 74EF/75B Puff (2.5) 38.2+1.4 1.28+0.13 94.3+£2.3
5. Hrb87F-GFP hsrw" SG HS (13) 74EF/75B Puff (2.5) 412423 1.25+0.12 100+3.1
6. Hrb87F-GFP hsrw® SG Rec (5) 74EF/75B Puff (2.5) 40.3+4.3 1.12+0.14 98.1+£3.5
7. Hrb87F-GFP hsrw®™ SG Con (5) 7AEF/75B Puff (2.5) 42.6+£2.8 1.1840.10 95.8+£2.9
8. Hrb87F-GFP hsrw® SG HS (5) 74EF/75B Puff (2.5) 34.9+0.5 1.10£0.11 87.6£2.5
9. Hrb87F-GFP hsrw™ SG Rec (5) 7AEF/75B Puff (2.5) 454+14 1.16£0.09 82.4+13

N Numbers in parentheses in column 2 indicate number of nuclei examined,

*The values in parentheses in column 3 indicate the circular area (in um?) of the ROI used for photobleaching; this was smaller for peripodial cells than
in the larger polytene nuclei.

PP peripodial cells, SG salivary gland cells; Con unstressed control; /S after 30 min HS at 37 °C; Rec after 30 min recovery from HS; B,(%5) Bleaching
fraction X 100; ¢;,, time in second required for fluorescence recovery to a level equal to half of the difference between average normalized plateau

fluorescence intensity and normalized fluorescence intensity immediately after photobleaching; M, (%) Mobile fraction X 100.

nuclear matrix tracks for rapid and directional movement.
Earlier studies from our laboratory (Lakhotia et al. 2012;
Singh and Lakhotia 2012) have shown that when Hrb87F or
hsrw-n transcripts are absent, neither hsrw-n transcripts nor
Hrb87F, respectively, exist as nucleoplasmic speckles.
Therefore, disappearance of hnRNP speckles following heat
shock or otherwise implies that the associated hsrw-n transcripts
are also simultaneously released from the disappearing omega
speckles. Since the level of hsrw-n transcripts in nucleoplasm
does not concomitantly increase (Prasanth et al. 2000), we be-
lieve that these transcripts are turned over with the release of
hnRNPs from omega speckles, which thus disappear. Such con-
tinuous turnover of hsrw-n transcripts is also supported by the
maintenance of a steady state level of these transcripts (Bendena
et al. 1989) in spite of continued new transcription at the gene
locus in unstressed cells (Mukherjee and Lakhotia 1979).

The effect of down- or upregulation of the Asrw transcripts
on accumulation of hnRNPs at Asrw site during HS (Mallik
and Lakhotia 2011; Lakhotia et al. 2012), and the removal of
hnRNPs from the 93D site by in vivo RNase treatment (Singh
and Lakhotia 2012), suggested the association of these pro-
teins with the gene’s transcripts. Present findings of complete
absence of hnRNP aggregation at 93D site in hsrw®® chromo-
some (Johnson et al. 2011) and in oc-amanitin or actinomycin-
D-treated wild-type cells establish that the hnRNPs released
from chromosomes and omega speckles and being moved to
the Asrw gene site are retained there by the actively synthe-
sized new transcripts. The slow removal of chromosomal
hnRNPs during HS in Asrw-null cells (Mallik and Lakhotia
2011; Lakhotia et al. 2012, and present results) indicates that
hsrw nuclear transcripts also act as “sponge” for the released
hnRNPs.

Table 2 FLIP of Hrb87F-GFP hnRNP in control and heat shocked live peripodial cell nuclei in isrw' and Asrw® (hsrw-null) cells

Genotype Treatment (V) ROI'1 ROI 2 Tio Tes

1. Hrb87F-GFP hsrw" Control (10) Nucleoplasm Nucleoplasm 0.62+0.05 0.12+0.02
2. Hrb87F-GFP hsrw+ HS (10) Nucleoplasm Nucleoplasm 0.74+0.03 0.17+0.02
3. Hrb87F-GFP hsrw® HS (10) Nucleoplasm 93D 0.86+0.02 0.224+0.03
4. Hrb87F-GFP hsrw” HS (10) 93D 93D 0.25+0.01 0.02+0.01
5. Hrb87F-GFP hsrw” HS (10) 93D Nucleoplasm 0.59+0.04 0.03+0.01
6. Hrb87F-GFP hsrw" Control (30) Nucleoplasm Nucleoplasm 0.61£0.01 0.13+0.01
7. Hrb87F-GFP hsrw’ Control (30) Nucleoplasm Nucleoplasm 0.59+0.02 0.11+£0.01
8. Hrb87F-GFP hsrw® HS (30) Nucleoplasm Nucleoplasm 0.62+0.03 0.16+0.01
9. Hrb87F-GFP hsrw®® HS (30) Nucleoplasm Nucleoplasm 0.56+0.02 0.11+£0.01

N numbers of nuclei examined is noted in parentheses in the treatment column; RO! [ reiteratively bleached area; ROl 2 area for measurement of
fluorescence intensity at different time intervals; 7;, Normalized relative fluorescence intensity at ROI 2 after 10 s; 753 Normalized relative fluorescence
intensity at ROI 2 after 68 s.
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Based on our present live cell studies and earlier observations,
a model for movements of different hnRNPs in relation to the
hsrw transcripts in normal, stressed, and recovering cells is pre-
sented (Fig. 8). In normal and stressed cells, the hnRNPs move
between different nuclear compartments by stochastic as well as
regulated active processes. Movements in and out of omega
speckles, chromosome regions, and /srw site are more likely to
be regulated processes, possibly involving nuclear matrix com-
ponents. Continuing developmental transcription at ssrw site en-
tails greater presence of hnRNPs at this site at all times. Some
hnRNPs may leave the Asrw site by stochastic events, but major-
ity leave only as organized omega speckles, which seem to re-
quire ISWI for their biogenesis (Onorati et al. 2011 and present
observations). As discussed above, we suggest that the release of
hnRNPs (and other proteins) from the omega speckles is related
to breakdown of the omega speckles-associated hsrw-n tran-
scripts so that as the omega speckle disappears, the hnRNPs
move into the non-particulate nucleoplasmic pool.

Cell stress modifies the above steady-state dynamics of these
proteins resulting in disappearance of nucleoplasmic omega
speckles, release of chromosomal hnRNPs, and an increased

influx of hnRNPs to the Asrw site. Stress induced release from
chromosome sites and the disappearing omega speckles enrich
nucleoplasmic hnRNPs, which diffuse stochastically or, more
likely, are actively and directionally transported by components
of nuclear matrix to Asrw site, where they are trapped by the
concurrently increasing new Asrw transcripts. With continuing
stress, balanced stochastic outward and inward movements
establish a steady state. Elevated levels of Hsp83 at the 93D site
in stressed cells (Morcillo et al. 1993) may facilitate formation of
very large ribonucleoprotein (RNP) particles at 93D site
(Derksen and Willart 1976; Dangli et al. 1983). Activity of
ISWI, which accumulates at this site in stressed cells (Singh
and Lakhotia 2012), may also be regulated so that biogenesis
of omega speckle during stress remains inhibited. These aspects
need further studies.

As cells recover from stress, the hnRNPs and other proteins
are rapidly released from the 93D site for restoration of devel-
opmental transcriptional activity. Since both the hsrw-nuclear
transcripts and Hrb87F are essential for the formation of ome-
ga speckles (Mallik and Lakhotia 2011; Singh and Lakhotia
2012), we believe that during recovery, as also in normal cells,
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Fig. 8 Dynamics of hnRNPs and omega speckles in Drosophila cell
nuclei. A model for the movements of hnRNPs (exemplified with
Hrb87F) in unstressed (a), heat shocked (b, ¢, after 10 and 30 min HS,
respectively) cells and in those recovered from HS for 30 min (d).
Chromatin is shown as a double helix; 93D, L1, and L2 indicate the
hsrw and two developmentally active gene loci, respectively, with
which hnRNPs are associated. The diffuse nucleoplasmic hnRNPs and
hsrw-n transcripts are shown as independent entities but it is possible that
they may remain together without forming larger visible entities. Paired
and oppositely oriented arrows close to the 93D, L1, and L2 gene sites
reflect efflux (E) and influx (I) of hnRNPs from a given locus with

thickness of the arrow indicating relative quantity of efflux or influx
through stochastic and/or regulated movements. Thick arrows in
nucleoplasm indicate the stochastic and/or regulated movement of
hnRNPs in stressed cells towards the 93D site while dotted thick arrows
indicate the emergence of omega speckles from this site. Thin arrows in
nucleoplasm point to break down of omega speckles to release hnRNPs
and hsrw transcripts in the nucleoplasm; the transcripts are often
concomitantly degraded. For simplicity, the nuclear matrix, ISWI, and
other factors that regulate directed active transport of hnRNPs are not
shown
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the new hsrw transcripts and the accumulated Hrb87F protein
together prime biogenesis of omega speckles by facilitating
other protein partners to associate so that, with the help of
ISWI, the individualized omega speckles are released into
nucleoplasm. Other studies in our laboratory (Deoprakash
Chaturvedi and S. C. Lakhotia, unpublished) suggest that
some other components of the chromatin remodeling com-
plexes like Nurf301, Nurf 38, and GCNS5 also affect omega
speckle biogenesis.

The hsrw transcripts are among the earliest known essen-
tial and functionally conserved noncoding RNAs (Lakhotia
and Mukherjee 1982; Lakhotia and Singh 1982; Garbe et al.
1986) that were identified to be essential for organization of a
class of nuclear speckles (Lakhotia et al. 1999; Prasanth et al.
2000). Present studies provide new insights into dynamicity of
hnRNPs in different compartments of nuclei and their intrigu-
ing behavior during cell stress. However, several questions
remain to be understood. While it is shown that omega
speckles are not formed if either hsrw-n transcripts or
Hrb87F is absent (Mallik and Lakhotia 2011; Singh and
Lakhotia 2012), it is not known if the other hnRNPs and other
omega speckle proteins associate directly with the hsrw-n
transcripts or Hrb87F or they bind cooperatively to the
hsrw-n and Hrb87F complex. We need to understand the spe-
cific roles of Tpr/Megator, SAFB, and other nuclear matrix
components in the dynamics of hnRNPs and omega speckles.
The site of PARylation and dePARylation of hnRNPs (Ji and
Tulin 2009) and the role of omega speckles or hsrw-n tran-
scripts in these events also need to be examined. The recently
annotated (http://flybase.org) ~21 kb hsrw-F transcripts,
which also presumably remain nuclear, add further complex-
ity in nuclear dynamics of hnRNPs etc. Novel experimental
approaches are needed to elucidate the mechanism and the
factor/s regulating the release of hnRNPs and other associated
proteins from omega speckles with concomitant breakdown of
hsrw-n transcript and disappearance of omega speckles.
Future studies on live cells in which the hsrw-n transcripts
and the other associated proteins are fluorescently tagged will
be useful.

Present observations on dynamics of hnRNPs in normal
and stressed Drosophila cells have bearing upon dynamics
of other IncRNA-dependent nuclear speckles. Of particular
interest in this context is the formation of nuclear stress bodies
at the transcriptionally activated Sat III genomic loci in
stressed human cells since the Sat III IncRNAs are believed
to be functional analogues of the hsrw-n transcripts (Jolly and
Lakhotia 2006; Lakhotia 2012).
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