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Introduction

Nucleus, the most prominent organelle in eukaryotic cells, 
houses the genetic material and is separated from the cytoplasm 
by a double membrane layer, the nuclear envelope. The inner 
nuclear membrane is supported by the nuclear lamina, which 
is made of intermediate filament family of proteins, the lamins. 
Within the nucleus, there is considerable spatial organization, 
with chromosomes occupying non-random positions that are 
often cell type-specific.1 A prominent example of chromosome 
organization observed in nearly all eukaryotic cells is the nucleo-
lus where the ribosomal genes and multiple tRNA genes associate 
together to generate a hub for rDNA transcription and ribosome 
assembly. Similarly, many loci converge to form heterochroma-
tin foci in many organisms, including S. cervisiae, S. pombe and 
Drosophila.2,3 In addition, most nuclear processes, including rep-
lication, repair, transcription and splicing show spatial sequestra-
tion within the nucleus. This organization is clearly important 
for genome maintenance and control of gene expression during 
growth and development.

While it is clear that nucleus is both structurally and function-
ally compartmentalized, it is not at all clear what the structural 
basis of this compartmentalization is.4-8 Biochemical analysis 
earlier showed existence of nuclear skeleton or nuclear matrix 
(NuMat) but its direct involvement in organizing sub-nuclear 
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compartments has not been demonstrated. It is possible that 
the nuclear compartmentalization is established and maintained 
through the attachment of these components with the NuMat. 
The underlying NuMat structure is made of a fibrillar network 
that runs across the nucleus and consists of protein, RNA and 
some DNA. The DNA that remains associated with the matrix 
after nuclease treatment is called the matrix attachment region 
(MAR) or scaffold attachment region (SAR). NuMat is thought 
to serve as a base for the attachment of chromatin loops via the 
MAR sequences and, thereby, help in the assembly of many of the 
nuclear compartments.7,9,10 Recent studies have shown that ori-
gin of replication sequences are enriched in MARs.11 Significance 
of nuclear organization in multiple process is also reflected by 
the finding that disruption in this structure is often correlated 
with disease states such as the loss of subnuclear promyelocytic 
leukemia bodies in acute promyelocytic leukemia, loss of lamina 
in Hutchinson-Progeria and altered profile of nuclear matrix 
(NuMat) proteins in many cancers.12-14

Early studies on the ultrastructure of the eukaryotic nucleus 
have shown that RNA and protein components are critical for the 
integrity of this structure.15,16 While the structural and functional 
compartmentalization of the nucleus is well known,4-8 much of 
the molecular composition of the structural framework, which 
are likely to be the components of the NuMat, is unknown.17-19 
Proteins like nuclear lamins are one of the prominent protein 
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abundant in the nuclear matrix. In order to explore the signifi-
cance of long non-coding repeat RNA in nuclear architecture, we 
performed a detailed study on AAGAG repeat RNA in NuMat.

AAGAG repeats are present at the pericentromeric region of 
all the chromosomes in Drosophila melanogaster.34-36 Since the 
fly genome does not have long AAGAG repeats elsewhere, it is 
likely that NuMat_RNA components are transcribed from this 
locus. To determine the abundance and size range of the tran-
scripts, nuclear RNA and NuMat_RNA from embryos were ana-
lyzed by northern hybridization with strand-specific probe. The 
transcripts ranged in size from 0.5–3 Kb and smaller transcripts 
were enriched in the nucleus as well as NuMat (Fig. 1). Strand-
specific northern blots showed that AAGAG satellite repeats were 
transcribed from both strands and transcripts corresponding to 
AAGAG as well as CTCTT strand were retained in the NuMat. 
We then investigated whether transcription and NuMat associa-
tion of satellite repeats is common to other satellite sequences 
or specific to AAGAG. For this, the transcription and distribu-
tion of RNA corresponding to the second most abundant micro 
satellite repeat in D. melanogaster, AATAT, was tested in the 
nuclear/NuMat preparations. Slot-blot northern hybridization 
shows that transcription and association of AAGAG/CUCUU 
transcripts is unique and another major satellite repeat sequence 
in not transcribed. To further confirm that these molecules are 
RNA (and not contaminating DNA), we repeated the northern 
after treating the NuMat_RNA samples with RNase-free DNase 
I. The northern blot (lane 3) shows that the signal is resistant 
to DNase I treatment. To reveal the molecular nature of these 
RNAs, systematic treatment with RNases H and RNase I (not 
RNase A, known not to digest purine rich RNA preferentially) 
was performed (lanes 6, 7). The AAGAG/CUCUU RNAs 
were completely digested by RNase I (single strand-specific 

constituents of the internal fibrils that form the NuMat and pro-
vide strength to the nucleus. Nuclei assembled in the absence of 
lamins are fragile.20-22 In addition, several more protein compo-
nents of the NuMat have been identified.23-27

NuMat is sensitive to RNase, indicating that RNA is its impor-
tant component;28-30 however, the molecular identity of RNA 
component(s) is not known. To understand the nature and func-
tion of this RNA, we have isolated and characterized the nuclear 
matrix_RNA (NuMat_RNA) from Drosophila melanogaster. 
We report here that an essential component of NuMat_RNA 
in fly is transcribed from the pentameric micro satellite repeat 
AAGAG. We also demonstrate that this repetitive NuMat_RNA 
is essential for normal development and is a critical component of 
nuclear architecture.

Results

Transcripts from AAGAG repeat are component of NuMat. 
NuMat was prepared from 0–16 h Drosophila embryos and 
Schneider cell-line (S2 cells) as described earlier31 and used for 
isolation of RNA. We found that 30% of nuclear RNA remains 
associated with NuMat. The NuMat_RNA (120–550 bp) was 
used for making a cDNA library, and several clones from the 
library were sequenced. We found many clones corresponding 
to single-copy mRNA sequences, rRNA sequences and most 
intriguingly non-coding repeat sequences. The presence of rRNA 
and nascent mRNA in NuMat was on expected lines as splic-
ing machinery and nucleolar components are retained in NuMat 
preparations.15,32,33 Interestingly, RNA corresponding to pentam-
eric satellite repeat, AAGAG, was identified as one of the compo-
nents of NuMat_RNA. Of ~450 clones sequenced, almost ~70% 
had AAGAG repeats, suggesting that AAGAG repeats were 

Figure 1. AAGAG/CUCUU repetitive RNAs are components of NuMat. AAGAG and CUCUU transcripts in nuclear and NuMat_RNA were compared for 
size and abundance. Plasmid DNA with AAGAG insert and 1 kb RNA ladder were loaded as size marker. Northern hybridization with strand-specific 
probes revealed signal pertaining to either of the strands as specified at bottom of the panels. Lane 1, Nuclear RNA; 2, NuMat_RNA; 3, NuMat_RNA + 
DNaseI; 4, Plasmid DNA with AAGAG insert; 5, NuMat_RNA; 6, NuMat + RNaseH; 7, NuMat_RNA + RNaseI. Slot blot hybridization shows that no tran-
scripts corresponding to AATAT satellite repeat were present in nuclear or NuMat_RNA. Slot 1, Genomic DNA; 2, Emb nuclear RNA; 3, Emb NuMat_RNA.
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CUCUU transcripts was seen that leads to complete late larval/
early pupal lethality. While wild-type larvae secrete pupal coat, 
transform to mature pupae and eventually hatch, the knockdown 
larvae initiate pupation but fail to progress to transformation for 
several days, which eventually leads to death and degradation 
(Fig. 3). These results indicate that while maternal contribu-
tion and residual levels of this NuMat_RNA can take devel-
opment up to third instar larval stage, possibly due to massive 
reprogramming and reorganization that is needed during pupa-
tion, the NuMat_RNA components become more critical and 
a reduction in these, as seen by northern analysis is not viable. 
We also noticed abnormal growth at the late larval stages that 
results in bigger early pupae, it remains, however, to be investi-
gated how reduction in NuMat_RNA affects growth regulation. 
Taken together, these results establish that the transcripts from 
the AAGAG satellite sequences are essential and play a critical 
role in regulation of development in Drosophila.

NuMat_RNA maintains sub-nuclear compartments. 
Several studies have demonstrated the importance of the RNA 
in maintaining nuclear architecture.38-40 We hypothesized that if 
AAGAG satellite transcripts are a critical component of NuMat_
RNA, their knockdown might disturb the organization of the 
nuclear compartments. We investigated this possibility by stain-
ing for heterochromatin components and nucleolus in wild-type 

ribonuclease), indicating that these RNA molecules 
were predominantly single stranded. We also detected 
insensitivity of both the transcripts to RNase H (ribo-
nuclease that digests RNA when RNA-DNA hybrid is  
the substrate).

Sub-cellular localization of AAGAG and 
CUCUU RNA. We determined the distribution 
of the AAGAG and CUCUU transcripts by RNA-
FISH in early Drosophila embryos using fluores-
cently labeled strand-specific probes (Fig. 2) that 
under non-denaturing conditions detects only sin-
gle-stranded RNA molecules. In situ NuMat was 
prepared using early syncytial embryos where nuclei 
had not yet cellularized. Using RNA-FISH, we found 
AAGAG transcript predominantly in the NuMat of 
interphase nuclei. Under the non-denaturing condi-
tions used for FISH, we could not see any CUCUU 
transcript in NuMat although our northern blot 
hybridization had indicated that both the transcripts 
associate with NuMat. To look for possible reasons, 
we scanned many more embryos and found that both 
the transcripts associate with dividing chromosomal 
scaffold (Fig. S1). Thus, AAGAG/CUCUU tran-
scripts appear to be have differential association with 
interphase NuMat/mitotic chromosome scaffold. 
We swapped the fluorescent labels on the probe to 
rule out any artifact that may result due to artificial 
sticking of probe to NuMat (Biotin-AAGAG/DIG-
CTCTT and DIG-AAGAG/Biotin-CTCTT). The 
results were the same with both the combinations 
used (data not shown). Further to confirm that the 
nuclear sub-structure AAGAG transcripts associate 
with is NuMat indeed, we performed an immunoFISH where 
NuMat was demarcated by immunostaining of lamin Dm0 (its 
most prominent protein component). The immunoFISH shows 
that the transcripts co-localize with lamin Dm0 and, hence, are 
confirmed as a component of NuMat. To find out whether these 
transcripts are a part of NuMat of other tissues, we performed 
RNA_FISH on S2 cells and salivary gland nuclei. We find that 
both the transcripts are a component of NuMat in these nuclei 
(Fig. S2).

These results confirm that both the strands of AAGAG satel-
lite are transcribed giving rise to a novel class of long non-coding 
RNA (lncRNA). Both of the transcripts associate with NuMat, 
but probably exist as single strands. Of the two transcripts, the 
poly-purine AAGAG RNA is more abundant as seen in the 
NuMat of interphase nuclei by non-denaturing in situ hybridiza-
tions. However, transcripts corresponding to both the strands are 
associated with the mitotic chromosome scaffold. They are also 
present in the NuMat of differentiated tissue like salivary gland 
and in the NuMat of S2 cells.

AAGAG NuMat_RNA is essential. To investigate the func-
tional relevance of the AAGAG and CUCUU repeat RNAs, 
we generated RNAi lines using the UAS-Gal4 system in flies.37 
Induction of RNAi by ubiquitous drivers like tubulin-Gal4 and 
actin-Gal4, a significant reduction in the levels of AAGAG/

Figure 2. Distribution of AAGAG transcripts in vivo. RNA-FISH shows that AAGAG 
transcripts were readily detected in NuMat of early embryo. FITC (green), AAGAG 
RNA; Cy3 (red), Lamin Dm0. DNA was stained with DAPI (gray). NuMat preparation 
was judged by the absence of DAPI signal that indicates complete digestion and 
removal of chromatin. Scale Bar, 10 μm.
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showed condensed regions of heterochromatic DNA, stained 
deeply with DAPI, while rest of the nuclear space showed light and 
diffused euchromatic staining. The knockdown imaginal discs at 
the equivalent positions showed larger regions of intense DAPI 
staining with no prominent condensed heterochromatin. These 
data are consistent with the earlier conclusion that nuclear orga-
nization requires normal levels of AAGAG transcripts and knock-
down triggers the nuclear organization defects. Taken together, 
our data suggest that AAGAG transcripts are needed for the integ-
rity of sub-nuclear compartments and facilitate long range interac-
tions needed for formation of chromocenter or nucleolus.

Discussion

Several studies have implicated lncRNAs in essential cellular 
functions that are modulated in a cell- and developmental stage-
specific manner.42-48 Similarly, lncRNA are shown to be involved 
in organization of heterochromatin,38,41 paraspeckles,39,49 nuclear 
stress bodies and multiple chromatin features.50-53 In several 
other instances, lncRNAs act as guides for chromatin-modifying 
machinery and mediate the formation of a defined active/inactive 
chromatin compartment. Recently, GAA-repeat containing RNA 
was found in the nuclear matrix of mammalian cells.54 Although 
functional significance of this RNA was not investigated, it was 
shown to interact with multiple nuclear matrix proteins and asso-
ciate with the midbody during cell division. NuMat has been 
shown earlier to be dependent on RNA component but molecular 
nature of these RNAs has not been reported.

Earlier studies have identified lncRNA transcribed from repeat 
regions38,55-57 that function in cis close to their site of transcrip-
tion. In this work, we show that a novel class of repeat-containing 
lncRNA from the AAGAG satellite DNA repeat of Drosophila is 
a component of the nuclear architecture. Genetic studies reveal 
the essential nature of this component in normal development, 

and knockdown nuclei. Immunostaining with fibrillarin, an 
abundant nucleolar protein, showed a prominent single nucleolus 
in the wild-type nuclei whereas in the knockdown embryos the 
nucleolus showed fragmentation in all nuclei (two to eight spots, 
with 89% of nuclei showing more than one spot) (Fig. 4A). The 
nuclear lamina retained its integrity in both the sets of embryos. 
These data show that reduction in the levels of AAGAG/CUCUU 
transcripts leads to perturbation of nucleolar organization.

Organization of heterochromatin was the next nuclear feature 
that was investigated by DNA-FISH of pericentromeric AAGAG 
satellite. In normal wing imaginal disc cells, AAGAG satellite 
DNA stains as a single spot, depicting the convergence of peri-
centromeric satellite sequences from multiple chromosomes at 
the chromocenter, whereas in the knockdown nuclei a diffused 
staining was observed along with more number of AAGAG satel-
lite foci (Fig. 4B). While about 24% of wild-type nuclei appeared 
to have split/multiple AAGAG signal, over 90% of the knock-
down nuclei had more than one AAGAG satellite signal per 
nuclei. This dispersed staining could be due to improper hetero-
chromatin condensation in the knockdown tissues. Alternatively, 
greater number of foci in knockdown tissues may reflect failure of 
regions from different chromosomes containing these repeats34,35 
to converge due to weakened nuclear architecture. Similar results 
after RNase treatment were reported in mouse cells immunos-
tained for HP1.41 These results point to the importance of RNA 
component in the maintenance of heterochromatic organization.

As ubiquitous knockdown of AAGAG RNA is lethal, we rea-
soned that a restricted knockdown could be more informative. 
Tissue-specific drivers like tsh-Gal4, omb-Gal4 and neuralized-
Gal4 were used to knockdown AAGAG transcripts in specific sets 
of cells. Surprisingly, we found that RNAi with these drivers also 
caused larval/pupal lethality. However, as we could obtain knock-
down larvae, we observed a section of wing imaginal disc where 
the omb-Gal4 driver is active (Fig. 4C). The wild-type nuclei 

Figure 3. Knockdown of AAGAG/CUCUU transcripts is lethal. Transgenic line (pSympAAGAG/CyOGFP) was crossed with actinGal4/CyOGFP. GFP positive 
(CyOGFP/actin-Gal4 or CyOGFP/pSympAAGAG) embryo and larvae were wild-type (WT) and GFP negative (pSympAAGAG/actin-Gal4) were knockdown (KD). 
Northern analysis with RNA from WT and KD larvae shows a clear knockdown of AAGAG/CUCUU transcript levels in the RNAi lines when compared 
with the WT. Loading control is shown by actin hybridization. WT larvae pupate and shrink in length to become mature pupae and hatch to produce 
flies. KD larvae begin to pupate but stop at early pupal stage, stay at this stage for several days and eventually die.
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with 10% fetal bovine serum and penicillin and streptomycin 
antibiotics. Embryos (0–16 h or 0–2 h) were collected from a 
laboratory population of Drosophila melanogaster (Canton-S) 
maintained at 25°C.

NuMat preparation from Drosophila embryos and S2 cells. 
All the chemicals used for NuMat isolation and other methods 
were obtained from Sigma-Aldrich unless mentioned otherwise. 
Nuclei were isolated from Drosophila S2 cells and Drosophila 
embryos. NuMat was prepared according to published proce-
dure.31 Briefly, the nuclear pellet was removed of chromatin 
by digesting with digestion buffer [DB: 20 mM Tris pH 7.4, 
20  mM KCl, 70 mM NaCl, 10 mM MgCl

2
, 0.125 mM sper-

midine 1 mM PMSF, 0.5% Triton-X 100, 10 U/ml RNasin 
(Promega Corporation) and 200 μg/ml DNase I (Sigma)] at 
4°C for 1 h. Digestion was followed by extraction with 0.4 M 
NaCl for 5 min in extraction buffer [EB: 10 mM Hepes pH 7.5, 
4 mM EDTA, 0.25 mM spermidine, 0.1 mM PMSF, 0.5% (v/v) 
Triton X-100] and further 5 min with 2 M NaCl in EB. The 
final pellet after extraction was washed twice with wash buffer 
(WB: 5 mM Tris pH 7.4, 20 mM KCl, 1 mM EDTA, 0.25 mM 

concomitant with loss of the sub-nuclear structural integrity. 
Our studies suggest that AAGAG/CUCUU RNA are critical 
structural components of the core nuclear architecture that con-
tributes to anchor different nuclear compartments. Reduction in 
this RNA, therefore, causes disruption of nucleoskeleton and, 
consequently, the assembly and stability of the chromosome com-
partments are disturbed.

These studies point to regulatory as well as structural, and 
potentially epigenetic maintenance role of NuMat constituents 
including NuMat_RNA. It will be of interest to identify other 
NuMat_RNAs and understand how the AAGAG/CUCUU 
RNA and other structural NuMat_RNA integrate with the 
NuMat structural features. It would also be of interest to find out 
whether there are proteins that interact with such RNAs and, if 
so, whether they are also part of the structural framework.

Materials and Methods

Drosophila S2 cells and embryo collection. S2 cells were grown 
on Schneider’s medium (Himedia Laboratory, Mumbai, India) 

Figure 4. AAGAG/CUCUU RNA knockdown lead to nuclear defects. (A) AAGAG/CUCUU KD embryos show multiple nucleoli. WT and KD embryos were 
immunostained for fibrillarin and lamin Dm0. WT nuclei show single nucleolus, whereas nuclei in KD embryos show multiple nucleoli. No change was 
detected in lamin Dm0 staining. Scale bar, 10 μm. (B) Localization of satellite DNA is disturbed in nuclei of wing imaginal discs of AAGAG-knockdown 
larvae. DNA-FISH with WT and KD nuclei was done using DIG-labeled AAGAG probe. DNA was visualized by DAPI. In WT nuclei, satellite DNA was seen 
as one or two condensed spots close to the nuclear periphery, while in KD it moves toward interior of the nuclei and was split into many foci. Scale bar, 
5 μm. (C) AAGAG-knockdown nuclei show defective chromatin packaging. In this experiment, RNAi was induced in localized areas of wing imaginal 
disc using omb-Gal4 driver. GFP positive cells mark the area where RNAi is executed. KD wing imaginal discs show disturbed nuclear DAPI staining 
where heterochromatin was spread out and diffused. WT discs showed condensed heterochromatic spots in equivalent positions. Scale bar, 5 μm.
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in EB with 2 M NaCl for 20 min. The samples were finally washed 
several times in PBT. These embryos/salivary glands with in situ 
nuclear matrices were used for RNA-FISH or immunostaining.

Probes for RNA-FISH. Dual color RNA-FISH was per-
formed using differentially labeled probes generated by single-
stranded PCR. For preparation of AAGAG probe, the pMOS 
plasmid containing the AAGAG insert was linearized using an 
appropriate restriction enzyme so that the PCR product is termi-
nated by run-off. M13 forward primer and biotin-labeled dATP 
or DIG-labeled dUTP (Roche) was used in the PCR reaction mix 
to obtain the biotin/DIG-labeled AAGAG probe. Similarly for 
CUCUU probe, appropriately linearized plasmid was used for 
PCR with T7 primer and biotin-labeled dATP or DIG-labeled 
dUTP (Roche). The T7 primer synthesizes the CUCUU strand, 
whereas the M13 forward primer synthesizes AAGAG strand. 
PCR products were gel eluted and checked for labeling. These 
probes were used for RNA in situ hybridizations.

RNA fluorescence in situ hybridization (RNA-FISH). 
Control embryos and in situ nuclear matrices prepared from 
them, were incubated in RNA hybridization buffer (HB: 40% 
formamide, 2X SSC, 10 mM EDTA, 0.1% Tween-20, 20 μg/ml 
of yeast tRNA) for 2 h at 37°C. After pre-incubation, the single-
stranded probes in HB were added sequentially one after the 
other to prevent self-hybridization of the probes to each other. 
First, biotin/DIG-labeled AAGAG probe was diluted (1:50) in 
HB and added to the samples. Hybridization was performed at 
37°C for 8 h after which the solution was removed and the sam-
ples were washed three times with the HB. Then diluted (1:50), 
biotin/DIG-labeled CUCUU probe was added to the samples. 
After another 8 h incubation, the samples were washed three 
times for 5 min each (2X SSC, 40% formamide, 0.1% tween 20) 
and brought finally to PBS. Anti-DIG FITC and anti-biotin Cy3 
(1:500) (Jackson ImmunoResearch) were added and the samples 
were incubated at room temperature for an hour. Finally, after 
washing with PBS, the samples were mounted in Vectasheild 
with DAPI (Vector Laboratories). In case RNA-FISH was fol-
lowed by antibody detection, after hybridization the samples 
were brought into PBS and incubated with 1:100 anti-lamin 
Dm0 (DSHB, University of Iowa). Secondary antibody (mouse 
Cy3, Jackson ImmunoResearch) was included along with the 
anti-DIG and anti-biotin secondary antibodies in the subse-
quent step.

DNA fluorescence in situ hybridization (DNA-FISH). As 
DNA-FISH was performed to visualize the satellite DNA repeats, 
a double-stranded DIG-dUTP-labeled probe obtained by PCR 
was used. The probe corresponds to both the strands of satel-
lite DNA repeat. DNA-FISH was performed on fixed embryos 
(as detailed above) in hybridization buffer (40% formamide, 
2X SSC, 0.1% SDS, 20 μg/ml yeast tRNA) at 60°C overnight. 
Embryos and dsAAGAG probe were denatured 70°C and 95°C 
respectively for 5 min. Probe was chilled immediately and added 
to the samples. After hybridization, washings, detection of DIG 
and mounting was done as described above.

Immunostaining. Drosophila embryos. Control or knockdown 
embryos were de-chorionated, devitellenized and fixed as men-
tioned above and were processed for immunostaining. Salivary 

spermidine, 0.1 mm PMSF). After washing, TRIzol (Invitrogen, 
Life Technologies) was added immediately to the NuMat pellet 
and stored at −70°C until it was used for RNA isolation.

Isolation and characterization of RNA from NuMat. RNA 
was isolated from NuMat pellet stored in TRIzol according to 
manufacturer’s protocol. NuMat_RNA was in the size range 
of 125–500 bp. The NuMat_RNA was treated with RNase 
free, DNase I (NEB), reverse transcribed with Superscript II, 
(Invitrogen) and made double stranded using random primers. 
Double-stranded cDNA was treated with T4 DNA polymerase 
(NEB) to polish the ends and ligated to pMOS blunt end vector 
(GE Healthcare) according to the manufacturer’s instructions. 
Transformed colonies were screened on blue-white selection plates 
and checked for inserts by restriction enzyme digestions. Inserts 
were sequenced by cycle sequencing method using Big Dye ter-
minator kit (Applied Biosystems, Life Technologies) on an ABI 
Prism 310 Automated DNA sequencer (Applied Biosystems) 
with M13F and T7 primers.

Northern blotting. Equal amount (10 μg) of nuclear and 
NuMat_RNA were resolved on a 1.5% denaturing formaldehyde 
agarose gel and transferred to nylon membrane by capillary trans-
fer method in 20X SSC. NuMat_RNA treated with RNase free, 
DNase I (100 U/ml), RNase H (100 U/ml) or RNase I (200 U/
ml) was also resolved on separate gels and transferred similarly. 
These enzymes were obtained from NEB. The blots were UV 
cross-linked and processed for northern hybridization. Strand-
specific AAGAG/CTCTT and AATAT/ATATT probes were 
made by phosphorylating oligonucleotides using gamma 32P-
ATP. For control hybridization, actin probe was random primer 
labeled using random primer labeling kit (NEB). Probes were 
used at a concentration of 105 cpm/ml of hybridization solution. 
The blots were hybridized at 55°C for AAGAG/CTCTT and 
actin, and at 37°C for AATAT/ATATT. After stringent washing, 
the blots were exposed to a Phosphor-imaging screen to obtain 
the images on a Fujifilm Fluorescent Image Analyzer FLA 3000 
(Fujifilm Corporation).

In situ NuMat preparation in early Drosophila embryo. 
Drosophila embryos (0–2 h old) were collected, de-chorionated 
and washed thoroughly with running water to remove sodium 
hypochlorite. Embryos (0.1 g) were then rinsed in distilled water 
and pre-treated in 4:1 heptane:PBS for 2 min. Fixation was per-
formed in 0.8 ml heptane, 0.1 ml 10X PBS with 4% formaldehyde 
for 20 min at room temperature with continuous mixing. After 
fixation, heptane and aqueous phase was removed. A mixture of 
1:1 (v/v) ice cold methanol: heptane was added to devitellinize 
the embryos. The tube was shaken vigorously and the embryos 
were allowed to settle to the bottom. This step is repeated several 
times. These fixed embryos were brought to aqueous medium 
by several washes in PBS + 0.1% Triton-X-100 (PBT) and used 
directly for RNA-FISH as control embryos. To prepare NuMat, 
the fixed embryos were brought to aqueous medium by several 
washes in DB without DNase I. Digestion was performed with 
DNase I (200 ug/ml) in DB for 30 min at room temperature 
along with 10 U/ml RNasin. Embryos were then washed two 
times in EB without NaCl by suspending and then allowing to 
settle down in the tube due to gravity. Extraction was performed 
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presence of the mini-white selectable marker. Multiple trans-
formed lines were generated for the construct, and several inde-
pendent lines were made. Chromosomal locations of transgene in 
the different lines was determined by crossing the transformed 
flies with balanced fly stock: w-;Pin/CyO;TM2/Tb. Further, to 
follow the chromosome at embryonic and larval stages, the bal-
anced flies were crossed with different Gal4 driver lines.37 All 
the fly stocks were obtained from Bloomington Drosophila Stock 
Center (Indiana University).
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glands dissected out from control or knockdown third instar 
larvae were also fixed and processed in a similar manner. For 
antibody detection, anti-lamin Dm0 (mouse) and anti-fibrillarin 
(rabbit) primary antibodies at 1:100 dilutions in PBT were used. 
Incubation was performed for 1 h at 37°C or at 4°C overnight. 
Primary antibody was followed by secondary antibody treat-
ment (anti-mouse Cy3 or FITC in 1:300 dilutions) for another 
hour. Samples were then washed and mounted in Vectasheild  
with DAPI.

Imaginal discs. Third instar crawling larvae were separated 
as wild-type and knockdown based on GFP expression. They 
were made inside-out with the help of needle exposing the inner 
organs. Inside out larvae were fixed in 4% paraformaldehyde and 
immunostained as mentioned above. After immunostaining, 
imaginal discs were separated and mounted.

Microscopy. Confocal laser scanning was performed on a Zeiss 
LSM 510 META (Carl Zeiss Inc.) with excitation at 488 nm, 
543 nm, 633 nm (Ar-ion and HeNe lasers) and 760 nm at a pin-
hole of 1 AU. The scanning was done in the multi-track mode 
using a 10X, 63X and 100X 1.4NA objective. The emission of 
FITC was acquired using a 500–530 BP filter, that of Cy3 with 
a 565–615 BP filter and that of Cy5 with 650–710 BP filter set. 
Optical sections were taken 0.35 μm intervals. Individual optical 
sections were projected to give information in 3D using the Zeiss 
LSM software version 3.2 SP2. Later the images were assembled 
using Adobe Photoshop 6.0.

Generation and analysis of the transgenic lines. The 
AAGAG sequence (125 bp) in pMOS vector was excised using 
EcoRI-HindIII and inserted into the EcoRI-HindIII sites of 
pBluescript (Agilent Technologies, Inc.). From pBleuscript the 
AAGAG sequence were excised with EcoRI-NotI and inserted at 
EcoRI-NotI site in between the UAS elements of pSymp vector.

The pSympAAGAG construct (0.5 mg/ml DNA) was introduced 
into the Drosophila germ line of w-y-Δ2-3kstb embryos follow-
ing standard protocol.58,59 Transformants were identified by the 
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