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Abstract 33 

Cells incurring oncogenic hits are often eliminated by cell death via built-in anti-cancer 34 

defense mechanisms, broadly termed as intrinsic tumor suppression (ITS). Identification of 35 

genetic modifiers of ITS-induced cell death would provide better understanding of inherent 36 

tumor-resistance and/or susceptibility. Using a Drosophila model of loss of a tumor 37 

suppressor-mediated epithelial tumorigenesis, here we show that perturbations in levels of 38 

stress-responsive nuclear long non-coding RNA (lncRNA) hsrω gene, promote epithelial 39 

tumorigenesis.  Thus, while somatic clones with loss of a tumor suppressor, Lgl, are 40 

eliminated by JNK-induced cell death, lgl mutant somatic clones induced either in an hsr 41 

loss-of-function heterozygous genetic background, or upon cell autonomous up- or down-42 

regulation of hsr in lgl somatic clones, override the JNK-mediated cell death and progress 43 

to full blown tumors. These tumors display deregulation of Hippo pathway as seen from a 44 

gain of downstream target of inhibition, Diap1, an inhibitor of cell death. We finally show 45 

that downregulation in sat III non-coding RNA, a functional analog of hsr in humans, 46 

increases sensitivity of cancer cells to cytotoxic stress-induced cell death. lncRNA hsrω, 47 

therefore, constitutes a novel genetic modifier of ITS in Drosophila and of stress-induced cell 48 

death in human cancers.  49 

Summary: A long non-coding RNA, hsrω, is a novel regulator of JNK-mediated intrinsic 50 

tumor suppression in Drosophila. 51 

Highlights  52 

 lgl clones induced in hsrω heterozygous loss-of-function genetic background escape 53 

intrinsic tumor suppression (ITS). 54 

 Perturbation of hsrω in lgl mutant clones, too, leads to their escape from ITS. 55 

 hsrhomeostasis required for JNK-dependent ITS. 56 

 Human sat III, a functional analog of hsrω, confers stress-resistant to human cancer 57 

cells. 58 

 59 

  60 
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Introduction  61 

Chances of developing cancer in one’s lifetime are rather high given that millions of cells are 62 

constantly under stress of DNA damage and repair. Despite these odds, most individuals do 63 

not develop cancer [1, 2]. Resistance to cancer is defined by the host’s genetic makeup [1] 64 

that governs the systemic tumor surveillance on one end and cell-intrinsic mechanisms of 65 

tumor suppression on the other [2-4]. Intrinsic tumor suppression, ITS, forms the first line of 66 

defense, and is found conserved from Drosophila [5, 6] to mammals [7, 8]. Both, systemic 67 

and ITS mechanisms converge to activate cell death effectors in oncogenically mutant cells, 68 

thereby leading to their elimination [9]. Oncogenic hits, therefore, become meaningful for 69 

cancer initiation and progression in genetic backgrounds where endogenous cell death 70 

processes are compromised or turned off; these essentially principles of ITS have been 71 

revealed in Drosophila [5, 10, 11]. Uncovering the many genetic players that regulate cell 72 

death would in turn facilitate the understanding of genetics of cancer resistance and/or 73 

susceptibility.   74 

One of the critical regulators of cell death is the c-Jun N-terminal kinase (JNK) signaling 75 

pathway [12, 13],which in oncogenically mutated cells is predominantly activated via the 76 

Tumor Necrosis Factor (TNF)  or oncogene-induced cellular stress [14] pathways. In 77 

Drosophila, epithelial cells with loss of a tumor suppressor, display activation of JNK 78 

signaling via the TNF homolog, Eiger [5, 15] leading to cell death. Thus, cells with loss of 79 

tumor suppressor lgl, for instance,  escape cell death and undergo neoplastic transformation 80 

when generated in an H99/+ (heterozygosity for  loss of pro-apoptotic genes reaper, grim, 81 

and hid) genetic background [10], or upon gain of inhibitor of apoptosis protein Diap1 [11]. 82 

Since oncogenic lesions trigger ITS-induced cell death, genetic inhibition or promotion of 83 

cell death, respectively, represent tumor-promoting or tumor-suppressing conditions. The full 84 

complement of host genetic factors regulating ITS, however, has not been identified yet.  85 

Long non-coding RNAs, lncRNAs, constitute a versatile class of molecules that regulate 86 

cytoplasmic and nuclear homeostasis, for instance by formation of nuclear paraspeckles [16],   87 

under normal and stress conditions [17, 18]. Not surprisingly, many of the lncRNAs are 88 

implicated in cancer progression [18, 19], including many stress-responsive satellite non-89 

coding RNA [20, 21]. However, tumorigenic roles of satellite lncRNAs have not been 90 

identified in Drosophila. Here we have looked into the lncRNA gene, the heat shock RNA 91 

omega or hsrω [22], which is a ubiquitously-expressed non-coding RNA gene [23-25], and 92 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 27, 2021. ; https://doi.org/10.1101/2021.04.26.441543doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.26.441543


   

4 
 

its expression increase several folds upon diverse cell stresses like heat shock, exposure to 93 

amides [26, 27], or anoxia  [28].  94 

The hsrω generates multiple nuclear and cytoplasmic transcripts (see schema, Figure 1A), of 95 

which the larger nuclear transcripts carry a long stretch of 280bp tandem repeat, which 96 

provides a physical scaffold for assembly of nucleoplasmic omega speckles.  These omega 97 

speckles house a variety of RNA-binding and hnRNP (heterogeneous ribonucleo protein) 98 

family of proteins [18, 29] (see schema, Figure 1A). Gain or loss of hsrω therefore disrupts 99 

omega speckle biogenesis [30, 31] and results in increased, but unregulated, cellular 100 

availability of some of the omega-speckle-associated proteins [31, 32]. Significantly, RNAi-101 

mediated down-regulation of hsrω transcripts results in elevated levels of free hnRNPs, such 102 

as, Hrb57A, which binds to and stabilizes cytoplasmic proteins, for instance DIAP1, thus 103 

inhibiting the  TNFα/Eiger-JNK-triggered apoptotic cell death [32]. 104 

Given that hsrω can regulate Tumor Necrosis Factor (TNFα)/JNK signaling-induced cell 105 

death [32] here we have asked if perturbations in the level of hsrω would affect lgl tumor 106 

initiation and progression. Indeed, we found that somatic clones of lgl neoplasms generated 107 

in an hsrω
 

loss-of-function heterozygous genetic background, or those with tumor-108 

autonomous loss or gain of hsrω transcripts escape JNK-mediated ITS. Further we show that 109 

downregulation sat III, a functional analog of hsrω [33, 34], renders cancer cells more 110 

sensitive to cellular stress, such as treatment with cytotoxic drug Doxorubicin.  Overall, our 111 

study reveals that homeostasis of lncRNA hsrω is critical for ITS. 112 

 113 

RESULTS 114 

 115 

lgl clones generated in hsrω loss of function heterozygous genetic background escape 116 

ITS-induced elimination 117 

 118 

lgl
-
 mutant clones (referred to as lgl) generated in a WT (that is lgl

+
/lgl

- 
, hsrω

+
/hsrω

+
) 119 

genetic background, display JNK-mediated cell death [10, 11] and are eventually extruded 120 

from the epithelium (Figure 1B). These dying cells display increased levels of Caspase and 121 

are largely localized basally (see x-z section in Figure 1B). The lgl clones in a WT genetic 122 

background, display tell-tale marks of cellular stress, such as increase in ROS, detected using 123 

a ROS-sensitive dye Dihydroethidium (DHE) [35] (Figure 1C), perturbed mitochondrial 124 
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activity, seen using a mitochondria-specific lipophilic dye, MitoTracker (Figure 1D), that 125 

marks mitochondria with altered membrane potential [36],  and elevated levels of acidic 126 

Lysosomes (Figure S1A) detected using LysoTracker  On the other hand, signatures of 127 

cellular stress in lgl clones could be reversed by blocking of the JNK signaling through co-128 

expression of a dominant negative form of Drosophila JUN Kinase, bsk, (lgl; UAS-bsk
DN

 129 

UAS-GFP, Figures 1E, F and S1B, C). Compared to the lgl clones, the lgl; UAS-bsk
DN 

130 

clones also displayed improved survival (compare the large-sized lgl clones in Figure 1E, F 131 

with those in 1B).  132 

 133 

Further, in view of inhibition of JNK signaling-triggered cell death by down-regulation of the 134 

hsrω transcripts [32], we sought to see if a genetic background of reduced levels of hsrω 135 

could promote survival of lgl clones. We generated GFP-marked lgl clones in a heterozygous 136 

near null allele of hsrω (hsrω
66

/+) [37, 38] genetic background via somatic recombination in 137 

early second instar larvae. Unlike the lgl clones generated in hsrω
+
 (wild type) genetic 138 

background (Figure 1B), the lgl clones generated in hsrω
66

/+ wing discs survived better, and 139 

displayed significant increase in clone size (Figure 2A, B). Further, 31% (n=32) of the lgl; 140 

hsrω
66

/+ clones displayed neoplastic transformation by day five of their induction, as seen by 141 

their disrupted cyto-architecture, ascertained using F-Actin (Figure 2A). The neoplastically 142 

transformed lgl; hsrω
66

/+ clones exhibited large, dispersed nuclei (Figure 2A), a 143 

characteristic feature of neoplastically transformed cells and displayed enhanced levels of 144 

phospho-Histone 3 (Figure 2C) indicative of their increased proliferation. Notably, these 145 

clones also exhibited elevated levels of Matrix Metalloproteinases (MMP) (Figure 2D), a 146 

signature of their invasive transformation [10]. In agreement, on day 5 of their induction we 147 

observed GFP-marked lgl clonal cells in tracheal tubes and fat body (Figures 1E-F, S1D), far 148 

away from their site of induction in the imaginal discs, in 30% (n=23) of lgl; hsrω
66

/+ tumor 149 

bearing larvae. Thus, overall, hsrω
66

/+ genetics background allowed better survival of lgl 150 

clones and their neoplastic transformation when compared to WT (hsrω+) genetic 151 

background, (Figure 2G).  152 

 153 

Cell autonomous loss of hsrωlncRNA drives lgl neoplasia in the wing epithelium 154 

The survival of lgl clones in hsrω
66

/+ wing discs led us to further explore the effect of cell 155 

autonomous loss of hsrω in lgl clones. We down-regulated hsrω transcripts in lgl clones by 156 
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expressing the UAS-hsrω RNAi transgene that targets the 280 bp tandem repeats of the hsrω 157 

nuclear transcripts (Figure 1A) and results in approximately 57% reduction in levels of the 158 

hsrω nuclear RNA [32]. The lgl UAS-hsrω RNAi clones, generated using the MARCM 159 

technique [39], displayed improved cell survival (Figure 3A, B) compared to the lgl
 
clones in 160 

hsrω+ genetic background (Figure 1B). Further, approximately 32% (n=28) lgl UAS-hsrω 161 

RNAi clones underwent neoplastic transformation by day five of clone induction (Figure 162 

3A), and exhibited large dispersed nuclei (magnified image in Figure 3A), a signature of 163 

their transformation. Improved survival of lgl UAS-hsrω RNAi pointed to decrease in cell 164 

death. Indeed we observed increase in expression of the Hippo target and Inhibitor of 165 

Apoptosis, Diap1 in lgl-hsrω RNAi clones as visualized by Diap1-lacZ reporter [40] (Figure 166 

3C). Further, lgl UAS-hsrω RNAi clones displayed an increase in levels of MMP (Figure 3D) 167 

pointing to basement membrane break down and tumor progression [10]. 168 

 169 

Consistent with the fact that hsrω-dependent omega speckle formation is regulated by the 170 

ISWI chromatin remodeling complex [41], we found that down-regulation of ISWI through 171 

RNAi also promotes neoplastic transformation of lgl
 
clones (lgl UAS-ISWI RNAi, Figure 3E). 172 

Overall, down-regulation of hsrω activity either by cell autonomous RNAi (Figure 3F) or in 173 

hsrω
66

/+ genetic background (Figure 2), protected lgl clones from JNK-mediated 174 

elimination. We however, note that, while cell-autonomous down regulation of JNK arrests 175 

both the cell death and neoplastic transformation of lgl clones (Figure 1E, F, also see [42]), 176 

loss of hsrω in contrast blocks only cell death but not the neoplastic transformation of lgl.  177 

Further studies are needed to understand how hsrω selectively regulates the two arms of 178 

JNK signaling, namely cell death and neoplastic transformation in the context of 179 

tumorigenesis. 180 

Cell autonomous gain of hsrωlncRNA also drives lgl neoplasia 181 

Since loss of hsrω in lgl cells facilitated their escape from cell death and led them undergo 182 

neoplastic transformation, we expected that gain of hsrω activity would aggravate cell death 183 

in lgl mutant clones. Earlier studies [32] also reported that gain of hsrω activity enhances 184 

JNK and TNF induced cell death. We, therefore, drove an UAS-hsr transgene in lgl 185 

somatic clones (lgl UAS-hsrω). The UAS-hsrω transgene expresses the ~10kb nuclear hsr 186 

transcript under a Gal4-responsive UAS element [43]. Surprisingly, we noted that the lgl 187 

UAS-hsrω clones too survived well, with a marked increase in clone size (Figure 3G, H) 188 
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compared to lgl clones in (hsrω
+
 genetic background (see Figure 1D). Some of the lgl UAS-189 

hsrω clones (~15%, n=23 clones) underwent neoplastic transformation (Figures 3G) by day 190 

five of clone induction and also exhibited large dispersed nuclei (Figure 3G). The x-z section 191 

along the clone (marked by dotted line, Figure 3G) clearly displayed the disrupted F-actin in 192 

the GFP-positive clone area, when compared to the orderly structured epithelia in the 193 

adjoining lgl
+ 

regions.  194 

Similar results were found when an hsrω over-expressing EP3037 allele, which carries as 195 

UAS-containing EP transposon in the hsrω promoter [32], was expressed in the MARCM lgl 196 

clones (Figure S2). Thus, cell autonomous gain of hsrω levels also facilitated neoplastic 197 

transformation of lgl clonal cells. 198 

 199 

hsrωmediated tumor cooperation does not suffice to override developmentally-200 

regulated ITS  201 

 202 

The rescue and subsequent transformation of lgl clones with simultaneous perturbations in 203 

hsrω transcript levels was largely limited to the proximal wing, since the lgl clones generated 204 

in the distal wing continued to undergo apoptosis, as reflected in the elevated levels of 205 

Caspase in such clones (marked by arrow in Figure 4A-C). Such disparities in neoplastic 206 

propensities of lgl clones are consistent with earlier reports [10, 44, 45], and could be 207 

attributed to the underlying developmental programs [10] or to tissue intrinsic local 208 

cytoarchitecture [45].  209 

 210 

The lgl clones induced in the tumor resistant distal wing region displaying cell autonomous 211 

down-regulation of hsrω activity or those induced in a hsrω
66

/+ heterozygous genetic 212 

background continued to display signatures of cellular stress, such as increased levels of ROS 213 

(Figure 4E), perturbed mitochondrial activity (Figure 4F) and increase in levels of acidic 214 

lysosomes (Figure 4H). We also noted breakdown of lipid droplets (LDs) in the lgl clones in 215 

the distal wing (Figure 4G) detected using the fluorescent lipophilic dye Nile red; breakdown 216 

of LDs can add to a buildup of ROS owing to the loss of its cytoprotective role against 217 

reactive oxygen species [46].  218 

  219 
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When compared to the distal wing, lgl clones with perturbed hsrω levels in the proximal 220 

wing display much less Caspase (Figure 4A-C, inset). Strikingly though, clones in advanced 221 

stages of neoplastic transformation begin to display cell death particularly in cells along the 222 

clone boundary (Figure 4I), and also in wild type cells abutting the clones (Figure 4J); while 223 

negligible cell death was seen within the transformed clones (Figure 4I, J).  224 

Taken together, perturbations in hsrω rescues lgl
 
cells from cell death and elimination, 225 

consequently leading to their neoplastic transformation, albeit in developmental domain-226 

specific manner (Figure 4D). 227 

 228 

Down- or up-regulation of hsrω activity results in some common transcriptional 229 

changes that could promote cell survival  230 

 231 

Tumor cooperation by loss (Figure 2) as well as by gain (Figure 3) of hsrω activity in the 232 

proximal wing domain was surprising. It is notable that a gain or loss of hsrω activity has 233 

also been reported to similarly enhance the activated Ras-driven aberrant differentiation of 234 

photoreceptors and accompanying pupal lethality [47]. In order to understand reasons for 235 

such paradoxical results, we re-examined the earlier published transcriptomes [47] of eye disc 236 

epithelium displaying gain (EP3037) or loss (UAS-hsrω RNAi) of hsrω activity to see if loss 237 

and gain of hsrω activity have some common effects on  genes associated with cell death and 238 

cell stress pathways. We indeed found a number of genes that were commonly up or down-239 

regulated under the two conditions (Figure S3A). These included genes like Death-240 

associated protein kinase related (Drak), the effector Caspase hid, and Drosophila ortholog 241 

of MAP4K3, happyhour (hppy)—an activator of JNK-mediated apoptosis [48] (Figure 5A). 242 

We also noted downregulation of stress-induced cell death regulators like Phosphodiesterase-243 

8  (Pde8) [49] and scyl [50] (Figure 5B) upon either gain or loss of hsrω. Further, several 244 

members of the Hippo signaling pathway—a key negative regulator of organ growth [51]—245 

such as, wts, mer, kibra and tao, were also commonly perturbed upon either gain or loss of 246 

hsrω (Figure 5C). 247 

Since the nuclear hsrω-associated omega speckles regulate the dynamic availability of 248 

hnRNPs like HRB57A, HRB87F, Squid, Hrp38 and Hrp59 [31], we looked at the 249 

transcriptional status of their respective target genes in the earlier published transcriptome 250 

data [47]. Gene Set Enrichment Analysis (GSEA) [52], clearly displayed common 251 

downregulation of many of the genes that interact with these hnRNPs upon either loss 252 

Figures 5D upper panel, and S3B) or gain Figure 5D lower panel and S3C) of hsrω 253 
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activity.  We note that genes such as cell death regulators psn and Rbf, and growth regulatory 254 

TOR pathway members like gigas, rictor, S6K (Figure S3D) are associated with one or more 255 

of the hsrω-linked hnRNPs, and therefore, as expected, their transcripts are affected upon 256 

perturbations in hsrω levels. 257 

Pro-tumorigenic role of satellite III repeats in human cancer  258 

 259 

Following our above observation that perturbations in hsrω transcript levels help the survival 260 

of lgl mutant cells, we also examined if sat III repeats, the functional equivalent of hsrω in 261 

humans [33] also affect cancer cells. The sat III repeats localize to the peri-centromeric 262 

region of human chromosome 9q [53] and undergo enhanced transcription following diverse 263 

cellular stress conditions [53, 54]. sat III transcripts together with Heat Shock Factor 1 264 

(HSF1) and several other RNA-binding proteins generate nuclear stress bodies (nSBs), which 265 

in some ways parallel the accumulation of the various omega speckles associated proteins 266 

exclusively at the hsrω locus under cell stress conditions [29]. In view of the above parallels 267 

between hsrω and sat III transcripts and since cancer cells are under continuous physiological 268 

stress, we examined status of sat III transcripts in a panel of cancer cell lines, namely, 269 

Prostate (22RV1, PC3, VCaP, LNCaP), Breast (MCF7, MDA-MB-231) and cervical (HeLa) 270 

cancer cell lines. Interestingly, we found elevated levels of sat III transcripts in LNCaP, 271 

MDA-MB-231, and HeLa cells (Figure 6A). We next examined the stress induced changes 272 

in sat III transcripts in cell lines with low (PC3) or high (MDA-MB-231 and HeLa) 273 

endogenous sat III levels. We used different physiological stress conditions like oxidative 274 

stress, (250µM of H2O2), anticancer drug treatment (Doxorubicin at 2.5 µM), or one hour 275 

heat-shock at 42
o
C. There was a significant increase in sat III levels under elevated oxidative 276 

stress (250µM H2O2) conditions in all the three cancer cell lines (Figure 6B-D), whereas a 277 

low to high gain in sat III transcript levels was seen following treatment with Doxorubicin 278 

(Figure 6B-D) or heat shock (Figure 6B-D) in all these cancer cell lines, albeit to different 279 

extent. In parallel, we observed signatures of cellular stress, such as increase in the levels of 280 

ROS, mitochondrial activity, acidic lysosome, and concomitant elevated cell death, in MDA-281 

MB-231 cancer cell line following heat shock (42
o
C for 1 hour) (Figure 6E-I) when 282 

compared to cells without heat shock (Figure S4A-E). 283 

We then further asked if perturbations in sat III levels would affect the survival of cancer 284 

cells under stress, such as treatment with Doxorubicin, a chemotherapeutic drug. We used 285 
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anti-sense oligos [54] to downregulate sat III in PC3 cells that display low levels of 286 

endogenous sat III (Figure 6A) along with moderate but robust increase upon Doxorubicin 287 

treatment (Figure 6D). Cell viability assay using PC3 cells transfected with anti-sense oligos 288 

in the presence or absence of Doxorubicin, showed that knocking down Sat3 (~30% 289 

reduction, Figure S4F) results in reduced cell viability of PC3 compared to control cells 290 

when treated with Doxorubicin (Figure 6J); indicating that ablating expression of Sat-III in 291 

cancer cells further potentiate the cytotoxic effect of chemotherapeutic drug. 292 

 293 

DISCUSSION  294 

In this study we uncover the role of stress-responsive hsrω lncRNAs in ITS. We show that 295 

cells with loss of tumor suppressor, when generated in an hsrω
66

 heterozygous genetic 296 

background; or upon cell-autonomous gain or loss of hsrω activity evade JNK-induced 297 

elimination and undergo neoplastic transformation (Figure 7).  298 

hsrω is part of the host genetic repertoire of ITS 299 

Loss of a tumor suppressor gene in Drosophila triggers TNF/Eiger-induced JNK signaling 300 

resulting in cell death [5], which is also seen to be activated during cell-competition, a tissue 301 

surveillance mechanism to rid physiologically unfit cells [4]. Out competed cells display 302 

buildup of cellular stress such as increased proteotoxicity [55], or increase in redox regulator, 303 

Nrf2  [56]. Thus, buildup of cell stress and activation of stress response genes appear to be a 304 

forerunner of tissue surveillance and, in turn, ITS. Our study presents yet another stress-305 

response gene, namely the lncRNA hsrω, whose perturbation alters the fate of mutant cells, 306 

which are otherwise destined to die. Thus, hsrω, that undergoes exaggerated transcription to 307 

confer stress-resistance to cells, also helps survival of oncogenically mutant cell by their gain 308 

and, ironically also, via loss of activity. The hsrω homeostasis, therefore, appears to be 309 

critical for elimination of oncogenic cells. We also note that hsrω drives transformation of lgl
 310 

clonal cells only in the proximal wing, which is in agreement with earlier observations [10, 311 

44] that compared to the distal segment, the proximal wing allows for ready transformation. 312 

Thus, developmental domains display different thresholds of ITS-triggered JNK-driven 313 

elimination. It is possible that hsrω could regulate JNK signaling at multiple levels, besides 314 

stabilizing DIAP1, to counteract JNK-driven cell death. For instance, hsrω could modulate 315 

proteasomal degradation of JNK pathway members [57] by regulating Cullin family of 316 

proteins [58], which were found to be affected by changes in hsrω transcripts [47]. 317 
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Ascertaining how hsrω regulates JNK-signaling would provide a better resolution of its role 318 

in ITS. 319 

Cell autonomous perturbations in hsrω affect multiple processes linked to tumor 320 

progression 321 

One of the striking outcomes of hsrω perturbations seen in this study was that its gain as well 322 

as loss was found to inhibit ITS-driven elimination of lgl cells. While this may appear as 323 

paradoxical, common outcome of gain or loss of hsrω [47] could be due to disruption of 324 

omega speckles in either case [29, 31, 41], which dynamically regulate the cellular 325 

availability of various hnRNPs. This is further supported by neoplastic transformation of lgl 326 

cells upon down regulation of ISWI which is known to disrupt biogenesis of omega speckles 327 

[31, 41]. Disruption of hnRNPs, could in turn impact tumorigenesis via affecting multiple 328 

cellular processes. For instance, loss of hsrω could affect survival of tumor cells by 329 

regulating telomere maintenance via hnRNP Hrp36 [59], or affect the metabolism of mutant 330 

cells by regulating levels of triglycerides via hnRNPs like Hrp59 and Hrb87F [60]. Further, 331 

loss of junction protein, such as Cadherin via decrease in Hrp38 levels [61] could accelerate 332 

tumor growth and invasion. Other common targets of hnRNPs, identified here through the 333 

gene-enrichment analysis include important regulators of cell death, such as Hippo and 334 

mTOR pathways, all of which can promote survival of tumorigenic cells.  335 

Given the possible role of hsrω in ITS as seen in this study, earlier report [38] of hsrω
66 336 

mutant larvae phenocopying tumor bearing lgl homozygous larvae, can be viewed in the light 337 

of hsrω facilitating survival of cells with loss of lgl, since a substantial down-regulation in 338 

expression of lgl was observed in cells with simultaneous loss of hsrω and gain of Hsp83, as 339 

seen by Ray et al., [38]   340 

 341 

sat III a stress-response player in human cancer cells 342 

ITS is triggered as an early response to tumor initiation, often resulting in elimination of 343 

oncogenic cells at its inception. It is likely that while in relatively simple organism, such as in 344 

Drosophila, stress-response gene, hsrω, is co-opted for an ITS function, in the course of 345 

evolution, the functional analog of hsrω, the sat III [33], retained its stress-response role and 346 

simultaneously  diverged to provide a pro-tumorigenic role in mammals.  sat III transcripts 347 

are also perturbed in a variety of human cancer cell lines and similar to the involvement of 348 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 27, 2021. ; https://doi.org/10.1101/2021.04.26.441543doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.26.441543


   

12 
 

hsrω in biogenesis of omega speckles and their aggregation during stress, the sat III 349 

transcripts also form nuclear stress bodies and act as a sink for various RNA processing and 350 

heat shock factors [18, 33]. Indeed, several other studies [20, 62, 63] have reported 351 

association between perturbations of satellite non-coding RNAs and cancer.  Similar to 352 

association of hsrω with hnRNPs, sat III associates with Fus and TDP-43 whose aberrant 353 

distribution is seen in cancer cells  [34, 64] and with paraspeckle associated Neat1 lncRNA or 354 

with Xist lncRNA in breast and cervical cancers, respectively [65, 66]. Thus, while sat III is 355 

implicated in cancer cells it would be indeed interesting to look at its role during early stages 356 

of tumor initiation, as suggested in this study.  357 
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 367 

Material and Methods 368 

Fly stocks were maintained at 25
0
C on standard fly food containing corn powder, yeast, and 369 

sugar.  370 

The following transgenic lines were used in this study: 371 

w; l(2)gl
4
 FRT40A/CyO; +/+ (#36289, Bloomington Drosophila Stock Centre, Indiana 372 

University) 373 

w/w; +/+; EP3037/EP3037 [32] 374 

w/w; UAS-hsrω/UAS-hsrω [43] 375 

w/w; UAS-hsrω RNAi(2x)/ UAS-hsrω RNAi(2x); +/+  [32] 376 

w/w; +/+; hsrω
66

/ TM6B [37]) 377 

y w hs-flp tubGal4 UAS-GFP/ y w hs-flp tubGal4 UAS-GFP; tub-Gal80 FRT40A/Cy-O;+/+  378 

(The line was generated using individual lines from Bloomington Drosophila Stock Centre, 379 

Indiana University) 380 
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 381 

The genotypes of the flies used in the study 382 

y w hs-flp tub-Gal4 UAS-GFP/+; lgl
4
 FRT40A/tub-Gal80 FRT40A; +/+ 383 

y w hs-flp tub-Gal4 UAS-GFP/+; lgl
4
UAS-hsrω RNAi (2X) FRT40A/tub-Gal80 FRT40A; +/+ 384 

y w hs -flp tub-Gal4 UAS-GFP/+; lgl
4
UAS-hsrω RNAi (2X) FRT40A/tub-Gal80 FRT40A; 385 

Diap1-LacZ/+ 386 

y w hs -flp tub-Gal4 UAS-GFP/+; lgl
4
UAS-ISWI RNAi FRT40A/tub-Gal80 FRT40A; +/+ 387 

y w hs -flp tub-Gal4 UAS-GFP/+; lgl
4
 FRT40A/Gal80

ts
 FRT40A; hsrω

66
/+ 388 

y w hs -flp tub-Gal4 UAS-GFP/+; lgl
4 

UAS-hsrω FRT40A/tub-Gal80  389 

y w hs -flp tub-Gal4 UAS-GFP/+; lgl
4
UAS-bsk

DN
 FRT40A/tub-Gal80 390 

y w hs -flp tub-Gal4 UAS-GFP/+; lgl
4
FRT40A/tub-Gal80; EP3037/+ 391 

 392 

 393 

Antibodies used in the study 394 

 395 

We used the following antibodies: anti-Caspase-3, raised in Rabbit, at a dilution of 1:500 396 

(MERK/Sigma Aldrich, #C8487). Anti-phospho Histone-3 (pSer
10

), raised in Rabbit, used at 397 

1:500 dilution (MERK /Sigma Aldrich # H0412), anti- β Galactosidase Antibody, raised in 398 

mouse, used at 1:200 dilution (MERK/Sigma Aldrich, #G6282). To detect MMP, we used a 399 

cocktail of monoclonal antibodies from DSHB (Developmental Studies Hybridoma Bank, 400 

University of Iowa, Iowa City): 3AB4, 3B8D12, 5H7B11 and 3B8D12, raised in Mouse, at a 401 

final dilution of 1:300. Nuclear labeling was carried out using TO-PRO-3 (Invitrogen, 402 

#T3605) at a dilution of 1:1000. Corticular F-Actin was labeled using Phalloidin-633 403 

(#A22284, Invitrogen). For Secondary antibodies, we used Goat anti-mouse (#A32727)- and 404 

Goat anti-Rabbit (#A32732)- Alexa Fluor -555 (Invitrogen).  405 

 406 

GFP-labeled somatic clone induction 407 

All somatic clones (pertaining to Figures 1, 2, 3, 4 and 5; barring Figure 2 (see below)) were 408 

generated using the MARCM (Mosaic analysis with a repressible cell marker) technique [39] 409 

to allow their uniform comparison. MARCM technique allows one to generate GFP marked 410 

clones using somatic recombination via heat shock driven-Flp/FRT, and allows simultaneous 411 

activation of a transgene under UAS/Gal4 control, selectively in the somatic clone. Selective 412 

activation of UAS-transgene in the clones is due to absence of tubulin-driven Gal80 (which 413 

represses Gal4) within the clone, while Gal80 is active outside the clone area. Clones were 414 
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induced by giving heat-shock to synchronized early second instar larvae (48 hours after egg 415 

laying) at 37
o
C for 30 minutes. Larvae were maintained at 25

o
C prior to and after heat shock, 416 

till they were dissected. The induced homozygous lgl
4 

clones are referred to here as lgl 417 

clones. 418 

 419 

Immuno-fluorescence staining and microscopy 420 

 421 

Briefly, larvae of desired genotypes were dissected in 1x Phosphate Buffer Saline (PBS), and 422 

imaginal discs were fixed in 4% paraformaldehyde in 1x PBS containing 0.02 % triton, and 423 

incubated in primary antibody overnight at 4
0
C, followed by incubation with fluorescently 424 

tagged secondary antibodies for two hours at room, and counterstained with TO-PRO-3 or 425 

Phalloidin-555. Mounted using Vectashield anti-fade mounting medium (Vector Laboratories, 426 

H-1000). Images were acquired with Leica-SP5 confocal microscope, and processed using Leica 427 

confocal software-LAS AF. Images were acquired using 40x or 20x objectives. Images of GFP-428 

marked lgl;hsrω
66

/+
 
tumor bearing larvae were acquired with a Leica M205FA stereomicroscope 429 

set up under epi-fluorescent illumination (excitation filter 480 nm). All images were assembled 430 

using Adobe Photoshop CS5 software. 431 

 432 

MitoTracker and LysoTracker 433 

 434 

We used MitoTracker™ Red CMXRos (#M22425, Thermo-Fisher Scientific/Invitrogen), a 435 

cell-permeant, red-fluorescent dye that stains mitochondria in live cells. Its accumulation is 436 

dependent upon the mitochondrial membrane potential. Further, we used LysoTracker® Red 437 

DND-99 dye (with red-fluorescence, #L7528) for labeling and tracking acidic organelles in 438 

unfixed larval wing discs. Briefly, larvae of desired genotype were gently rinsed and 439 

dissected in 1x PBS to remove tissues like fat body, gut etc. The flipped larvae were 440 

incubated in freshly prepared 500 nM of MitoTracker dye (in 1X PBS) or 500nM of 441 

LysoTracker (in 1X PBS) at room temperature in the dark for 15 minutes, followed by 442 

thorough rinse in 1x PBS. Unfixed wing discs were mounted in anti-fade-containing 443 

Vectashield (Vector Laboratories, #H-1000), and images were acquired immediately using 444 

Leica-SP5 confocal microscope and processed using Leica confocal software-LAS AF and 445 

assembled using AdobePhotoshop. 446 

 447 

ROS staining using DHE 448 
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We used Dihydroethidium (#D11347, Invitrogen), a free radical sensitive dye to detect 449 

ROS levels in live larval tissues. The dye gets oxidized by free radicals and fluoresce red. 450 

Briefly, larvae of desired genotype were washed and dissected in 1xPBS. After removal of  451 

fat body, gut etc, the flipped larvae were incubated in freshly made 1:1000 DHE at room 452 

temperature in the dark for 15 minutes. The wing imaginal discs were subsequently 453 

thoroughly rinsed in 1XPBS, mounted in anti-fade containing Vectashield (Vector 454 

Laboratories, #H-1000), and images were acquired with Leica-SP5 confocal microscope and 455 

processed using Leica confocal software-LAS AF and AdobePhotoshop. 456 

 457 

Heatmaps and Gene Set Enrichment Analysis (GSEA): 458 

Preprocessed RNAseq data was obtained from Ray et al., [47]. The FPKM values of 459 

individual genes were used as inputs to generate heat maps using Heatmapper [67], a web-460 

based tool for generation of heat maps. The Heatmaps were generated using row clustering 461 

using Average linkage and Pearson distance measure.  462 

Gene Set Enrichment Analysis (GSEA) is a statistical tool that provides a quantitative 463 

measure of the enrichment of predefined set of genes between two phenotypes being 464 

compared. Using running sum statistics, a normalized enrichment score (NES) is calculated. 465 

The NES is a positive value if gene set is positively correlated with the phenotype under 466 

study (such as hsrω mis-expression genotypes versus control), and is therefore considered 467 

enriched in the former.  Pre-defined gene sets for hnRNP-(Squid, HRB57A, HRB87F, Hrp59 468 

and Hrp38) interacting genes were obtained from BIOGRID. GSEA analyses were carried 469 

out using the following parameters: genes were ranked based on comparison of phenotypes: 470 

hsrω versus control using signal-to-noise metric. The enrichment score was calculated using 471 

weighted running sum statistics. Gene-based permutation (n =1,000) was used to compute the 472 

nominal P value and FDR was computed to correct for multiple-hypothesis testing.   473 

Cancer cell lines, culture conditions and treatments: 474 

22RV1, PC3, VCaP, LNCaP (Prostate cancer cell lines), MCF7, MDA-MB-231 (Breast 475 

cancer cell lines) and HeLa (Cervical cancer cell line) were obtained from American Type 476 

Culture Collection (ATCC) and were cultured as per the ATCC recommended guidelines. 477 

Briefly, the cells were cultured in growth medium supplemented with10% fetal bovine serum 478 

(FBS) and 0.5% Penicillin-Streptomycin (Gibco, Thermo-Fisher Scientific), in cell culture 479 
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incubator (Thermo Fisher Scientific) supplied with 5% CO2 at 37°C. For the heat-shock 480 

treatment, cells were grown in 6-well culture dishes and incubated at 42
o
C for 1hour and then 481 

at 37°C for 1hour for recovery. For oxidative stress, cells were treated with 250µM H2O2 for 482 

18 hours. For anticancer drug induced stress, cells were treated with 2.5µM Doxorubicin for 483 

18 hours. 484 

RNA isolation and Quantitative PCR (qPCR): 485 

The total RNA was extracted using RNAiso Plus (Takara) and 1µg of total RNA was reverse 486 

transcribed into cDNA using First Strand cDNA synthesis kit (PureGene) according to the 487 

manufacturer’s protocol. Quantitative PCR (qPCR) was performed using cDNA template, 488 

Sat3_FP: TATGAATTCAATCAACCCGAGTGCAATCGAA, Sat3_RP: 489 

TATGGATCCTTCCATTCCATTCCTGTACTCG [54]; GAPDH_FP: 490 

TGCACCACCAACTGCTTAGC, GAPDH_RP: GGCATGGACTGTGGTCATGAG primer 491 

sets and SYBR Green PCR Master-Mix (PureGene) on the QuantStudio 5 Real-Time PCR 492 

System (Applied Biosystems). Relative Sat3 expression was calculated for each sample by 493 

ΔΔCTmethod. Two-tailed unpaired Student’s t-test was applied to determine the statistical 494 

significance for independent samples *P≤ 0.05 and **P≤ 0.001. Error bars represent mean ± 495 

SEM.  496 

Cell viability assay: 497 

Cell viability assay using PC3 cell line was performed by plating 3000 cells per well in 96-498 

well plate. After 24 hours, cells were treated with 5µM Doxorubicin against DMSO control 499 

and after 24 hours, cells were transfected with sat III-antisense constructs along with 500 

polyethylenimine (PEI) cellular transfection reagent ( CAT# 23966-1, Polyethylenimine, 501 

Linear, MW 25000 (6µg/ml)). Cell viability was determined after 48 hours of the drug 502 

treatment following incubation with the Cell viability reagent-Resazurin (Cayman), followed 503 

by colorimetric assay as per manufacturer’s protocol. Two-way ANOVA test was used to 504 

determine statistical significance for independent samples *P<0.05,**P<0.001. Error bars 505 

represents ±SEM. 506 

  507 
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FIGURE LEGENDS 508 

Figure 1. lgl mutant cells display cellular stress. (A) Organization of the hsrω gene (left 509 

top) and its multiple transcripts (RA-RF, left bottom); the three long nuclear transcripts (RB, 510 

RF, RG), containing the 280bp tandem repeats, organize the omega speckles in association 511 

with diverse hnRNPs and other RNA-binding proteins [18]. As shown on right, the omega 512 

speckles, are nucleoplasmic in unstressed cells but in stressed cells, all the omega speckle 513 

associated proteins accumulate at the actively transcribing hsrω gene locus at 93D [22]. (B-514 

D) lgl somatic clones (lgl UAS-GFP, green) in wild type (WT) genetic background, display 515 

cell death (Caspase, red, arrow, B). Dying cells are basally extruded as seen by their 516 

enrichment in basal optical section (also see x-z section B’, arrow).  The clones display intact 517 

F-Actin architecture (grey); lgl UAS-GFP clones (green) display elevated levels of ROS, 518 

(DHE, red, C) and MitoTracker staining, a lipophilic dye that reflects mitochondria with 519 

altered membrane potential (red, D). Also note elevated DHE (C) and MitoTracker staining 520 

(D) outside clone area (arrows). Areas marked by yellow boxes in C and D are magnified in 521 

C’ and D’, respectively. (E-F) lgl somatic clones expressing dominant negative form of 522 

Drosophila JNK (lgl UAS-bsk
DN

UAS-GFP, green), do not display elevated ROS (DHE, red, 523 

E) or enhanced mitochondrial activity (MitoTracker, Red, F). Scale bars represent 100 µm. 524 

 525 

Figure 2. Neoplastic transformation of lgl clones in an hsrω heterozygous genetic 526 

background: (A) lgl clones (green) in hsrω
66

/+ genetic background (lgl UAS-GFP; 527 

hsrω
66

/+) undergo neoplastic transformation, as seen by disrupted F-Actin (grey) and large 528 

dispersed nuclei (green, arrows). (B) Box plot displaying significant increase in size of lgl;
 529 

hsrω
66

/+ somatic clones generated in hsrω
66

/+ genetic background when compared to lgl 530 

clones in hsrω
+
 genetic background. (C-D) lgl; hsrω

66
/+ clones display increase in phospho-531 

Histone (pH3, red, C) and MMP (red, D) levels. (E-F) Stereo microscope images of larvae 532 

bearing lgl; hsrω
66

/+ clones (GFP). * in E and F indicate the GFP marked lgl; hsrω
66

/+ 533 

clones in the imaginal discs while arrows mark GFP cells away from the imaginal discs. F’ 534 

displays a magnified view of the area marked by box in F. Anterior of the larva is to the top. 535 

(G) Schema displaying fate of lgl clones generated in hsrω
+
/hsrω

+
 (WT, left) and those in 536 

hsrω
66

/
 +

 genetic background.
 537 

 538 
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Figure 3. Cell autonomous perturbation in hsrω activity results in transformation of lgl 539 

somatic clones. (A) lgl clones with down-regulated hsrω (lgl UAS-hsrω RNAi GFP, green) 540 

display neoplastic transformation as seen by disrupted F-Actin (grey). Note the transformed 541 

clones display characteristic large, dispersed nuclei (arrow). (B) Box plot displaying 542 

significant increase in size of lgl clones upon down-regulation of hsrω. (C) Increased 543 

expression of diap1-lacZ (red, β-Gal) and (D) elevated levels of MMP (red, arrow) in lgl 544 

UAS-hsrω RNAi clones. (E) lgl clones with co-down-regulation of ISWI (lgl UAS-ISWI RNAi 545 

UAS-GFP) undergo neoplastic transformation, as seen by disrupted F-Actin (grey, arrow). (F) 546 

Schema displaying fate of lgl clones upon cell autonomous down-regulation of hsrω.  (G) lgl 547 

clones that over-express hsrω (lgl UAS-hsrω UAS-GFP) display large dispersed nuclei 548 

(arrow, magnified box) and disruption of cytoarchitecture (grey, also see x-z section in the 549 

right most panel). (H) Box plot displaying significant increase in size of lgl UAS-hsrω 550 

somatic clones compared to lgl clones generated in hsrω
+
 genetic background. (I)  Schema 551 

displaying fate of lgl clones generated in hsrω
+
 genetic background or upon cell autonomous 552 

gain of hsrω. Scale bars 100 µm. 553 

 554 

Figure 4. Perturbations in hsrω fail to rescue the lgl clones in distal wing. (A-C) Cell 555 

death in distal wing pouch (white arrows) displayed by elevated levels of Caspase in lgl UAS-556 

hsrω RNAi UAS-GFP (A), lgl UAS-hsrω UAS-GFP (B) and lgl UAS-GFP clones in hsrω
66

/+ 557 

background (C). (D) Schematic representation highlighting fate of lgl clones with perturbed 558 

hsrω activity in the distal and proximal wing. (E-H) Increased staining for MitoTracker (E, 559 

F), and Lysotracker (H) in distal lgl clones with down-regulation of hsrω (F, H), or in 560 

hsrω
66

/+ genetic background (E). (G) lgl; hsrω
66

/+ UAS-GFP clones in the wing pouch 561 

display non-uniform lipid droplets (Nile red, red, arrow). (I-J) High levels of cell death 562 

(Caspase, red) seen along clone boundaries (white arrows) in lgl; hsrω
66

/+UAS-GFP (I) and 563 

lgl UAS-hsrω RNAi UAS-GFP (J) clones. Yellow arrow in (J) marks a distal clone 564 

undergoing cell death. Scale bars 100 µm. 565 

 566 

Figure 5. Perturbations in transcript levels of genes upon loss or gain of hsrω activity 567 

(A-C) Heatmaps depicting fold changes in expression of genes in larval eye epithelium upon 568 

gain or loss of hsrω, such as those associated with Cell death (A) Stress response (B) and 569 

Hippo pathway (C), as determined from RNAseq data [47]. (D) Gene Set Enrichment 570 
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Analysis (GSEA) depicting down-regulation of hnRNP-interacting genes in larval eye 571 

epithelium upon loss (top panel) or gain (lower panel) of hsrω, as determined from RNAseq 572 

data [47].  573 

 574 

Figure 6. Downregulation of sat III renders cancer cells more susceptible to cytotoxic 575 

cell death. (A) Q-PCR data showing sat III expression in Prostate (22RV1, PC3, VCaP, 576 

LNCaP), Breast (MCF7, MDA-MB-231), and Cervical (HeLa) cancer cell lines. (B-D) 577 

Elevated levels of sat III RNA, as determined by Q-PCR, in HeLa (B), MDA-MB-231 (C) 578 

and PC3 (D) cells, under conditions of heat shock (42℃ for 1 hour, left columns, HS), 579 

Doxorubicin (2.5µM, middle columns, Doxo) and Hydrogen peroxide (250µM, right 580 

columns, H2O2) treatment. (E-I) Confocal mages of MDA-MB-231 cells upon shock (42
o
C 581 

for 1 hour) showing features associated with cellular stress such as increased ROS (E), 582 

activated mitochondria, MitoTracker (F), elevated acidic lysosomes, LysoTracker (G), 583 

phosphorylated JNK levels (H) and elevated cell death, Caspase (I), when compared with 584 

controls in the absence of heat shock (compare with Figure S4). (J) Decrease in cell viability 585 

following Doxorubicin (Doxo, 5.0µM) treatment of PC3 cells compared to those treated with 586 

DMSO. Transfection with anti-sense sat III oligos (red bars) further reduces cell viability of 587 

Doxo treated cells but without any effect on DMSO treated cells; blue bars (CTL) represent 588 

cells not transfected with anti-sense sat III oligos. Error bars represent mean ± SEM. 589 

**P<0.001, *P<0.05 for two-way ANOVA. Scale bar 100µm. 590 

 591 

Figure 7. lncRNA hsrω gene defines a novel genetic modifier of ITS, perturbations in 592 

which drives neoplastic transformation of oncogenically mutant cells in Drosophila. 593 

Schema representing inhibition of intrinsic tumor suppression-mediated cell death of 594 

oncogenically mutant cells in Drosophila epithelium. Perturbations in hsrω lncRNA levels 595 

inhibit JNK signaling-driven cell death of oncogenic mutant cells, which eventually undergo 596 

neoplastic transformation.   597 

 598 

Figure S1. JNK-dependent cell stress in lgl clones (A) lgl UAS-GFP clones (green) display 599 

elevated levels of acidic lysosomes as detected using LysoTracker (Red). (B-C) lgl clones 600 

with gain of a dominant negative form of Drosophila JNK (lgl UAS-bsk
DN 

UAS-GFP, green) 601 

do not display elevated acidic lysosomes (LysoTracker, red, B) and survive in both distal 602 
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(white dotted lines) and proximal wing domains.  (D) Stereo microscope image of a larva 603 

bearing lgl; hsrω
66

/+ clones (GFP). * marks the clones in the imaginal discs and arrows mark 604 

GFP cells away from the imaginal discs. Scale bar 100 µm. 605 

 606 

Figure S2. lgl clones with gain of hsrω activity undergo neoplastic transformation (A) 607 

lgl EP3037 UAS-GFP clones (green) are larger than lgl clones (compare with Figure 1D) and 608 

display neoplastic transformation as seen by disrupted F-Actin (grey).  Scale bar 100 µm. 609 

 610 

Figure S3. hsrω mutants display perturbations in JNK and stress-response pathways 611 

(A) Heatmap displaying expression level of 265 genes that were commonly up or 612 

downregulated upon gain or loss of hsrω as determined by [47]. (B-C) Gene Set Enrichment 613 

Analysis (GSEA) [52], displaying common downregulation of genes interacting with 614 

hnRNPs like Hrp38 and Hrp59 in larval eye epithelium with loss (B) or gain (C) of hsrω as 615 

seen in the RNAseq profiles published by [38]. The x-axis represents ranked gene list in 616 

descending order of expression (red is high, blue is low). Black bars mark the position of 617 

genes being queried. (D) Heat map displaying expression level of genes interacting with one 618 

or more hnRNPs (noted on right), upon gain or loss of hsrω as determined by Ray et. al. [47]. 619 

  620 

Figure S4: Cellular stress in control Breast cancer line in absence of heat shock. (A-E) 621 

Phase contrast images of Control (absence of heat shock) MDA-MB-231 breast cancer cells 622 

exhibiting basal level of cellular stress: ROS, detected using DHE, ROS-sensitive fluorescent 623 

dye (Red, A), mitochondrial activity (MitoTracker, Red, B),  acidic lysosomes (LysoTracker, 624 

red, C), pJNK (red, D) and Caspase (red, E). (F) Decrease in levels of sat III, as determined 625 

by Q-PCR, in Doxorubicin (5.0µM) treated PC3 cells in control and Sat III anti-sense treated 626 

Oligos. Error bars represent mean ± SEM. **P<0.001 for two-way ANOVA. Scale bar 627 

100µm. 628 

 629 
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