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Abstract 25 

 26 

Background 27 

G proteins mediate cell responses to various ligands and play key roles in organ development. 28 

Dysregulation of G-proteins or Ca2+ signaling impacts many human diseases and results in birth 29 

defects. However, the downstream effectors of specific G proteins in developmental regulatory 30 

networks are still poorly understood.  31 

Methods 32 

We employed the Gal4/UAS binary system to inhibit or overexpress Gαq in the wing disc, followed 33 

by phenotypic analysis. Immunohistochemistry and next-gen RNA sequencing identified the 34 

downstream effectors and the signaling cascades affected by the disruption of Gαq homeostasis. 35 

Results  36 

Here, we characterized how the G protein subunit Gαq tunes the size and shape of the wing in 37 

the larval and adult stages of development. Downregulation of Gαq in the wing disc reduced wing 38 

growth and delayed larval development. Gαq overexpression is sufficient to promote global Ca2+ 39 

waves in the wing disc with a concomitant reduction in the Drosophila final wing size and a delay 40 

in pupariation. The reduced wing size phenotype is further enhanced when downregulating 41 

downstream components of the core Ca2+ signaling toolkit, suggesting that downstream Ca2+ 42 

signaling partially ameliorates the reduction in wing size. In contrast, Gαq-mediated pupariation 43 

delay is rescued by inhibition of IP3R, a key regulator of Ca2+ signaling. This suggests that Gαq 44 

regulates developmental phenotypes through both Ca2+-dependent and Ca2+-independent 45 

mechanisms. RNA seq analysis shows that disruption of Gαq homeostasis affects nuclear 46 

hormone receptors, JAK/STAT pathway, and immune response genes. Notably, disruption of Gαq 47 
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homeostasis increases expression levels of Dilp8, a key regulator of growth and pupariation 48 

timing.  49 

Conclusion 50 

Gαq activity contributes to cell size regulation and wing metamorphosis. Disruption to Gαq 51 

homeostasis in the peripheral wing disc organ delays larval development through ecdysone 52 

signaling inhibition. Overall, Gαq signaling mediates key modules of organ size regulation and 53 

epithelial homeostasis through the dual action of Ca2+-dependent and independent mechanisms. 54 
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Abbreviations 55 

AkhR: Adipokinetic Receptor 56 

chinmo: chronologically incorrect morphogenesis 57 

DAG: diacylglycerol  58 

DAPI: 4′,6-Diamidino-2-phenylindole dihydrochloride 59 

DCP: Cleaved Drosophila Dcp-1 (Asp215) Antibody 60 

DCP-1: death caspase-1 61 

Dpp: Decapentaplegic 62 

DUOX: Dual oxidase 63 

Eig: Ecdysone-induced gene 64 

ER: endoplasmic reticulum  65 

ERK: extra-cellular-signal-regulated protein kinase 66 

GDP: guanosine diphosphate  67 

GO: Gene Ontology 68 

GPCRs: G protein-coupled receptors 69 

GTP: guanosine triphosphate  70 

Gαq O.E.: G alpha q Overexpression 71 

Gαq RNAi: G alpha q RNAi 72 

Gαq: G alpha q 73 

Hh: Hedgehog 74 

Hr: Hormone receptor  75 

Hsp: Heat shock protein 76 

ICWs: intracellular calcium waves 77 

Im33: Immune-induced molecule 33 78 

IP3: inositol trisphosphate 79 
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IP3R: IP3 Receptor 80 

JNK: Jun-N-terminal-Kinase 81 

Lys: Lysozyme 82 

MAPK: mitogen-activated protein kinase 83 

mthl: methuselah-like 84 

NGS: Normal Goat Serum 85 

Oatp74D: Organic anion transporting polypeptide 74D 86 

PBS: Phosphate-buffered saline  87 

Pdk1: Phosphoinositide-dependent kinase 1 88 

PH3: Phospho-Histone H3 (Ser10) Antibody 89 

PKC: protein kinase C  90 

PLC-β: phospholipase Cβ  91 

rk: rickets 92 

RNA: Ribonucleic acid 93 

RNAi: RNA interference 94 

Serpin, Spn: Serin Protease Inhibitor 95 

Spz: Spatzle 96 

upd3: unpaired3 97 

Wg: wingless 98 

 99 
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 102 
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Background 104 

How organs achieve their final size and shape during development is a fundamental question that 105 

has long puzzled biologists[1]–[4]. Additionally, the control of size and shape for multicellular 106 

systems, including synthetic organoids, is a key consideration for many applications in cell and 107 

tissue engineering[5]. Organ size control relies on both intrinsic intra-tissue and extrinsic hormonal 108 

growth regulators[6]. Information transfer between external cues and intrinsic signals is essential 109 

for maintaining robust physiology. This is achieved, in part, by G-protein coupled receptors 110 

(GPCRs), which constitute the largest family of receptors bound to the plasma membrane. 111 

GPCRs encode a diverse range of external signals into internal signaling dynamics, thereby 112 

modulating diverse physiological processes, including growth and proliferation[7]. Heterotrimeric 113 

G proteins form a vital component for the GPCR-mediated signaling cascade[8]–[10]. G proteins 114 

are coupled to GPCRs and are known to regulate a wide range of secondary messengers. In 115 

addition, G proteins transmit mitogenic signals from hormones and other ligands across the 116 

plasma membrane into the cell through its coupled receptors and mediate the cell’s response to 117 

these signals[9], [11]–[15]. 118 

 119 

G proteins are ubiquitous in plants and in all animals ranging from Drosophila to humans[16]. G-120 

proteins are composed of α, β, and γ subunits that are associated with GPCRs as heterotrimeric 121 

complexes (Fig. 1A), where each subunit is classified into different families based on their 122 

structure and function[11]. For instance, the Gα subunit is classified into four families: Gαi, Gαs, 123 

Gα12/13, and Gαq. Upon binding of the agonist, the receptor alters its conformation, leading to 124 

guanosine diphosphate (GDP) from Gα being exchanged with guanosine triphosphate (GTP)[17]. 125 

GTP-bound Gα dissociates from the heterotrimeric complex and activates phospholipase C β 126 

(PLC β)[18]. Subsequently, PLC β promotes the hydrolysis of phosphatidylinositol 4,5-127 

biphosphate into second messengers diacylglycerol (DAG) and inositol trisphosphate (IP3)[19]. 128 
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DAG further activates protein kinase C (PKC)[20], whereas IP3 stimulates the release of Ca2+ from 129 

the endoplasmic reticulum (ER) (Fig. 1A, B) by binding to the IP3 Receptor (IP3R)[19], [21]–[24]. 130 

Subsequently, Ca2+ binds to a range of proteins to generate diverse cellular responses[25]. More 131 

generally, G proteins transduce signals from extracellular cues to generate a range of second 132 

messengers such as IP3, DAG, and Ca2+, thus providing the framework to develop a broad range 133 

of cellular responses[26].  134 

 135 

Of note, Gαq serves as a key regulator of diverse biological processes, including growth, glucose 136 

transport, actin cytoskeleton regulation, cardiac physiology, and development in various model 137 

systems[13], [14], [27], [28]. For example, Gαq is essential for embryonic cardiomyocyte 138 

proliferation and cardiac development in mice[29]. Further, mice lacking both Gαq and Gα11 died 139 

during embryonic development[29]. Interestingly, mice carrying a mutation for Gαq showed 140 

retardation in cerebellar maturation, resulting in ataxia and motor discoordination[30]. Also, the 141 

loss of Gαq and one Gα11 allele in glial and precursor cells resulted in reduced somatic 142 

growth[31]. Moreover, this growth impairment is due to a decrease in the growth hormone release 143 

hormone (GHRH), thereby impairing somatotropic cell proliferation and reducing somatic growth. 144 

Surprisingly and in contrast, Parton et al. showed that a loss-of-function mouse mutant of Gαq in 145 

the liver and white adipose tissue results in increased body mass and hyper adiposity[27]. These 146 

genetic depletion studies highlight that the Gαq is essential for normal development and can act 147 

as a growth regulator, with differential phenotypes dependent on cell type. In addition to growth 148 

and development, Gαq regulates a diverse set of biological processes. For example, Gαq activity 149 

is required for insulin-induced glucose transport in adipocytes[13]. Further, the Adipokinetic 150 

Receptor (AkhR) functions through the Gαq/Gγ1/Plc21C signaling module to regulate body fat 151 

storage in adult Drosophila[28]. Mutations in the gene that encodes Gαq subunits have been 152 

shown to control skin color and hair color in mouse models[32]. Overall, these studies underscore 153 
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the complexity of the diverse biological functions that Gαq performs across a broad range of 154 

biological contexts, and in many cases, the downstream pathways remain to be elucidated.  155 

 156 

Activating Gαq mutations either promotes or inhibits growth based on the level of expression and 157 

cellular physiology[15]. For example, expression of the constitutive active form of Gαq 158 

(GαqQ209L) induced cellular transformation in NIH-3T3 cells[33], [34]. Moreover, Gαq promotes 159 

mitogenic activity through its interaction with different mitogen-activated protein kinase (MAPK) 160 

signaling pathways[35]–[39]. For instance, Garcia-Hoz et al. reported that the interaction between 161 

Gαq and PKCζ is essential for the activation of the extra-cellular-signal-regulated protein kinase 162 

(ERK)  signaling cascade in cardiac myocytes and fibroblasts[40]. Additionally, activating 163 

mutations in GNAQ, the gene encoding the Gαq subunit in humans, contribute significantly to the 164 

progression of uveal melanoma[32], [41], [42]. However, constitutively active Gαq also can inhibit 165 

cell growth in multiple contexts[39], [43], [44]. For example, Kalinec et al. reported that the 166 

transfection of GαqQ209L (the mutationally active form) in NIH-3T3 cells resulted in fewer 167 

colonies and further strongly suggested that high levels of GαqQ209L are cytotoxic to cells[43]. 168 

Similar findings are reported by Qian et al., where they observed that the expression of the 169 

mutationally active form of Gαq (Gα16) partially inhibited growth in NIH-3T3 cells[45]. Likewise, 170 

the expression of an active form of Gα16 inhibits growth in small-cell lung carcinoma cells[39]. 171 

Further, this study reported an increase in c-Jun-N-terminal-Kinase (JNK) signaling cascade upon 172 

Gα16 expression, thereby suggesting a possible mechanism for growth inhibition. Based on these 173 

contrasting effects, it can be inferred that the mutationally active form of Gαq expression regulates 174 

growth in a cell-specific manner and subsequently induce different growth phenotypes. However, 175 

despite advances in characterizing the functional roles of G proteins in a range of cell types, there 176 

is a lack of a general systems-level understanding of how G protein signaling impacts organ 177 

growth. 178 

 179 
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Previously, we have shown that perturbing Gαq expression regulates the size of Drosophila wings 180 

[46]. Further, we identified that the overexpression of wildtype Gαq is correlated with the 181 

occurrence of intercellular Ca2+ waves (ICWs) in ex vivo wing disc cultures[46]. Further, Gαq is 182 

required for wound-induced Ca2+ waves in the pupal notum[47], [48]. Cumulatively, Gαq can either 183 

promote or inhibit growth depending on the cellular context and the expression levels. However, 184 

the precise molecular mechanisms through which Gαq transduces the growth regulatory signals 185 

are not known. This can be primarily attributed due to the wide range of second messengers it 186 

activates. For example, the contribution of Gαq-mediated Ca2+ signaling toward regulating organ 187 

growth parameters, including size and shape, is currently unknown.  188 

 189 

To address this question in a well-defined and genetically accessible system, we used the 190 

Drosophila wing disc to identify the key downstream genes regulated downstream of Gαq loss-191 

of-function and gain-of-function perturbations. The Drosophila wing imaginal disc is a key model 192 

for studying epithelial morphogenesis and signal transduction pathways, including Ca2+ 193 

signaling[2], [49]–[52]. With the plethora of available genetic tools to generate organ or cell-194 

specific mutants along with the short lifecycle of the Drosophila, the wing disc system provides a 195 

powerful platform to decode complex signaling mechanisms[53]. The wing disc is invaluable for 196 

phenotypic screening in early preclinical studies[54]–[56]. Multiple signaling pathways, such as 197 

the Bone Morphogenetic Protein BMP (Drosophila Decapentaplegic/Dpp), Wnt (Drosophila Wg), 198 

and Hedgehog (Hh), coordinate the patterning of epithelial cells and were discovered in the wing 199 

imaginal disc[57]–[59]. In Drosophila, Gαq plays a key role in regulating neuronal pathfinding[60]. 200 

Additionally, it is involved in regulating gut innate immunity through the modulation of DUOX[61]. 201 

Also of note, GPCRs are known to regulate metamorphosis by transmitting ecdysone signaling 202 

and controlling hormone production through the nuclear hormone pathway[62]–[66]. Altogether, 203 

these studies have established different functional roles assumed by Gαq in Drosophila. However, 204 
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the organ-specific role of Gαq in the growth regulation of peripheral non-neural organ 205 

development is relatively less studied.  206 

 207 

Here, we combined genetic, phenotypic, and transcriptomic analysis to map the phenotypic 208 

consequences of perturbing Gαq homeostasis during organ development to downstream 209 

biological processes and pathways. Organ size regulation extensively relies on robust 210 

coordination between growth rate and developmental time. We show that Gαq perturbations affect 211 

both the wing growth and the larval-to-pupal transition time, thereby affecting the final wing size. 212 

Our RNA-seq analysis confirms that Gαq modulates key signaling events that regulate growth 213 

and developmental time. Thus, Gαq orchestrates the final wing size by interacting with key 214 

components of the signaling cascades regulating growth and developmental timing. Additionally, 215 

we investigated whether suppressing Gαq-mediated calcium signaling suppresses the reported 216 

phenotypes. We found that suppressing calcium signaling components downstream of Gαq 217 

overexpression suppressed the pupariation delay and further decreased growth. These results 218 

suggest that the balance of Gαq regulation of growth through Ca2+-dependent and Ca2+-219 

independent mechanisms determine the net phenotypic consequences of perturbed Gαq activity 220 

during wing development. Overall, this study highlights the multimodal action of the Gαq in 221 

balancing growth through the dual action of its protein-protein interactions and secondary 222 

messenger regulation and provides a potential mechanism that explains the differential growth 223 

outcomes across biological contexts. 224 

 225 

 226 

 227 

 228 
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Results  229 

 230 

Gαq homeostasis is necessary for optimal organ size 231 

Gαq signaling has been demonstrated to be essential for the initiation of Ca2+ waves in wounded 232 

tissues[48]. In addition, our previous study showed that Gαq overexpression leads to the 233 

formation of intracellular calcium waves (ICWs) in the wing disc pouch cells cultured ex vivo[25], 234 

[46]. Here, we confirmed this result in vivo by imaging larva co-expressing both GCaMP6f and 235 

Gαq in the wing disc (Fig. 1C, D). Both ex vivo and in vivo imaging confirmed that the Gαq 236 

expression in the wing disc leads to the formation of regular and repeating ICWs. 237 

 238 

Either overexpression or RNAi-mediated inhibition of Gαq in the wing disc pouch cells leads to 239 

reduced adult wing size, but it is unknown which downstream growth regulatory pathways might 240 

be impacted[46], [67]. To further characterize the roles of Gαq in regulating organ growth, we 241 

extended and confirmed our phenotypic analysis by testing the impact of Gαq perturbation using 242 

additional Gal4 drivers, including nubbin-Gal4, MS1096-Gal4, and C765-Gal4. The reported 243 

experiments utilize a binary expression system based on the expression of the yeast Gal4 244 

transcription factor, which is driven by a tissue-specific promoter[53]. Consequently, analysis with 245 

multiple Gal4 drivers helps to compare the impact of a given Gal4 line. We next quantified the 246 

phenotypic consequences for both overexpression and knockdown of Gαq levels. First, we 247 

measured the average wing size for the control crosses of each Gal4 line expressing RyRRNAi, a 248 

control construct that has no known phenotype and targets a gene with no known expression in 249 

the wing disc[67] (Fig. 2A-C). Next, we knocked down Gαq with RNAi constructs using multiple 250 

Gal4 drivers (Fig. 2D-F). Interestingly, Gαq knockdown under the control of the nubbin-Gal4 driver 251 

leads to a failure in wing expansion (Fig. 2D). However, the other Gal4 drivers led to relatively 252 

normally patterned wings with reduced wing size (Fig. 2E, F, J). This phenotypic variance for 253 
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different Gal4 drivers may be attributed to the variation in the spatial-temporal expression patterns 254 

of the Gal4 drivers. For instance, MS1096-Gal4 is expressed strongly in the dorsal region of the 255 

wing disc pouch during larval and prepupal stages[68], [69], whereas the C765-Gal4 driver is 256 

uniformly active in the larval wing disc from the second instar onwards[70]. The protein product 257 

of the nubbin gene is present from the early second instar onwards but strongly expressed in the 258 

third instar discs[71]. Next, we overexpressed Gαq in the wing disc using the Gal4 drivers 259 

mentioned above. Interestingly, we observed a reduction in the wing size for all the Gal4 drivers. 260 

Overexpression of Gαq with the MS1096-Gal4 driver showed a smaller wing size when compared 261 

with nubbin-Gal4 and C765-Gal4 drivers (Fig. 2J). Thus, these results indicate that Gαq 262 

homeostasis is essential for normal wing disc growth. Notably, either downregulation or 263 

upregulation reduces the final wing size. Further, the severity of the phenotype associated with 264 

Gαq downregulation varies depending on the Gal4 driver used for the transgenic expression of 265 

GαqRNAi. 266 

 267 

Inhibition of Ca2+ signaling enhances Gαq overexpression phenotypes  268 

Next, we investigated the role of Gαq mediated calcium signaling towards the growth inhibition 269 

caused by Gαq overexpression. Our previous findings demonstrated that the downregulation of 270 

Ca2+ signaling components using the MS1096-Gal4 driver resulted in a size reduction of the adult 271 

wing[67]. To confirm this, we downregulated the Ca2+ signaling components, including small wing 272 

( sI: a homolog of PLCγ)[72] and IP3R, using a C765-Gal4 driver (Fig. 3A, E, G, I). The release 273 

of Ca2+ from ER to the cytoplasm is dependent on the binding of inositol trisphosphate (IP3) to the 274 

inositol trisphosphate receptor (IP3R). Further, IP3 is produced by PLC through the hydrolysis of 275 

Phosphatidylinositol 4,5-bisphosphate (PIP2). Thus, a major mode of Ca2+ signaling relies on IP3 276 

and PLC activity. Consistent with our earlier findings, we observed a reduction in the wing size 277 

for the knockdown of Ca2+ signaling components. Additionally, the knockdown of PLCβ homolog 278 
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Phospholipase C at 21C (Plc21C) reduced the final wing size (Fig. 3C, I). These results imply that 279 

Gαq-mediated Ca2+ signaling promotes growth during organ development. 280 

 281 

In contrast, Gαq overexpression, which increases Ca2+ activity in the wing disc, reduces the final 282 

wing size. As a next step, we investigated whether regulators of Ca2+ activity contribute to the 283 

reduction in wing size. To answer this, we simultaneously overexpressed wildtype Gαq and 284 

downregulated Ca2+ signaling components, such as PLCs and IP3R, using RNAi. We observed 285 

that the Gαq overexpression, along with the knockdown of Ca2+ signaling components, enhanced 286 

the reduction in wing size (Fig. 3A-I). This double perturbation analysis suggests that Gαq- 287 

mediated Ca2+ signaling promotes growth, whereas growth inhibition due to Gαq overexpression 288 

occurs through a mechanism independent of Ca2+ signaling. Altogether, our results imply that 289 

Gαq plays a dual role, where it promotes growth through a Ca2+-dependent and inhibits growth 290 

through a Ca2+-independent mechanism.  291 

 292 

Perturbation of Gαq levels resulted in increased cell density and decreased cell 293 

number 294 

To examine whether Gαq mediates growth by regulating cell proliferation, we performed 295 

immunohistochemistry to measure Phospho-Histone H3 (PH3) levels in the wing discs. We 296 

quantified the PH3 levels in the wing disc by calculating the proliferation density. We measured 297 

the proliferation density by dividing the total area of the nuclei positive for PH3 by the pouch area 298 

(Fig. 4). Our analysis revealed that the cell proliferation density (PH3 per unit area of the wing 299 

disc) for both Gαq perturbations (overexpression or RNAi mediated inhibition) was higher than 300 

those of the control condition. Moreover, we identified that the wing discs were smaller in both 301 

Gαq perturbations (overexpression and downregulation) compared to the control condition (Fig. 302 

4D). (Fig. 4E). Next, we analyzed the trichome number and trichome density, as the trichome 303 
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number indirectly represents the total number of cells in the wing. Our analysis revealed that the 304 

trichome number decreased significantly with the knockdown of Gαq (Fig. 4G), whereas Gαq 305 

overexpression showed no change in the trichome number. However, the trichome density was 306 

significantly higher for both overexpression and knockdown conditions (Fig. 4I). An increase in 307 

the trichome density (Fig. 4I) indicates that the average cell area is smaller for both Gαq 308 

perturbations. Cumulatively, these results indicate that Gαq overexpression reduces cell size, 309 

whereas Gαq knockdown reduces cell number and size.  310 

 311 

Next, we extended the trichome analysis for individual intervein regions to investigate the effects 312 

of Gαq perturbations on intervein regions. Our intervein analysis showed that the trichome number 313 

decreases in all the intervein regions for the Gαq knockdown. In contrast, the trichome number 314 

increased for Gαq overexpression in the intervein regions 3, 4, and 5 (as defined in Additional 315 

File 1, Fig. S1A). Hedgehog (Hh) signaling has been associated with regulating the growth and 316 

patterning of the L3-L4 region of the wing, which corresponds to the intervein region 4[73]. Further, 317 

our trichome density analysis shows a different trend in the intervein regions 3 and 5. We 318 

observed that the trichome density did not show any significant difference in intervein region 5 for 319 

either inhibition of Gαq or overexpression of Gαq (Additional File 1, Fig.S1B). Intervein regions 320 

3 and 5 are associated with high levels of Hedgehog (Hh) signaling and Decapentaplegic (DPP) 321 

signaling during larval development, respectively[74] (Additional File 1, Fig.S1B ). Together, 322 

these results confirm that perturbation to Gαq levels impacts cell proliferation and growth, thus 323 

affecting the final cell number and cell size. However, this effect is also dependent on the 324 

background signaling in different wing regions. 325 

 326 

 327 
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Caspase-mediated apoptotic response in Gαq perturbations does not influence 328 

wing size 329 

To determine whether apoptosis is stimulated by perturbing levels of Gαq, we performed 330 

immunostaining for death caspase-1 (DCP-1), a marker of programmed cell death (Fig. 5A). As 331 

caspases play an essential role in apoptosis[75], we quantified the area of Dcp-1 expressing cells 332 

in both Gαq overexpression and knockdown conditions. Surprisingly, we discovered that either 333 

increasing or decreasing the levels of Gαq slightly decreased the Dcp-1-induced apoptotic cells 334 

in the wing disc. However, this effect was not statistically significant, given the relative background 335 

levels of Dcp-1 staining (Fig. 5A, F). To test whether Gαq-mediated apoptotic response 336 

determines the reduced wing size, we co-expressed both wildtype Gαq and baculovirus p35 in 337 

the larval wing disc using the C765-Gal4 driver and assayed for the final adult wing phenotype. 338 

Baculovirus p35 inhibits cell death in developing eyes and fly embryos[76] and inhibits 339 

caspases[75]. Co-expression of Gαq, along with p35, could not rescue the wing blade reduction. 340 

Interestingly, we observed a further reduction in the wing blade area when both p35 and Gαq 341 

were expressed (C765 > Gαq;+ > p35) in the wing disc (Fig. 5B-E). In summary, inhibition of 342 

apoptosis by ectopic expression of apoptosis inhibitor p35 did not rescue wing size reduction due 343 

to overexpression of Gαq. Our results thus indicate that caspase-mediated apoptotic response is 344 

not a major determinant in reducing the size of wings when Gαq levels are perturbed. 345 

 346 

Gαq overexpression stimulates stress response genes  347 

To examine the transcriptional profile activated by Gαq overexpression, we performed RNA-seq 348 

on control discs expressing a control construct (RyRRNAi, which has no known effect on wings) 349 

and discs overexpressing Gαq (under the control of the C765-Gal4 driver). Compared to the 350 

control discs, overexpression of Gαq with the C765-Gal4 driver resulted in 3613 differentially 351 

expressed genes with an adjusted p-value (p-value adjusted using Benjamini-Hochberg) of less 352 
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than 0.05 (Additional File 1, Fig. S2A). Of these genes, 2009 had a fold change greater than 353 

1.5, with 878 genes upregulated and 1131 genes downregulated. To ascertain the biological 354 

processes affected by the differentially expressed genes, we performed a Gene Ontology (GO) 355 

enrichment analysis of the genes having an absolute log fold change greater than 0.6 (abs 356 

(log2FC ≥0.6)). Based on our GO analysis, we found enrichment in biological processes related 357 

to DNA replication, cuticle development, molting cycle, myofibril assembly, and protein refolding 358 

(Additional File 1, Fig. S2B). To investigate the biological processes that were activated or 359 

suppressed, we examined the significantly upregulated and downregulated genes separately.  360 

 361 

First, we performed a GO enrichment analysis of the upregulated genes having a fold change 362 

greater than 1.5 (log2FC≥0.6) (Additional File 1, Fig. S3A). According to our GO analysis, we 363 

identified that the upregulated genes are involved in biological processes related to DNA 364 

replication, ribosome biogenesis, chromosome segregation, mitotic cell cycle process, and cuticle 365 

development. Moreover, we examined the relationships between the top enriched GO terms 366 

(Additional File 1, Fig. S3B) and identified that the top GO terms cluster under DNA replication, 367 

ribosome biogenesis, and cuticle development (Additional File 1, Fig. S3B). Additionally, we 368 

examined the genes associated with the enriched biological processes and their respective fold 369 

change values. We observed that the majority of the upregulated genes were related to the DNA 370 

replication and the mitotic cell cycle process, consistent with the possibility that the wing discs 371 

were physiologically younger and were proliferating (Additional File 1, Fig. S3C). Upon removing 372 

the redundant GO terms, we found that the upregulated genes are also involved in biological 373 

processes related to muscle cell development, non-membrane-bound organelle assembly, 374 

actomyosin structure organization, and protein refolding (Additional File 1, Fig. S4). Moreover, 375 

we found upregulation in heat shock proteins (Hsp 70Ba), which is related to the GO terms such 376 

as protein refolding (Additional File 1, Fig. S4). As well we observed an upregulation in myosin 377 
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heavy chain (Mhc) and myosin light chain (Mlc2), which are involved in the GO terms such as 378 

muscle cell development and actomyosin structure organization (Additional File 1, Fig. S4).  379 

 380 

Our analysis further revealed the downregulation of Serine Protease Inhibitors (Serpin 100A, Spn 381 

100A) (Additional file 2) as well as an increase in serine proteases, including multiple Jonah 382 

genes (Additional File 1, Fig. S5). Serine proteases are linked to the GO terms such as serine 383 

hydrolase, peptidase activity, hydrolase activity, and endopeptidase activity (Additional File 1, 384 

Fig. S5). Serine proteases initiate proteolysis, thus eliciting various immune responses to 385 

infection[77]. Moreover, Jonah genes are expressed during larval development and exclusively in 386 

the midgut[78]. In addition, we observed that the upregulated heat shock proteins were also 387 

associated with the hydrolase activity (Additional File 1, Fig. S5). Activation of heat shock 388 

proteins is a defense mechanism employed by cells in response to stress caused by the 389 

accumulation of abnormal or denatured proteins[79], [80] (proteins having defects in folding). Our 390 

GO analysis supports this result as we observe an enrichment in biological processes related to 391 

protein refolding and folding (Additional File 1, Fig. S4). Upregulation of heat shock proteins, 392 

particularly Hsp70, implies the possibility of stress accumulation in the cells. Further, induction of 393 

Hsp70 proteins is known to reduce the growth rate in Drosophila cells[81, p. 70], which is 394 

potentially consistent with reduced cell size phenotypes and associated reduction in overall wing 395 

growth.  396 

 397 

Additionally, our RNA seq analysis revealed upregulation of genes associated with chitin-based 398 

cuticle development, cuticle development, structural constituent of the cuticle, encapsulating 399 

structure, and extracellular matrix (Additional File 1, Fig. S3-S5). An important consideration is 400 

that the amount of cuticle proteins produced by a larva varies along with its developmental stage. 401 

Furthermore, cuticle protein synthesis depends on the 20-hydroxyecdysone (20E) levels and 402 

occurs during periods of decline in ecdysteroid levels[82]. Moreover, our analysis revealed an 403 
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increase in Dilp8 RNA levels, which also corresponds to the GO term external encapsulating 404 

structure (Additional File 1, Fig. S5). Dilp8 is an insulin-like peptide regulating the timing of 405 

growth and, thus, the larval-to-pupal transition[83], [84]. In summary, our analysis identified that 406 

Gαq overexpression increased the activity of serine proteases and heat shock proteins and 407 

affected cuticle protein synthesis. Based on our GO enrichment analysis, we conclude that the 408 

Gαq overexpression upregulates genes involved in DNA replication, protein folding, and cuticle 409 

protein synthesis. 410 

 411 

As a next step, we extended our enrichment analysis to the downregulated genes (log2FC ≤ -0.6) 412 

(Additional File 1, Fig. S6). Enrichment analysis revealed that the significantly downregulated 413 

genes mainly correspond to biological processes such as the molting cycle, axon development, 414 

larval development, cell adhesion, and cell morphogenesis (Additional File 1, Fig. S6A). Upon 415 

examining the similarity between the top GO terms, we identified that locomotion, axon guidance, 416 

and cell morphogenesis were closely related (Additional File 1, Fig. S6B). Additionally, we 417 

examined the downregulated genes that are related to the enriched GO terms.  We observed that 418 

most of the genes downregulated were involved in locomotion, taxis, neuron projection 419 

development, and biological adhesion (Additional File 1, Fig. S6C). We identified that the cell 420 

death genes such as head involution defective(hid) and Dronc were downregulated and mapped 421 

to the GO term neuron projection development. In addition, we identified downregulation in 422 

cuticular proteins (Cuticular protein 31A, Cuticular protein 72Ea, etc.) and genes related to the 423 

molting cycle (Additional File 1, Fig. S6C, Fig. S7). Moreover, our analysis revealed a strong 424 

downregulation in 20-hydroxyecdysone (20E) target genes, which include Hormone receptor 4 425 

(Hr4), Blimp-1, and Ecdysone-induced gene 71Ee (Eig71Ee). (Fig. 6B&C, Additional File 1, Fig. 426 

S7C, Fig. S8). Since ecdysone plays a pivotal role in the synthesis of cuticle proteins, we interpret 427 

that the low levels of ecdysone signaling might affect the deposition of cuticle proteins and their 428 
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timing of deposition. Collectively, these results demonstrate that Gαq overexpression inhibits 429 

ecdysone signaling and, as a result, affects cuticle protein synthesis. 430 

 431 

Gαq downregulation inhibits ecdysone-induced genes 432 

To determine the transcriptomic responses affected by the Gαq knockdown, we performed RNA 433 

sequencing on the wing discs expressing GαqRNAi and the control discs expressing RyRRNAi. 434 

Compared to the control, 2667 genes were differentially expressed with an adjusted p-value less 435 

than 0.05. Of these genes, 1173 had absolute fold change greater than 1.5, of which 555 genes 436 

were upregulated, and 618 genes were downregulated (Additional File 1, Fig. S9A). To 437 

determine the biological processes enriched among the differentially expressed genes, we 438 

performed a gene ontology enrichment analysis of the genes that have a significant fold change 439 

(abs (log FC) ≥ 0.6). GO classification analysis revealed that the differentially expressed 440 

transcripts were dominant in biological processes related to transmembrane transport, cuticle 441 

development, molting cycle, and chitin-based cuticle development (Additional File 1, Fig. S9B). 442 

Surprisingly, the enriched GO terms for the RNAi were mostly like those observed in the Gαq 443 

overexpression condition. Both overexpression and downregulation of Gαq resulted in the 444 

enrichment of biological processes related to the cuticle proteins, axon development, and molting 445 

cycle (Fig. 6B, Additional File 1, Fig. S9B). 446 

 447 

Next, we performed the Gene Ontology enrichment analysis of the significantly upregulated genes 448 

with a fold change greater than 1.5 (log FC ≥ 0.6). Our GO analysis of upregulated genes showed 449 

enrichment in biological processes related to cuticle development, mitotic spindle organization, 450 

and DNA replication (Additional File 1, Fig. S10A). After examining the upregulated genes 451 

relevant to the enriched GO terms, we identified that the upregulated genes were mainly involved 452 

in DNA replication and cuticle development. For instance, genes such as Orc2 (Origin recognition 453 
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complex subunit 2), Minichromosome maintenance 2 (Mcm2), and Proliferating cell nuclear 454 

antigen (PCNA) were upregulated and mapped to the GO terms such as DNA replication and 455 

DNA dependent DNA replication (Additional File 1, Fig. S10C). In addition, we identified 456 

upregulation in cuticle proteins such as Cuticular protein 65Aw (Cpr65Aw, Cpr60D, etc.), which 457 

are associated with the GO term cuticle development (Additional File 1, Fig. S10C). In addition, 458 

our analysis revealed an upregulation in serine proteases which map to the hydrolase activity and 459 

peptidase activity (Additional File 1, Fig. S11). Overall, our analysis of upregulated genes 460 

revealed that Gαq knockdown disrupted cuticle protein synthesis.  461 

 462 

We then conducted a GO enrichment analysis of the downregulated genes to determine the 463 

biological processes associated with the downregulated genes. We identified that the 464 

downregulated genes enrich the GO terms associated with transmembrane transport, molting 465 

cycle, cell recognition, axon guidance, neuron projection guidance, and mating behavior 466 

(Additional File 1, Fig. S12A). After examining the gene expression relevant to the enriched GO 467 

terms, we identified that most of the downregulated genes were associated with cuticle 468 

development, molting cycle, transmembrane transport, taxis, and axon development. 469 

Interestingly, our analysis revealed downregulation in genes involved in ecdysone response 470 

regulation, including ecdysone-induced protein 75B (Eig75), which mapped to the GO terms 471 

cuticle development and molting cycle[85]. As our study revealed downregulation in genes 472 

mediating ecdysone response, we examined the gene expression related to ecdysone signaling. 473 

Interestingly, we found that the downregulated ecdysone response genes predominantly belong 474 

to the ecdysone-induced genes 71E family (Eig71E), which also are associated with the defense 475 

and immune response (Fig.6D, Additional File 1, Fig. S13).  476 

 477 

Eig71E consists of five late-puff gene pairs that are transcribed divergently[86]. Moreover, the 478 

Eig71E family encodes small peptides that have biochemical characteristics similar to vertebrate 479 
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defensins and are thus assumed to provide an antimicrobial defense during metamorphosis[86]. 480 

These genes are induced by the expression of early puff genes, which are directly regulated by 481 

the steroid hormone 20-hydroxyecdysone. As the Eig71 family belongs to late puff genes, their 482 

expression would be moderate in L3 and increase in late L3. Our data show a strong 483 

downregulation of Eig71E genes for GαqRNAi compared to the control (Additional File 1, Figure 484 

S13). Overall, this result suggests that the wing discs expressing GαqRNAi were physiologically 485 

less mature when compared to the control discs. Hence, we observed a downregulation in the 486 

late puff genes (Fig. 6F), as their expression is restricted to late larval stages. As the expression 487 

of these Eig71E genes is induced by ecdysone, we hypothesize that downregulation in ecdysone 488 

signaling for the discs expressing GαqRNAi (Fig. 6C). Compatible with this hypothesis, we 489 

observed a downregulation in ecdysone genes such as Hr4 and Blimp-1 (Fig. 6C). The results of 490 

our study also indicated a downregulation of Organic anion transporting polypeptide 74D 491 

(Oatp74D), a solute carrier transporter that is responsible for transporting ecdysteroids into 492 

cells[87] (Additional File 1, Fig. S12). We further identified that the genes related to cell death 493 

were downregulated (Additional File 1, Fig. S13). Most genes related to cell death have a 494 

significant fold change for both overexpression and RNAi conditions (Fig. 6A). In summary, our 495 

study showed that the downregulation of Gαq in the wing disc inhibits ecdysone pathway genes 496 

(Additional File 1, Fig. S13).  497 

 498 

Enrichment analysis of major signaling pathways  499 

We next examined how Gαq perturbations affect the core signaling pathways that play imperative 500 

roles in growth and development. To achieve this, we performed an enrichment analysis to 501 

investigate the core signaling pathways that were significantly represented among the 502 

differentially expressed genes with statistically significant fold changes[88]. Our analysis identified 503 

that the Toll signaling and nuclear hormone receptor pathway were significantly enriched among 504 

the differentially expressed genes in the Gαq overexpression condition (Fig.7A, B). In the case 505 
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of GαqRNAi, the nuclear hormone receptor pathway was enriched among the differentially 506 

expressed genes. In addition, we analyzed upregulated and downregulated genes separately to 507 

identify the enrichment of core pathways among them. We found that the JAK/STAT pathway was 508 

significantly enriched among the upregulated genes for the Gαq overexpression, and no pathway 509 

was enriched among the upregulated genes for GαqRNAi. Next, our analysis revealed that the 510 

nuclear hormone and the Toll signaling pathway were enriched among the downregulated genes 511 

for Gαq overexpression. For GαqRNAi, the nuclear hormone receptor pathway was significantly 512 

enriched among the downregulated genes. In summary, our enrichment analysis revealed that 513 

the nuclear hormone receptor, JNK/STAT, and Toll pathways were significantly enriched for Gαq 514 

OE, whereas the nuclear hormone receptor pathway was significantly affected for GαqRNAi (Fig 515 

7A, B).  516 

 517 

Following this, we examined gene expression changes associated with specific components of 518 

the core signaling pathways that were affected. As a first step, we examined changes in the gene 519 

expression of Toll signaling components. Toll signaling regulates cellular immune response and 520 

mediates cell elimination by regulating growth and apoptosis[89], [90]. Our analysis showed a 521 

significant upregulation in the Toll-9 for both Gαq perturbations (Additional File 2). Additionally, 522 

we observed an approximate two-fold upregulation in spatzle-4 (spz4) for GαqRNAi and spatzle-5 523 

(spz5) for Gαq OE perturbations. However, we observed a downregulation in spatzle (spz) for 524 

Gαq OE condition (Additional File 1, Fig. S14). Cleaved Spatzle is known to activate the Toll 525 

pathway in unfit cells during cell competition, thereby activating cell death[89], [91]. Upregulation 526 

of spatzle-4 and spatzle-5 in our analysis likely resulted from the upregulation of serine proteases. 527 

Serine proteases induce proteolytic cleavage of Spatzle during an immune response resulting in 528 

the Toll activation[92]–[94]. Cleaved Spatzle binds to the Toll receptor and initiates the nuclear 529 

localization of Dorsal-related immunity factor (Dif), resulting in the transcription of several 530 

immunity genes. Our RNA seq results showed an increase in fold change values of Dif for both 531 
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perturbations (Additional File 1, Fig. S14, Fig. S15)[95]. Of note, studies have shown that 532 

activation of Toll signaling in fat body cells inhibits insulin signaling in a non-autonomous manner, 533 

thereby resulting in reduced body growth [96]–[98]. Our analysis revealed a strong 534 

downregulation in Phosphoinositide-dependent kinase 1 (Pdk1) for both Gαq overexpression and 535 

downregulation (Fig. 6D, Additional File 1, Fig. S14, Fig. S15). Pdk1 acts upstream of Akt 536 

phosphorylation, and Toll signaling inhibits Akt phosphorylation in fat body cells[96], [98]. 537 

Normally, microbial peptides and unmethylated CpG DNA sequences activate the Toll-9 receptor. 538 

Our data shows upregulation in heat shock proteins for both Gαq perturbations, which can induce 539 

the activation of Toll receptors. As Gαq perturbations affected the expression of multiple 540 

components of Toll signaling, we propose that Gαq might play roles in Toll signaling, thus possibly 541 

affecting growth and apoptosis.  542 

 543 

As Toll signaling activates an immune response, we asked whether immune-related genes were 544 

affected. We examined the fold change values of the immune signaling components in both Gαq 545 

overexpression and GαqRNAi perturbations (Additional File 1, Fig. S14, Fig. S15). We observed 546 

a downregulation in the immune response genes for both perturbations, except for the genes 547 

including Immune induced molecule 33 (Im33), Lysozyme S (LysS), and Lysozyme B (LysB). 548 

IM33 is strongly upregulated for both perturbations and could act downstream of the Toll pathway.  549 

 550 

Since upregulated genes in Gαq OE affected JAK/STAT signaling, we examined the expression 551 

change in specific components of JAK/STAT signaling. We observed that unpaired 3 (upd3) was 552 

upregulated with Gαq overexpression with a three-fold change (Additional File 1, Fig. S14). 553 

Unpaired3 (upd3, interleukin-6-like cytokine) is implicated in immunity, repair, gene expression, 554 

and development[99]–[101] through its activation of the JAK/STAT signaling pathway. In addition, 555 

chinmo (chronologically incorrect morphogenesis), a downstream effector of JAK/STAT 556 

signaling[102], is significantly upregulated in both Gαq RNAi (~12 fold) and Gαq OE (~46 fold) 557 
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(Additional File 2). Further, we identified that both perturbations increased the expression of 558 

JAK/STAT target dilp-8 (Fig. 6D). The release of Dilp-8 is triggered by the activation of JAK/STAT 559 

signaling, which leads to ecdysone inhibition, thereby slowing the growth[103]. Furthermore, Dilp8 560 

governs larval-to-pupal transition and developmental timing by regulating ecdysone signaling[84]. 561 

In summary, our study identified that Gαq perturbations change the expression of multiple 562 

JAK/STAT signaling components, which may contribute to either growth or apoptosis[104], [105].  563 

As Gαq perturbations affected the nuclear hormone receptor pathway, we examined the fold 564 

change values of nuclear hormone receptors. Nuclear receptors bind directly to DNA and 565 

modulate gene transcription. Our data showed that the majority of the nuclear hormone receptor 566 

genes were downregulated (Fig. 6C), except for fushi tarazu transcription factor 1 (ftz-f1) and 567 

Ecdysone receptor (EcR) (Additional File 1, Fig. S14, Fig. S15). Also, we observed a 568 

downregulation in ecdysone-induced genes for both perturbations. Ftz-f1 is a nuclear receptor 569 

that transcriptionally regulates the synthesis of cuticle proteins and controls metamorophosis[82], 570 

[106]. Additionally, EcR is a nuclear receptor that mediates the tissue’s response to ecdysteroids, 571 

which is integral to larval molting and metamorphosis[107]–[109]. Ftz-f1 is a mid-prepupal puff 572 

gene, which also is expressed in the early second instar stage of larval development[106], [110]. 573 

In addition, EcR is expressed during the second half of the second instar stage of larval 574 

development[108], [110]. Thus, upregulation in ftz-f1 and EcR likely resulted from the delay in 575 

larval development caused by Gαq perturbations. Taken together, our study indicates that 576 

perturbing Gαq levels disrupt larval development by affecting ecdysone signaling and nuclear 577 

hormone expression. 578 

As noted above, dilp8 expression levels were significantly upregulated. So, we asked whether 579 

this increase in dilp8 impacts the larval to pupal transition time when Gαq expression levels are 580 

perturbed[103]. To determine this, we performed a developmental timing assay, wherein we 581 

recorded the larval to pupal transition time for both control and Gαq perturbations. Consistent with 582 
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the RNA seq finding, we observed that the larvae with Gαq overexpression in the wing disc cells 583 

pupariated 24 h later than the wildtype larvae (Fig. 8A). Similarly, we observed a delay in larval 584 

to pupal transition by 12 h for Gαq knockdown (Fig. 8A). Overall, these results imply that the 585 

disruption of Gαq levels inhibits the ecdysone signaling, therefore, delaying the development to 586 

compensate for the reduced growth. One likely interpretation of these results is that Gαq 587 

overexpression in the wing disc elicits immune and stress response through activation of the 588 

JAK/STAT pathway. This might activate the heat shock proteins that decrease the growth rate of 589 

the wing. JAK/STAT stimulates dilp-8 production, which signals the brain to inhibit ecdysone 590 

synthesis, thereby slowing down development. For the GαqRNAi data, we interpret that decrease 591 

in Ca2+ activity caused by Gαq downregulation leads to a reduction in growth. Calcium is an 592 

important second messenger that regulates multiple cellular responses, including growth and 593 

apoptosis[26], [67], [111]. Hence, we propose that the downregulation of Gαq affects growth 594 

through reduced Ca2+, thus negatively affecting ecdysone signaling. Strikingly, we observed Ip3R 595 

inhibition, along with Gαq overexpression, reduced the developmental delay (Fig 8A). As a result, 596 

this finding supports the hypothesis that increased calcium levels are responsible for increasing 597 

the growth time that occurs through the delay in larval to pupal transition when Gαq is 598 

overexpressed. 599 

 600 

Discussion  601 

Extracellular signals regulate organ development by embedding encoded information into the 602 

spatiotemporal dynamics of second messenger concentrations. G proteins play a vital role in 603 

mediating these external signals from GPCRs to downstream effectors by regulating key second 604 

messengers, including Ca2+, cAMP, and IP3, among others. Recent work has demonstrated that 605 

the spatiotemporal dynamics of Ca2+ signaling correlate with changes in the final wing size in 606 

diverse ways, ranging from single-cell repetitive spiking to global traveling multicellular waves[67]. 607 
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In particular, the G-protein Gαq stimulates Ca2+ waves in developing wing discs[46]. This also is 608 

accompanied by a reduction in wing size, which correlates recurring calcium waves with growth 609 

inhibition[67]. Yet, how perturbed Gαq expression impacts wing size and how calcium wave 610 

production is specifically involved remain unclear.  611 

 612 

Recently, a study reported that inhibition of GPCRs, such as rickets (rk), methuselah-like 4 613 

(mthl4), CG15744, and Stan, reduce wing size[112]. Here, we confirm that the downregulation of 614 

Gαq in the wing disc results in smaller wings, independent of the Gal4 driver used. Additionally, 615 

we observed a similar size reduction with inhibition of Gαq using MS1096-Gal4 and C765-Gal4 616 

drivers. A more severe wing expansion defect was observed in wing discs inhibiting Gαq driven 617 

by the nubbin-Gal4 driver. Previous work reported that three G-proteins: Gβ13F, Gγ1, and Gαs, 618 

are essential for proper wing expansion[113]. Here, our study identified that Gαq expression levels 619 

also could impact wing expansion. A recent study by Sobala et al. reported that Gαs, Gαq, and 620 

Gβ13F are expressed at different stages in the pupal wing disc during pupal wing 621 

development[114]. Our study confirms this observation as Gαq downregulation leads to defects 622 

in pupal wing expansion. Saad et al. reported similar post-expansion defects when GPCRs such 623 

as the methuselah (mth)-like family receptors mthl6, mthl8 and mthl9 were downregulated in the 624 

Drosophila wing under nubbin gal4 driver[112]. Future studies are required to identify the GPCRs 625 

that function upstream of Gαq to regulate organ growth or expansion phenotypes. 626 

 627 

This study highlights the importance of Gαq homeostasis during organ growth. Gαq stimulates 628 

IP3 production, which activates the IP3R channel to release Ca2+ from ER[19], [115]–[120]. Our 629 

previous experimental studies investigated the emergence of diverse classes of spatiotemporal 630 

Ca2+  dynamics in both ex vivo cultures and in vivo[46], [67]. Here, our in vivo imaging studies 631 

revealed an increase in Ca2+ activity and strong intercellular calcium wave (ICW) formation with 632 

Gαq overexpression (Fig. 1B), consistent with past ex vivo. This result confirms that Gαq 633 
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stimulates Ca2+ release from ER into the cytoplasm through the activation of its downstream 634 

effectors. Our previous studies show that normal physiological levels of calcium signaling promote 635 

wing disc growth[67]. Interestingly, further elevating calcium signaling through Gαq 636 

overexpression reduces wing size, thereby suggesting additional Gαq downstream effectors 637 

participating in growth regulation.  638 

 639 

To assess whether Gαq-mediated Ca2+ signaling impacts the size phenotype, we performed 640 

genetic interaction experiments by overexpressing Gαq and co-expressing RNAi constructs 641 

targeting downstream regulators of Ca2+ signaling. Surprisingly, we found a statistically significant 642 

enhancement in wing size reduction when Ca2+ signaling components were inhibited along with 643 

Gαq overexpression. Thus, we hypothesize that the primary growth-inhibiting activity of Gαq may 644 

be through a mechanism independent of Ca2+ activity. Moreover, our trichome analysis for Gαq 645 

overexpression shows that the intervein regions associated with Hh signaling show a different 646 

trend in trichome number and density when compared to the overall wing. Our findings from this 647 

study imply that Gαq interacts with other growth signaling pathways, thus negatively influencing 648 

growth. Together, these results demonstrate the dual action performed by Gαq during wing 649 

development, where it stimulates growth through downstream IP3R/Ca2+ activity and inhibits 650 

growth through its interactions with mitogenic pathways independent of Ca2+ activity. In addition 651 

to Gαq, our results show that the depletion of Plc21c levels, which is homologous to mammalian 652 

PLCβ, results in decreased adult wing size. This further supports our findings that the depletion 653 

of Ca2+  signaling components leads to a reduction in wing growth[67]. Future studies are required 654 

to investigate the role of Gαq mediated PKC activity in regulating the growth independent of the 655 

Ca2+ signaling. 656 

 657 

Our molecular and transcriptomic analysis investigated the downstream signaling motifs affected 658 

in response to Gαq perturbations. Our PH3 studies showed an increase in proliferation density 659 
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for both overexpression and RNAi wing discs. The higher proliferation density observed may be 660 

due to wing discs being physiologically younger than the control discs, so they proliferate more 661 

rapidly. Our transcriptomic study further confirms this result as we observed an upregulation in 662 

genes related to DNA replication for both Gαq perturbations. However, the trichome number 663 

studies showed a reduction in the overall trichome number for GαqRNAi, whereas it did not show 664 

any significant change for Gαq overexpression. Moreover, the trichome density increased for both 665 

perturbations compared to the control and can be attributed to the reduced wing size. As cell size 666 

and number are indirect readouts of growth and proliferation, this result establishes that Gαq 667 

homeostasis is necessary for maintaining an optimal growth rate and duration of organ growth. 668 

Several studies identify the active role of Gαq while promoting growth and proliferation in different 669 

systems[14], [15], [121]. For example, Gαq mediates the PI3K activation and the subsequent 670 

airway smooth muscle growth[122]. In addition, GPCRs stimulate YAP phosphorylation via 671 

Gαq[123], thus regulating Hippo signaling in HEK cells. Taken together, our results demonstrate 672 

that Gαq impacts the final wing size by tuning growth and proliferation. 673 

 674 

Further, inhibition and overexpression of Gαq in the wing disc slightly decrease the total number 675 

of cells undergoing apoptosis. Furthermore, our RNA-seq analysis shows both upregulation and 676 

downregulation of apoptotic genes for both overexpression and RNAi conditions (Fig. 6A). 677 

Studies have shown that Gαq regulates cell death both positively and negatively in multiple 678 

systems[111], [124], [125]. For example, Gαq expression decreases apoptosis in cardiomyocytes 679 

through EGFR activation[124]. In addition, Gαq mediated ICWs inhibit excessive apoptosis during 680 

epithelial wound healing[126]. Conversely, Gαq activation by GPCR induces apoptosis by 681 

reducing PKC-dependent AKT activity in prostate cancer cells[125]. Collectively, these studies 682 

provide evidence that Gαq either stimulates or inhibits apoptosis. Consistent with these studies, 683 

our transcriptomic study shows that Gαq perturbations resulted in dysregulation of the apoptotic 684 

genes. However, our results show that inhibition of apoptosis along with Gαq overexpression 685 
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could not rescue the wing size phenotype, thereby suggesting a minimal role of apoptosis in 686 

regulating Gαq-mediated growth reduction.  687 

 688 

Our transcriptomic study revealed that Gαq overexpression activates stress response genes, 689 

which include heat shock proteins and serine proteases. The expression of serine proteases is 690 

increased as serpins, which inhibit serine proteases, were downregulated in our RNA-seq data. 691 

In addition, our findings show that JNK components, including dilp8, upd3, and chinmo were 692 

significantly upregulated. JNK signaling induces stress and immune response[127]–[130] and 693 

initiates compensatory proliferation[130]. Importantly, JNK signaling induces dilp8 expression in 694 

the wing disc in response to tissue damage or stress[83]. Further, increased Dilp8 levels 695 

communicate with the brain to inhibit the ecdysone synthesis, thereby slowing growth[83], [131]. 696 

Consistent with these reports, we found that Gαq overexpression decreased the expression of 697 

20E-dependent genes. Moreover, our developmental assay confirms this result as we observed 698 

a delay in larval to pupal transition for flies expressing Gαq in the wing disc. This developmental 699 

delay is strikingly similar to that observed when dilp-8 is overexpressed in the wing disc[83], [84]. 700 

Studies have shown that different Gα subtypes such as Gαo, Gα16 induce mitogenic activity 701 

through activation of JAK/STAT signaling[38], [132], [133]. For instance, the constitutively active 702 

form of Gαo induces activation of STAT3 in NIH-3T3 cells and subsequent cell 703 

transformation[133, p. 3]. In addition, Heasley et al. have shown that expression of the 704 

constitutively active form of Gα16 inhibits growth and activates JNK signaling in small lung 705 

carcinoma cell lines (SLC)[39]. By contrast, sustained activation of Gαq signaling induces cell 706 

death in GABAergic medium spiny neurons via activation of JNK signaling[134]. These studies 707 

indicate the active role of JAK/STAT signaling in Gαq mediated growth and apoptosis. 708 

Cumulatively, our results demonstrate that Gαq overexpression regulates JNK signaling genes, 709 

which might possibly regulate apoptosis and proliferation, thereby affecting the final wing size. 710 

While many studies have investigated the mechanisms underlying the transmission of proliferative 711 
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signals through GPCR stimulation in vitro, further research is required to elucidate how G proteins 712 

encode mitogenic signals in vivo[14], [135]. 713 

 714 

Next, our RNA seq analysis of GαqRNAi indicates that the nuclear hormone receptor-related genes 715 

were affected (Fig. 6E & 7B). Our analysis indicated that DNA replication was enriched among 716 

the upregulated genes. Moreover, the downregulated genes were primarily involved in biological 717 

processes related to cuticle development, molting cycle, taxis, and transmembrane transport. 718 

Interestingly, we observed downregulation in genes mediating ecdysone response (Fig. 6E), 719 

thereby resulting in the downregulation of ecdysone-induced genes (Additional File 1, Fig. S13 720 

and Fig. S15). Specifically, the Ecdysone-induced genes 71E family (Eig71E), which are 721 

regulated by Ecdysone-induced primary response genes, were downregulated (Additional File 722 

1, Fig. S13, Additional File 3). A further finding was an increase in Dilp-8 levels, which may 723 

explain the inhibition of genes related to ecdysone signaling. Our developmental assay further 724 

confirmed this as we observed an approximate twelve-hour delay in the pupariation of flies 725 

expressing GαqRNAi. Interestingly, we identified a similar trend in gene expression profile for both 726 

GαqRNAi and Gαq overexpression conditions. However, the extent of gene activation or 727 

suppression is statistically less in GαqRNAi when compared to the Gαq overexpression. These 728 

results suggest a common compensatory mechanism in a cell operating in response to 729 

dysregulation of Gαq homeostasis. Moreover, our trichome analysis of GαqRNAi showed a 730 

reduction in the cell number, thereby indicating that the reduction in the wing disc growth is caused 731 

by the lack of calcium signaling. Collectively, our RNA seq results demonstrated that disruption 732 

to Gαq homeostasis reduced growth and increased developmental time. Further, the increased 733 

developmental time caused by Gαq overexpression occurs through Ca2+ activity. Significantly, we 734 

observed that inhibition of Ca2+ signaling through Ip3R knockdown rescues the development delay 735 

caused by Gαq overexpression. However, the knockdown of Ip3R along with Gαq overexpression 736 
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reduced wing size, thereby implying that Ca2+ signaling promotes proliferation in the wing disc by 737 

regulating the developmental time.  738 

 739 

Importantly, our RNA seq data revealed a reduction in the expression of serine protease inhibitors, 740 

thus resulting in an increase in the expression of serine proteases, including Jonah genes, which 741 

are key proteolytic enzymes (Additional File 2). Moreover, serine protease cascades are known 742 

to elicit immune responses by inducing proteolytic cleavage of spz[92]. Our enrichment analysis 743 

investigating the core signaling pathways indicated that the nuclear hormone receptor, Toll 744 

signaling, and JAK/STAT were significantly affected in the Gαq overexpression condition. This 745 

result confirms that disruption to Gαq homeostasis parallels signals related to tissue damage 746 

response, thereby eliciting stress and immune response. Several studies have reported the role 747 

of G proteins in mediating immune response and autoimmunity[136]–[138]. For example, Zhu. et 748 

al. reported that XLG2, a functional Gα protein, positively regulates immune response to provide 749 

disease resistance in plants[139]. Interestingly, studies have shown that the activation of immune 750 

signaling occurs at the expense of growth[89]. Further investigations are needed to explore the 751 

crosstalk mechanisms between Gαq and immune regulation during organ growth.  752 

 753 

Of note, our transcriptomic analysis of Gαq OE shows a strong upregulation in the orphan GPCR 754 

Methuselah-like 8 (mthl8) with a striking log2 fold change of 11.5 (Additional File 4). Mthl-8 has 755 

been shown to impact wing expansion[140]. In addition, the family of Methuselah genes is known 756 

to be involved in longevity and stress resistance[141]. Recent work in Lepidoptera suggests that 757 

GPCRs with homology to the Methuselah family of receptors may play important, unresolved roles 758 

in mediating the key hormone ecdysone[63], [142]. Importantly, it has been shown that mthl-8 is 759 

a potential target of the JNK signaling in the Drosophila eye disc[143]. Collectively, our results 760 

imply a crosstalk between Gαq and GPCRs such as mthl-8. Further investigations are needed to 761 

elucidate the role of G proteins in regulating the expression of signal transducers such as GPCRs. 762 

(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 January 9, 2023. ; https://doi.org/10.1101/2023.01.08.523049doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.08.523049


 

   32 
 

Moreover, studies are needed to clarify the subcellular location and functional activity of Gαq and 763 

related GPCRs. Recently, GPCRs have been found to be active not only in the outer cell 764 

membrane but associated with the inner membranes of organelles within the cell[144], [145]. Also, 765 

further investigation is needed to map out key molecular players activating Gαq-mediated ICWs 766 

in vivo. For instance, recent studies have indicated that growth-blocking peptide (Gbps) binds to 767 

Mthl10 receptors and triggers Gαq mediated ICWs in the Drosophila wing disc[48]. Understanding 768 

the growth regulatory mechanisms acting through G-proteins may lead to broadly applicable 769 

insights into cancer therapeutics and drug development[141], [146].  770 

 771 

Conclusions  772 

In summary, our study has decoded the downstream impacts of perturbing Gαq expression. Gαq 773 

activity is sufficient to stimulate intercellular calcium waves and is a key regulator of Ca2+ activity 774 

during development and wound healing. Our study characterized the multiple growth modules 775 

impacted by Gαq perturbations and their roles in facilitating organ growth control during 776 

development. An intriguing finding is that there exist similar changes in gene expression for 777 

GαqRNAi and Gαq OE conditions, which suggests that homeostasis of Gαq expression is 778 

necessary for proper growth and development. Overall, our findings from this work suggest that 779 

a central functional role of Gαq-mediated Ca2+ signaling is to coordinate the growth status of 780 

peripheral organs to the brain by upregulating Dilp8, thereby mediating the “crosstalk” between 781 

developing organs and “the control center” of the brain (Fig. 6E). Thus, tissue wide Ca2+ waves 782 

generated by Gαq activity coordinates the response to wounding or other stressors to extend the 783 

developmental time and reduce growth. 784 

 785 
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Materials and methods  786 

 787 

Fly stocks 788 

Drosophila stocks were grown on standard laboratory cornmeal food. All crosses were set up at 789 

25°C. The following stocks were used for the experiment: C765-Gal4 y[1] w[*]; 790 

P{w[+mW.hs]=GawB}C-765 (BDSC:36523), nubbin-GAL4, UAS-Dcr-2 (BDSC:25754), MS1096-791 

GAL4, UAS-Dcr-2 (BDSC:25706), UAS-Gαq (BDSC:30734), UAS-Galpha49B RNAi 792 

(BDSC:36775), w; Sco/CyO; Dr/TM6B, Tb (gift of Carthew Lab), w; Sco/CyO; MKRS/TM6B, Tb 793 

(gift from Carthew lab), w; UAS-Gαq/CyO; C765-Gal4/TM6B,Tb (generated in this study), w; UAS-794 

Gαq,C765-Gal4/Cyo-TM6B,Tb (generated in this study), UAS-Itpr RNAi (BDSC:25937), UAS-p35 795 

( BDSC #6298), UAS-Plc21C RNAi (BDSC: 33719), UAS-sl RNAi (BDSC:32906), UAS-Rya-r44F 796 

RNAi (BDSC:31540), nub-GAL4, UAS-GCaMP6f/CyO (recombinant line made in Zartman Lab). 797 

 798 

Immunohistochemistry and imaging of fixed samples  799 

The imaginal wing discs were dissected in Phosphate Buffered Saline (PBS) (#P5368, Millipore-800 

Sigma). Following the dissection of the wing discs, they were fixed in 4% PFA for 20 minutes at 801 

room temperature, followed by three 10-minute washes in PBT (0.03% Triton X-100 (#T9284, 802 

Sigma-Aldrich) in PBS). Next, discs were blocked in 5% Normal Goat Serum (NGS) 803 

(#NC9660079; Jackson Immuno Research Laboratories, West Grove, PA) for 30 minutes and 804 

followed by overnight incubation with primary antibodies at 4°C. The following primary antibodies 805 

were used: PH3 (#9701S, Cell Signaling), diluted to 1:800 in 5% NGS, and DCP-1 (#9578S; Cell 806 

Signaling), diluted to 1:100 in 5% NGS. Incubation of the primary antibodies was followed by three 807 

15-minute washes with PBT and subsequent incubation with Alexa Fluor-conjugated secondary 808 

antibodies (1:500 in 5%NGS) and DAPI (# D9542; Millipore Sigma) (1:1000) for 2-3 hours at room 809 

temperature in the dark. After this, wing discs were washed with PBT overnight at 4°C, followed 810 
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by two 15-minute washes at room temperature. Discs were next mounted in Vectashield (# H-811 

1000, Vector Laboratories) on a 24x66 mm coverslip and covered by a 22x22 coverslip, and 812 

sealed with clear nail polish by the sides. Images of mounted wing discs were obtained using a 813 

Nikon Eclipse Ti confocal microscope with a Yokogawa spinning disk (Tokyo, Japan) at a 814 

magnification of 40x (oil objective, NA 1.30). 815 

 816 

 817 

In vivo imaging setup 818 

Third instar wandering larvae were collected and rinsed in deionized water prior to imaging. A 819 

coverslip was used to image the larvae after they had been dried and adhered to a cover with 820 

Scotch tape. The larvae were attached with their spiracles facing the coverslip to align the wing 821 

discs toward the microscope. An EVOS FL Auto microscope was used to image the larvae at a 822 

magnification of 20x for 20 minutes. The images were taken every 15 seconds. 823 

 824 

RNA extraction  825 

RNA was isolated using RNeasy Mini Kit (#74104; QIAGEN), using a standard procedure with 826 

DNase on column digestion (RNase-free DNase set. #79254, QIAGEN). RNA was eluted in 827 

RNase DNase-free water provided by the RNeasy Mini Kit. Samples from multiple days of 828 

dissection were pooled such that each biological replica would have 79 WDs. To assess the RNA 829 

quantity and quality, we performed QC using Qubit and Agilent Bioanalyzer and polled samples 830 

from multiple days of RNA isolation to achieve at least 50ng of RNA per sample or higher. 831 

 832 

Sequencing 833 

RNASeq libraries were prepared and sequenced across one lane of an Illumina NextSeq v2.5 834 

(Mid Output 150 cycle) flow cell. Each library was prepared using the NEBNext Ultra II Directional 835 
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RNA. Library Prep kit and the NEB mRNA Magnetic Isolation Module. We performed QC and 836 

quantitation on the library pool using the Qubit dsDNA Agilent Bioanalyzer DNA. High Sensitivity 837 

Chip, and Kapa Illumina Library Quantification qPCR assays. The sequencing form was paired-838 

end 75bp. Base calling was done by Illumina Real Time Analysis (RTA) v2 software. 839 

 840 

Processing of sequencing data 841 

We trimmed the raw sequences of adapters with Trimmomatic version 0.39[147] and assessed 842 

for quality with FastQC v 0.11.8[148]. Trimmed sequences were aligned to the Drosophila 843 

genome, and Ensembl built Drosophila melanogaster.BDGP6.32.104.gtf, Berkeley Drosophila 844 

Genome Project (BDGP, Release 6, Aug. 2014), using Dmel_Release_6.01 version annotations 845 

and HISAT2 version 2.1.0[149].  SAMtools version 1.9 was used to sort the corresponding 846 

alignments[150].  Read counts were generated with HTSeq-count version 847 

0.11.2[151].  Subsequent statistics were completed in R (R Core Team, 2014), implementing the 848 

edgeR library version 3.36.0[152]–[155].  Using the Ensembl version of BioMart, Gene names 849 

and GO terms were identified[156]. 850 

 851 

Quantification of adult wings and statistics 852 

Using ImageJ, we measured the total area of the wings. The wing margin was traced by following 853 

veins L1 and L5, and the hinge region was excluded from the size analysis. All statistical analyses 854 

were performed using R and Excel. Student t-tests were performed to assess the statistical 855 

significance of our comparisons. P-value, standard deviation, and sample size (n) are provided in 856 

each figure and legend. 857 

 858 

 859 

 860 
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Developmental timing assay  861 

Virgins were 1-3 days old when mated with males. Crosses were mated 24 h prior and transferred 862 

to a vial for egg collection. Fertilized eggs from each cross were collected for eight hours in a 863 

fresh vial with corn meal food and then transferred to a new vial. After egg laying, pupae were 864 

manually scored in 12-hour intervals for ten days. For C765>Gαq + >RyRRNAI and C765>Gαq + 865 

>Ip3RRNAi, pupae were manually counted in 24-hour intervals for approximately 6 to 7 days.  866 
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Figures 1412 

 1413 

Figure 1: Overexpression of Gq in the wing disc pouch is sufficient to generate periodic 1414 

multicellular Ca2+ transients and waves in vivo. A) Schematic of G Protein signaling network 1415 

(partial). Hetero-trimeric proteins Gα, Gβ, and Gγ form a complex when bound to GDP. When 1416 

ligands bind to G protein-coupled receptors, the Gα dissociates from the complex by exchanging 1417 

GDP with GTP. GTP-bound Gαq activates the Phospholipase C β enzyme to catalyze the 1418 

conversion of PIP2 to IP3 and DAG. IP3 binds to the IP3 receptor on the endoplasmic reticulum 1419 
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(ER), facilitating the release of stored Ca2+ into the cytoplasm from ER. DAG activates PKC, which 1420 

further activates cAMP and other downstream signaling effectors. B) Schematic of a wing disc 1421 

expressing wild type Gαq (denoted as Gαq. O.E) in the wing disc pouch cells using a binary 1422 

expression system. High expression levels of Gαq result in calcium transients and waves. C, D). 1423 

Time-lapse images from in vivo imaging of wing discs expressing RyRRNAi and wildtype Gαq under 1424 

the control of the nubbin (nub)-Gal4 driver, respectively. GCaMP6 sensor was co-expressed 1425 

under the nub-Gal4 driver. Upregulation of Gαq in the wing disc results in the formation of periodic 1426 

intercellular Ca2+ waves in vivo (D). Minimal Ca2+ activity, such as Ca2+ spikes, was observed in 1427 

control discs expressing nonsense RyRRNAi (C). Yellow dotted lines indicate the wing disc pouch 1428 

boundary. The UAS lines are as follows: GαqWT, BDSC:30734, RyRRNAi, BDSC:31540. Scale bars 1429 

indicate 20 µm.  1430 
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 1431 

Figure 2: Perturbing Gαq expression in the Drosophila wing disc decreases overall adult 1432 

wing size and can prevent pupal wing expansion. A-I) Micrographs of adult wings expressing 1433 
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RyRRNAi (control), wild type Gαq, or GαqRNAi under several GAL4 drivers, including nubbin, 1434 

MS1096, and C765. D-F) Knockdown of Gαq leads to a reduction in wing size for multiple Gal4 1435 

drivers. RNAi-mediated inhibition of Gαq driven by the nubbin-Gal4 driver led to severe pupal 1436 

wing expansion phenotypes. G-I) Gαq overexpression leads to decreased wing size for multiple 1437 

drivers. J) Graphs comparing the wing area for wings from the crosses indicated in (A-I). The blue 1438 

line represents the median, and the red lines indicate the 95% confidence interval of the median. 1439 

N > 10 for all samples shown except for nub> GαqRNAi (n=8). The scale bar represents 100 1440 

microns. The blue line represents the median, and the red lines indicate the 95% confidence 1441 

interval of the median. Student two-tailed t-test was used to determine the statistical significance.  1442 
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1443 

Figure 3: Gαq overexpression, together with inhibition of Ca2+ signaling components, 1444 

results in further reduction of wing size. A-H) Micrographs of adult wing images. Reduction in 1445 

core Ca2+ signaling components such as plc21c, sI, and itpr (IP3R) through RNAi-mediated 1446 
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knockdown in the wing disc results in a reduction of the size of the wings. Overexpressing wildtype 1447 

Gαq, in combination with the knockdown of Ca2+ signaling components, further decreases the size 1448 

of the wings. I) Quantification of the adult wing blade areas for the crosses listed in (A-H). The 1449 

blue line represents the median, and the red lines indicate the 95% confidence interval of the 1450 

median. Scale bars are 100 µm. Student t-test was used to determine the statistical significance. 1451 

 1452 
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1453 

Figure 4: Gαq homeostasis modulates the proliferation of wing disc and affects the overall 1454 

cell number in the wing. A, B, C) Representative images of wing discs stained with PH3 1455 

expressing RyRRNAi, GαqWT, and Gαq RNAi under the control of apterous. PH3 density was higher 1456 

in the discs with Gαq overexpression and RNAi conditions when compared to the control. D)  1457 

Violin plots comparing the total area of the wing pouch for Gαq perturbations with control. The 1458 

pouch area was significantly reduced in the overexpression and RNAi conditions as compared to 1459 
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the control condition. E) Violin plot showing the density of PH3 in the wing pouch for the control 1460 

and Gαq perturbations. PH3 density was found to be higher in both Gαq overexpression and RNAi 1461 

conditions. F) The violin plots illustrate the difference between the area of the dorsal and ventral 1462 

regions of the wing discs under control and Gαq perturbations. G) There exists no difference in 1463 

the number of PH3 cells in the dorsal and ventral regions for all the genetic perturbations. (n>5 1464 

for all conditions) H) Violin plot comparing trichome number between wings with Gαq 1465 

overexpression, RNAi, and control conditions. Trichome number is significantly lower for wings 1466 

with Gαq knockdown, whereas overexpression does not show any difference. I) Graphs 1467 

comparing the total trichome densities for Gαq overexpression, GαqRNAi, and RyRRNAi. Trichome 1468 

density is significantly higher for both overexpression and RNAi conditions indicating that Gαq 1469 

homeostasis affects the cell number during the growth of the wing disc.  1470 
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1471 

Figure 5: Reduction in adult wing size for both Gαq overexpression and downregulation is 1472 

not mediated by apoptosis. A) Representative images of the third instar wing disc from the 1473 

corresponding cross stained for Dcp-1 to show apoptotic cells. Wing discs were also stained with 1474 

nuclear dye DAPI, and the region of GAL4 expression, which drives the Gαq perturbation, is 1475 

indicated using GFP. All wing discs are positioned anterior to the right and posterior to the left. 1476 

Sample sizes are n = 3 to 8 for each condition. B) Violin pot comparing the area of Dcp-1 stain 1477 

for all three genotypes. C-E) Micrographs of adult wings. Genotypes of individual wings are given 1478 
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on the top left. Ectopic expression of apoptosis inhibitor p35 did not rescue the size reduction 1479 

defect caused by overexpression of Gαq. F) Quantification of the adult wing blade area from the 1480 

indicated genotypes. Student t-test was performed, and the p-values are indicated on the plot. 1481 

The blue line represents the median, and the red lines indicate the 95% confidence interval of the 1482 

median. Scale bars represent 100 µm. 1483 
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 1496 

Figure 6: Disruption of Gαq homeostasis delays development through transcriptional 1497 

changes in multiple modules 1498 

A) Transcriptomic analysis of genes related to programmed cell death for Gαq RNAi and Gαq 1499 

overexpression. The apoptotic gene (ftz-f1) and Mitochondrial apoptotic genes (CG3819 and 1500 

Aldh) were upregulated, and negative regulators of apoptosis (sens, eya, Pvf1, futsch) were 1501 

downregulated in both conditions. Also, cell survival genes such as spitz, an EGFR ligand, were 1502 

downregulated. B) Strong dysregulation of cuticle proteins is observed in both Gαq 1503 

overexpression and Gαq RNAi conditions. C) Ecdysone genes (Blimp-1, IncRNA: let7c) and 1504 

nuclear hormone receptors (Eip78c, Eip75b, Hr3, Hr4) were downregulated. Ftz-f1 and ECR, 1505 

which are expressed in early larval stages, were upregulated. D) Heat map plot showing gene 1506 

expression changes of the Insulin signaling components. Pdk1 was downregulated in both Gαq 1507 

O.E. and RNAi perturbations. Relaxin-like dilp8 was significantly upregulated in both Gαq 1508 

overexpression and RNAi conditions.  1509 
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 1510 

Figure 7: Enrichment analysis of core signaling pathways among the differentially 1511 

expressed genes. A) Overexpression Gαq resulted in the enrichment of the Toll pathway and 1512 

Nuclear hormone receptor among the differentially expressed genes with a significant fold change 1513 

(abs (log2FC) ≥ 0.6). Toll pathway and nuclear hormone receptor pathway were enriched among 1514 

the genes that were significantly downregulated (log2FC ≤ -0.6). JAK/STAT signaling was 1515 

enriched among the significantly upregulated genes (log2FC ≥ 0.6). B) For the GαqRNAi 1516 

perturbation, the nuclear hormone receptor pathway was enriched among the differentially 1517 

expressed genes with a significant fold change (abs(log2FC) ≥ 0.6). Nuclear hormone receptor 1518 

pathway was enriched among the significantly downregulated genes. No core signaling pathways 1519 

were enriched among the significantly upregulated genes (log2FC ≤ -0.6). 1520 
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 1524 

Figure 8: Disruption of Gαq homeostasis delays larval to pupal transition. A) A box plot 1525 

illustrating the larval to pupal transition time for the genetic perturbations shown in the panel. 1526 

Whiskers represent 5% and 95% percentiles. Square points represent the outliers. A Kruskhal-1527 

Wallis test revealed significant differences in pupariation times between the Gαq perturbations 1528 

(the degrees of freedom is 4, the H is 62, and the p-value of 9.16 x 10-13) (Degrees of freedom 1529 

represents the number of groups subtracted with one. The test statistic H is compared with the 1530 

critical value Chi-square for the given degrees of freedom). Conover post hoc test was used to 1531 

perform multiple pairwise tests to compare the pupariation times between different genotypes. 1532 

Asterisks indicate genotypes with statistically significant differences in pupariation times. 1533 

Overexpression of Gαq delays larval to pupal transition by ~24 h, whereas GαqRNAi delays 1534 

transition time by ~12 h. Knockdown of Ip3R along with the Gαq overexpression rescues the 1535 

developmental delay observed with Gαq overexpression. B) Proposed mechanism of 1536 

developmental delay: Dysregulation of Gαq homeostasis in the wing disc upregulates dilp-8 1537 

expression, ultimately resulting in decreased 20E synthesis from the brain. This generalization is 1538 

consistent with RNA seq analysis from this work, where overexpression and downregulation of 1539 
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Gαq in the wing disc result in the downregulation of 20E target genes, respectively. Figure inspired 1540 

from [157].  1541 
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