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Abstract

The development of multicellular organisms relies on a symphony of spatiotemporally coordinated signals that
regulate gene expression. G protein-coupled receptors (GPCRs) are the largest group of transmembrane
receptors that play a pivotal role in transducing extracellular signals into physiological outcomes. Emerging
research has implicated neurotransmitter GPCRs, classically associated with communication in neuronal tissues,
as regulators of pattern formation and morphogenesis. However, how these receptors interact amongst
themselves and signaling pathways to regulate organogenesis is still poorly understood. To address this gap, we
performed a systematic RNA interference (RNAi)-based screening of 111 GPCRs along with 8 Ga, 3 GS, and 2
Gy protein subunits in Drosophila melanogaster. We performed a coupled, machine learning-based quantitative
and qualitative analysis to identify both severe and more subtle phenotypes. Of the genes screened, 25 demonstrated
at least 60% penetrance of severe phenotypes with several of the most severe phenotypes resulting from the
knockdown of neuropeptide and neurotransmitter GPCRs that were not known previously to regulate epithelial
morphogenesis. Phenotypes observed in positive hits mimic phenotypic manifestations of diseases caused by
dysregulation of orthologous human genes. Quantitative reverse transcription polymerase chain reaction and
meta-analysis of RNA expression validated positive hits. Overall, the combined qualitative and quantitative
characterization of GPCRs and G proteins identifies an extensive set of GPCRs involved in regulating epithelial

morphogenesis and relevant to the study of a broad range of human diseases.
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2 GPCR Contributions to Epithelial Morphogenesis
Introduction

G protein-coupled receptors (GPCRs) are the largest and most diverse group of transmembrane receptors in
eukaryotic organisms (Hanlon and Andrew 2015; Nieto Gutierrez and McDonald 2018; Yang et al. 2021a; Sriram
and Insel 2018; Insel et al. 2019; Tuteja 2009; Adams 2014). Due to their functional versatility, GPCRs play key
roles in the regulation of transducing extracellular signals, such as peptides, proteins, and lipids, into
physiological outcomes (Figure 1A) (Adams 2014; Tuteja 2009; Syrovatkina ef al. 2016). These processes include:
hormone secretion, adaptive cell immunity, cellular proliferation, metabolism, and neurotransmitter signaling
(Syrovatkina et al. 2016; Manning et al. 2013; Padgett and Slesinger 2010; Ries et al. 2017; Schulte and Wright
2018; Schwabe et al. 2005; Wang 2018; Hanlon and Andrew 2015; Pal and Mukhopadhyay 2015). GPCR
dysregulation has been implicated in numerous disease categories including rheumatic, neurological, pulmonary,
cardiac, endocrine, and epithelial (Figure 1A) (Skiba and Kruse 2021). Because of this, GPCRs are highly attractive
therapeutic targets (Yang ef al. 2021a; Sriram and Insel 2018; Insel et al. 2019). Although some GPCRs have been
extensively studied, newly discovered GPCRs and their functions, especially in relation to their role during early
developmental stages and organogenesis, remain to be elucidated (Belgacem and Borodinsky 2011; Hanlon and
Andrew 2015; Pal and Mukhopadhyay 2015; Schulte and Wright 2018).

One of such cases of unknown GPCR functionality is the role of neuropeptide and neurotransmitter GPCRs
in the patterning and development of multicellular organisms. Development of multicellular organisms
relies on a collection of spatiotemporally coordinated signals to drive gene expression of regulators of cellular
proliferation, differentiation, cell-cell communication, and motility (Blau and Baltimore 1991; Adams and Watt
1993). The y-aminobutyric acid (GABA) and 5-hydroxytryptamine (5-HT) families of GPCRs are well-
documented in their roles for modulating neural activity, however, their contribution to morphogenesis of
organs outside of the nervous system is still incompletely characterized (Hannon and Hoyer 2008; Terunuma
2018; Barnes and Sharp 1999; Bettler ef al. 2004; Pinard et al. 2010).

GPCRs can be categorized into six classes based on their amino acid sequences and functional similarities: Class
A (rhodopsin-like family), Class B (secretin and adhesion family), Class C (metabotropic glutamate receptors),
Class D (fungal mating pheromone receptors), Class E (cyclic adenosine monophosphate (cAMP) receptors),
and Class F (Frizzled and Smoothened receptors) (Ghosh et al. 2015; Foord et al. 2005; Lee et al. 2018; Yang et
al. 2021a). Beyond the estimated 800 known human GPCRs, there exist many receptors in the human genome
that have amino acid sequences similar to known GPCRs with unknown activating ligands and signaling
mechanisms (Foord et al. 2005). Thus, further characterization of these probable orphan GPCRs, their

functionalities, and their corresponding classes are a focal point for expanding the list of therapeutic targets
for many diseases.

Drosophila melanogaster is a classic model organism for studying human diseases and organ development

(Mirth and Shingleton 2012; Mirzoyan et al. 2019; Pandey and Nichols 2011; Jennings 2011). GPCRs are the
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largest group of receptors in Drosophila with an estimated 111 GPCRs that signal through a combination of 8

Ga, 3 GB, and 2 Gy subunits (Hanlon and Andrew 2015; Thurmond et al. 2019). G protein subunits signal

primarily by regulation of the dynamics of various second messengers, such as cAMP and calcium ions (Ca%™),
wherein second messenger signaling impacts downstream cell function (Figure 1A) (Brodskiy et al. 2019; Hanlon
and Andrew 2015; Hepler and Gilman 1992; Khan et al. 2013). Many neurotransmitter-related GPCRs have been
thoroughly studied in adult Drosophila and have classical roles in adult behavior (Hanlon and Andrew 2015;
Manning et al. 2013; Schwabe et al. 2005). However, while many of these are expressed during embryogenesis,
considerably less is known about their roles in development. With increasing evidence demonstrating multiple
GPCRs are vital to the development of the Drosophila wing (Sobala and Adler 2016; Ren et al. 2005), a premier model
of epithelial morphogenesis, there has not been a concerted effort to comprehensively evaluate which of the 111
GPCRs have roles in Drosophila wing development (Fristrom 1988; Etournay et al. 2015; Ayers and Thérond 2010;
Schulte and Wright 2018; Blair 2007; Garcia De Las Bayonas et al. 2019).

Drosophila provides many advantages for identifying and characterizing conserved components of signal
transduction pathways. These include fast life cycle, abundance of available genetic tools, highly conserved
homology to the human genome, and cheap husbandry (Ashburner et al. 2005; Jennings 2011; Perrimon et al. 2016;
Pandey and Nichols 2011). These advantages enable rapid phenotypic screening of genes in Drosophila with results
that are directly relevant to human biology (Belacortu and Paricio 2011; Perrimon et al. 2016; Kumar et al. 2022).
In particular, the Drosophila wing has served as a viable model system for identifying and studying genes and
biophysical mechanisms important for receptor crosstalk, growth, pattern formation, and morphogenesis (Lopez-
Varea et al. 2021a,b; Rotelli et al. 2019; George et al. 2019; Saad and Hipfner 2021; Heigwer et al. 2018). The
Drosophila wing exhibits distinct morphological characteristics, including seven intervein regions, five longitudinal
veins, two crossveins, and trichomes - the hair-like structures along the surface and edge of the wing (Figure 1B).
Quantitative and qualitative changes in these morphological features can largely provide insight into the underlying
biological mechanisms that regulate the development of the wing (Buchmann et al. 2014; Narciso and Zartman 2018;
Restrepo et al. 2014; Strigini and Cohen 1999; Kumar et al. 2022). More specifically, targeted genetic perturbations
induced by RNA interference (RNAi) can be used to uncover novel biological insights and future research directions
in developmental biology using Drosophila (Kumar et al. 2022; George et al. 2019; Saad and Hipfner 2021).

Here, we report a systematic RNAi-based investigation into the phenotypes associated with inhibition of 111
GPCRs along with 8 Ga, 3 GB, and 2 Gy proteins during Drosophila wing development (Figure 1B). For
quantitative analysis, we employed our comprehensive pipeline, MAPPER (Kumar et al. 2022), to perform high-
content genetic wing screening via deep learning for image segmentation and machine learning for feature
classification (Figure 1C). For qualitative analysis, the ResNet-50 convolutional neural network (He ef al. 2015;

LeCun et al. 2015) was used in tandem with a support-vector machine (Wang 2005) for classification of severe
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4  GPCR Contributions to Epithelial Morphogenesis

Drosophila wing phenotypes (Figure 1C, SI Figures 1 and 2). With the coupled analysis, we discovered several
classes of GPCRs that demonstrate severe phenotypic irregularities when knocked down. Of the GPCRs and G
proteins screened, 25 demonstrated at least 60% penetrance of severe qualitative phenotypes with 12
neuropeptide receptors that resulted in a change of at least 10% of the total area of the wing compared to the
control group. Interestingly, several of the most severe phenotypes were the result of RNAi of neuropeptide and
neurotransmitter receptors, many of which are reported to have low-to-no expression in the developing
Drosophila wing disc (Ren et al. 2005; Sobala and Adler 2016; Celniker et al. 2009). Quantitative reverse
transcription polymerase chain reaction (RT-qPCR) and cross-comparison with other RNA-seq studies confirmed
expression of candidate hits in wing disc cells. The results of the RT-qPCR experiments suggest that even low
abundance GPCRs may lead to severe phenotypic outcomes when dysregulated. Of note, the observed
phenotypes of positive hits serve as phenologs (phenotypic manifestations) of orthologous human genes that are
implicated in a broad range of diseases (Table 1).

Interestingly, a quantitative comparison of phenotypic similarities between positive hits using Gaussian
mixture models and Euclidean distances of dimension reduced wing features (Yang et al. 2012) revealed the
identification of multiple phenotypic clusters. This cluster-based analysis leads to a prediction of novel protein-
protein interactions between GPCRs, including for the Drosophila 5-HT1B receptor (ortholog of human HTR1A4),
which produced one of the most severe phenotypes. The predicted protein-protein interactions for the 5-HT1B
receptor are supported by comparison with the STRING protein-protein interaction network database
(Szklarczyk et al. 2015, 2011). Unconfirmed protein-protein interactions suggest new biological insights and
avenues to uncover the clinical implication of serotonin receptors with other GPCRs in a range of neurological
conditions, including depression, bipolar disorder, schizophrenia, Alzheimer’s disease, and cognitive function
(Lopez-Figueroaet al. 2004; Yanget al. 2021b; Tiger et al. 2018; Garcia-Alloza et al. 2004). Overall, the combined
machine learning approaches for both qualitative and quantitative analyses enables a more comprehensive
characterization of new regulators of epithelial morphogenesis. Overall, the results of this screen provide a
starting point for further exploration of the molecular mechanisms underlying GPCR regulation and cross-

talk during epithelial morphogenesis.

Materials and methods

Identification of GPCR screening library

The list of 111 GPCRs was obtained from the FlyBase Gene Group titled: "Gene Group: G PROTEIN
COUPLED RECEPTORS.” This was accessed using FlyBase ID FBgg0000172 of FlyBase version: FB2019_01
(Thurmond et al. 2019). The list of 13 G proteins was obtained from the FlyBase Gene Group titled: "Gene
Group: HETEROTRIMERIC G-PROTEIN SUBUNITS." This was accessed using FlyBase ID FBgg0000458 of
FlyBase version: FB2019_01 (Thurmond et al. 2019). Only Drosophila strains that had readily available stocks

from the Bloomington Drosophila Stock Center were screened. Supplementary File S1 provides the
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comprehensive list of genes and their associated Bloomington Drosophila Stock Center number. Supplementary

File S2 includes the list of the screened genes, their FlyBase IDs, their GPCR class, and general gene information.

Drosophila stocks and culture

Drosophila melanogaster strains were obtained from the Bloomington Drosophila Stock Center as indicated by stock
number (BL#). RNAi lines selected were those generated by the Transgenic RNAi project from the functional
genomics platform at Harvard Medical School (Perkins et al. 2015). When possible, multiple, independent RNAi
lines were tested for each gene investigated. Drosophila were raised at 25 °C and 12-hour light cycle on the

standard Bloomington Drosophila Stock Center cornmeal food recipe.

Drosophila genetic crosses

The Gal4-UAS binary expression system was utilized to express the RNAi constructs for the identified genes in the
developing Drosophila melanogaster wing (Duffy 2002). The MS1096-Gal4 (BL#25706) line was used as the basis
for genetic crosses, which drives gene expression in the developing Drosophila wing disc with more pronounced
expression in the dorsal compartment (Figure 1B) (Lindstrom et al. 2017; Neumann and Cohen 1996; Lin and
Goodman 1994; Capdevila and Guerrero 1994). There is conflicting evidence of either no expression or weak
expression patterns in the central nervous system (CNS) when using the MS1096-Gal4 driver (Lindstrom et al.
2017; Ray and Lakhotia 2019). However, to achieve a more efficient screening of GPCRs and G proteins, we
focused on observation of wing phenotypes only.

Genetic knockdown progeny were generated by crossing the MS1096-Gal4 line to RNAi-based transgenic lines
(UAS-Gene XRNAi  (perkins et al. 2015)). The RNAI for the ryanodine receptor (RyR) (BL#31540) was used as a
background control for MS1096-Gal4>UAS- RNAI crosses. We have previously demonstrated the MS1096-Gal4 x
UAS-RyRRNAI cross does not exhibit significant morphological or size defects when compared to wild type controls
due to the RyR gene not being expressed in the Drosophila wing disc (Brodskiy et al. 2019; Gramates et al. 2017).
Thus, MS1096-Gal4 x UAS-RyRRNAI progeny enable assessment of the impact of knocking down GPCRs and G
proteins in the wing disc during development. F1 progeny from MS1096-Gal4>UAS-RNAi crosses were compared
to those of the F1 progeny of the MS1096-Gal4 x UAS-RyRRNA! cross. Only wings from male F1 progeny emerging
from the crosses were scored to avoid data variation due to sex. When possible, multiple crosses were generated for
each RNA:i line for additional biological replicates until approximately 15 samples per cross were available.

Heterozygous MS1096-Gal4 expressing flies contain venation defects with variable penetrance (George et al.

2019). Less than 5% of MS1096>UAS-RyRRNA! F1 progeny had venation defects or severe phenotype penetrance
with a 95% confidence interval of 0.845% - 22.7% using a one-sample proportions test without continuity
correction. Only MS1096>UAS-RNAi progeny populations with at least 40% venation penetrance or at least 60%

penetrance of severe phenotypes were considered in the qualitative analysis. These thresholds were set to reduce
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6  GPCR Contributions to Epithelial Morphogenesis
the likelihood of including false positives among the candidates of interest. In the case of multiple independent
RNAI lines being available to examine, we report positive/negative hits with respect to the specific BL# and
acknowledge this may introduce bias to genes with only one RNAi line available.

Virgin MS1096-Gal4 females were crossed with males from each UAS-RNAIi strain. Female virgins were
collected prior to eclosure by confirming the absence of sex combs in the pupal casing. Approximately nine female
MS1096-Gal4 virgins were crossed with five male UAS-RNAI flies. Wings were mounted on glass microscopy
slides. One wing was extracted from each fly, placed in ethanol, and approximately 15 wings per cross were
mounted on each slide in 40 puL. Permount medium (Fisher Scientific, SP15). Because crossing procedures were
standardized for each cross, variance in samples across vials was not investigated to conduct a more efficient screen. A
glass coverslip was placed on top of wings embedded in the Permount medium to mount the samples for long-term
storage. A small weight was added to the top of the coverslip to evenly distribute the Permount medium and flatten the

wings. The slides were then labeled using a QR code system (Dymo LabelWriter 450).

High-throughput imaging and image processing

Slides were batch imaged using an Aperio slide scanner (Leica BioSystems) at 5X magnification (Courtesy
of South Bend Medical Foundation). Slides were stored coverslip-side up at room temperature. Image data was
stored using the University of Notre Dame Center for Research Computing. The resulting SVS files from the
slide scanner were processed using the pixel classification platform Ilastik (Sommer et al. 2011) to generate
segmentation masks of the wings. A MATLAB script from our wing image analysis pipeline (Kumar et al.

2022) was used to crop individual wings from the SVS files for further analysis.

Reverse transcription-quantitative polymerase chain reaction of wing disc cells

RT-qPCR was performed on cultured third instar larval wing disc cells (CME W1 Cl.8+, Drosophila
Genomics Resource Center Stock 151) (Peel and Milner 1990). Cells were cultured using the recommended
Shields and Sang M3 insect medium with 2% fetal bovine serum, 5 pg/mL insulin, and 2.5% fly extract. Fly

extract was prepared using the available protocol provided by the Drosophila Genomics Resource Center

Cherbas 2016). Cells were grown in T25 flasks and maintained between 2.0 x 106 and 1.0 x 107 cells/mL.
g

Cells were incubated at 25 °C in a standard incubator without CO; exchange (Luhur et al. 2019).

TRIzolTM reagent (catalog #15596026, Invitrogen, ThermoFisher Scientific) and the corresponding
user manual (Pub. No. MAN0001271) was used to extract mRNA from Drosophila C1.8 cells. KiQcStart SYBR
Green Primers (MilliporeSigma catalog #KSPQ12012G) were used for RT-qPCR reactions. Gene targets of
KiQcStart primers, their corresponding labels throughout the text, their FlyBase ID, and their NCBI Reference
Sequence ID are found in Table 2. a-Tubulin at 84B (NCBI Reference Sequence: NM_057424), a ubiquitously
expressed gene, was used as a positive control. No template control (NTC) wells containing no template DNA

were used as the negative control. For select gene targets, multiple oligonucleotide primers were evaluated, and
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they are denoted as distinct numbers in parentheses. RT-qPCR reactions were carried out using the Quanta

Biosciences M one-step SYBR Green RT-qPCR kit (catalog #95087) and the Applied Biosystems StepOneTM Real-
Time PCR System (ThermoFisher Scientific). Reactions were carried out in triplicate.

The quantification of amplification is reported as the normalized fluorescent signal of the reporter dye in a sample
(Rn). The difference in normalized fluorescent signal from the experimental reaction and the baseline signal
generated by the StepOneTM Software are denoted as ARn, which provides a measure of amplification over time
throughout the experiment (Figure 4A-C). Quantification can be further compared by observing the cycle threshold
(CT), which is the fractional cycle number at which the fluorescent signal passes the threshold determined by the
StepOneTM Software. CT levels are thus inversely proportional to the amount of target cDNA in the sample (i.e,, the
lower the measured CT level, the greater the amount of target cDNA is present in the sample). ACT is a measure that
demonstrates differences in expression between a target gene of interest and a ubiquitously expressed positive
control gene (a-Tubulin at 84B), by subtracting the CT of a gene of interest from the CT of the positive control (Figure
4A’-C).

Training the qualitative phenotype classifier

The image screening pipeline required processing of over several thousand images, analysis of which
becomes intractable manually. Thus, a robust, automated algorithm that can precisely measure and extract
measurements from wing images while simultaneously handling all edge cases is highly desired. To ensure
robust quantification and qualitative analyses of the data set, the first step of the pipeline aimed to classify raw
wing images into different classes of interest: Crumpled, Doming, Melanotic, Normal, or Thickening (SI Figures
1 and 2). In addition to detecting severe phenotypes that resulted from genetic perturbations, this classification
step also ensured the removal of images that had poor lens focus, torn samples, and mounting artifacts. A similar
image filtering method was used in our previously reported open-source pipeline for high-throughput image
processing and measurement of Drosophila wings (Kumar ef al. 2022).

Qualitative features of Drosophila wing data for wings whose quantitative measures could not be obtained due to
severe wing deformation, were extracted from the fully-connected (fc)-1000 layer of a pretrained ResNet-50
network (He et al. 2015). Fc-1000 is a classification layer that was trained to solve a 1000-way classification problem
(He et al. 2015) such that the network extracts 1000 features from each image that can be used to train a subsequent

machine learning classifier. The pretrained fc-1000 layer was then used to extract wing features from adult wings
mounted on glass coverslips. The Classification Learner toolbox in MATLAB was used to train a support-vector
machine (Wang 2005) on the labeled data. Fifty images from each of the five representative classes (Crumpled,
Doming, Melanotic, Normal, or Thickening) were used for the purpose of training a phenotypic classifier. The

approach resulted in a classification accuracy of 97.5% (SI Figure 1).

Drosophila wing quantification
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8 GPCR Contributions to Epithelial Morphogenesis

Following the initial separation of wings with severe phenotypes from normal wings, wings classified as
containing severe phenotypes underwent qualitative morphological analysis (Figure 1C). Normal wings
underwent a separate round of feature extraction to quantify morphology. To extract quantitative features, we
used our previously reported open-source pipeline for Drosophila wing images. A detailed report on the creation,
development, and validation of the pipeline is found in the associated paper on the pipeline (Kumar et al. 2022).

Briefly, the pipeline labels the Drosophila wing intervein regions using a machine learning-based classifier.
Drosophila wings have distinct morphological features, including seven intervein regions and the longitudinal
veins surrounding them (Figure 1B). Therefore, we trained our analysis algorithm to be able to identify individual
intervein regions and extract features accordingly. Geometric features of each intervein region, such as area,
aspect ratio, perimeter, eccentricity, and circularity are extracted using MATLAB’s Image Processing Toolbox.
These features were then used to train a support-vector machine classifier to label individual intervein regions
for all images.

Landmark position-based features, such as the length of the proximal-distal or anterior-posterior axes,
were calculated using erosion/dilation operations on the labeled intervein regions to measure longitudinal
vein end points. Overall, the pipeline output consists of total wing area, individual intervein region areas, total
trichome count, individual intervein trichome count, proximal-distal axis length, anterior-posterior axis length,
and the length between the third and fourth longitudinal veins. Quantitative measures using this pipeline

were reported to be statistically identical to manual measurements (Kumar et al. 2022).

STRING inference and gene ontology enrichment analysis

We used the Search Tool for the Retrieval of Interacting Genes (STRING) database to investigate known protein-
protein interactions (Szklarczyket al. 2015, 2011). The minimum required interaction score was set at a value of
0.700 for high confidence in STRING predictions. The minimum required interaction score is a threshold on the
confidence score to screen for positive protein-protein interaction hits. Gene ontology enrichment was performed

using PANTHER (Mi et al. 2017). The entire Drosophila genome was used as the reference list.

Feature dimension reduction and clustering analysis

In our analysis, we used principal component analysis (PCA) (Pearson 1901), a well-established algorithm to
reduce the dimensionality of the data without sacrificing data variation. PCA ensures that distances between
individual data points is preserved while projecting the data into lower dimensions. PCA was carried out on wing
features extracted by MAPPER (Kumar et al. 2022) for wings containing normal morphology. Wing features were
aggregated by mean for each gene prior to PCA. PCA components were then subjected to the expectation-
maximization algorithm for fitting Gaussian mixture models (EM-GMM) (Yang et al. 2012). The EM-GMM
algorithm enabled clustering of data points in the principal components using a probabilistic k-means clustering

approach (Patel and Kushwaha 2020; Jain 2010).


https://doi.org/10.1101/2022.09.09.506847

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.506847; this version posted September 10, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

F.J. Huizar et al. 9
Statistical analysis
For the reverse transcription-quantitative polymerase chain reaction experiments, the data was analyzed using R

(R Core Team 2022). Associating error bars of the (ARy) plots are representative of the standard error of the mean

of each gene at a given cycle count. Experimental runs in which no amplification was detected were given CT values

of 40 as that was the extent of the experimental runs. Pairwise Mann-Whitney U tests were performed for statistical
analysis with a false discovery rate (FDR) correction of 0.05 (Benjamini and Hochberg 1995). Reported significance
levels are with respect to corrected p-values with raw p-values available in Supplementary File S3.

For the gene ontology enrichment analysis, Fisher’s Exact test (Fisher 1925) was used to identify significant
associations of gene ontology. The reported p-value is the corrected values using a false discovery rate of 0.05 to

account for potential false positives (Benjamini and Hochberg 1995).

Results and discussion

A comprehensive phenotypic map of GPCRs and G proteins in the Drosophila wing

All 124 genes were evaluated in their extent to induce either quantitative or qualitative defects in the
Drosophila melanogaster wing. Of the GPCRs and G proteins screened, 25 demonstrated at least 60% penetrance
of severe qualitative phenotypes when knocked down. Observed phenotypes range from mild (incomplete wing
veins, bifurcation of the wing veins, and changes in total wing area) to severe (vein thickening, crumpled wings,
and melanotic wings) (Figures 2, 3 and SI Figure 2). Candidate genes of interest from the performed screen are
defined as MS1096>UAS-RNAi line progeny in which there was at least 40% vein disruption penetrance or at
least 60% penetrance of severe phenotypes (see Materials and methods section for details). Using this approach,
we identified 29 positive hits that contribute to wing development, with several of the identified genes having
low abundance expression reported in the developing Drosophila wing disc (Sobala and Adler 2016; Ren et al.
2005; Celniker et al. 2009). This suggests that low abundance GPCRs may have significant regulatory roles
during the morphogenetic process. Of the identified positive hits, 11 genes with some of the most severe
phenotypes have viable human orthologs that contribute to a variety of diseases (Table 1). The majority of positive
hits identified were from Class A and Class B GPCRs due to the class constituents making up 59% and 20% of
the total genes screened, respectively (see Supplementary File S2).

Interestingly, knockdown of 12 rhodopsin-like (Class A) GPCRs in the developing Drosophila wing disc resulted in
wing phenotypes ranging from vein bifurcations, thickened veins, doming, blistering, to crumpled wings (Figure
2). The 12 Class A GPCRs identified are either neurotransmitter or neuropeptide receptors whose genes are

reported to have low-to-no expression in the developing Drosophila wing imaginal discs during the larval and pupal
stages (Table 3) (Sobala and Adler 2016; Ren et al. 2005; Celniker ef al. 2009). Further analysis revealed that

knockdown of 7 Class B, 4 Class C, 1 Class F, and 4 G proteins resulted in wing phenotypes ranging from vein
bifurcations, doming, and melanotic wings (Figure 3). The Class B Methuselah (mthl) GPCRs consistently produced

vein bifurcation defects. Furthermore, several of the identified phenotypes from non-Class A GPCRs resulted
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10  GPCR Contributions to Epithelial Morphogenesis
308  from knockdown of genes that are reported to have low-to-no expression in the developing Drosophila wing
309  imaginal disc during larval and pupal stages (Table 3) (Sobala and Adler 2016; Ren et al. 2005; Celniker et al.

310  2009). These findings suggest that multiple low abundance GPCRs and G proteins lead to severe phenotypic

311 outcomes when dysregulated.
312

313  RT-qPCR confirms expression of identified positive hits in developing wing imaginal discs

314 Select positive hit genes that exhibited severe wing phenotypes were tested to confirm expression in the
315 Drosophila imaginal wing disc (Figure 4). To confirm the presence of these GPCRs in the Drosophila wing disc,
316  RT-qPCR (Bustin 2000) on third instar Drosophila wing disc derived C1.8 cells (Peel and Milner 1990; Cherbas
317 et al. 2011) was performed. Genes for RT-qPCR were selected due to their high penetrance of qualitative
318  phenotypes or due to not having known roles in epithelial morphogenesis. a-Tubulin at 84B (NCBI Reference
319  Sequence: NM_057424), a ubiquitously expressed gene, was used as a positive control. No template control (NTC)
320  wells containing no template DNA were used as the negative control. Gene targets of the experiments, their
321 corresponding figure labels, their FlyBase ID, and their NCBI Reference Sequence ID are found in Table 2.

322 Through observation of the measures ARy and ACT for positive hits, there was a clear indication of mRNA
323 expression, although in low abundance (Figure 4). Of the tested gene targets, Gy30A and mtt demonstrated very
324  low, but detectable expression (p < 0.01 compared to the negative control). 5-HT1B and CCHal-R, a
325  neurotransmitter and neuropeptide receptor, respectively, demonstrated low, detectable expression for multiple
326 oligonucleotide primer pairs (p < 0.01 compared to the negative control). CG13579 and CG30340, an orphan
327 amine GPCR and neuropeptide receptor, respectively, also demonstrated low, detectable expression (p < 0.01
328  compared to the negative control). The remaining positive hits tested by RT-qPCR demonstrated moderate
329  levels of expression (Figure 4 and Table 3). These data provide new evidence for the expression of low
330 abundance GPCRs thatlead to severe phenotypic outcomes when dysregulated. Interestingly, several of these
331 genes were not detected in third instar Drosophila wing imaginal discs using alternative RNA-Sequencing
332  methods (Celniker et al. 2009). However, others have reported detectable levels of expression in pupal
333 Drosophila wings (Sobala and Adler 2016; Renet al. 2005) (Table 3). Literature has reported that the MS1096-
334 Gal4 driver can drive expression in the pupal wing of Drosophila melanogaster (Egoz-Matia et al. 2011).

335  Therefore, the observed phenotypic defects produced in the RNAi screen may be attributable to either larval or
336 pupal expression of RNAi constructs for the target gene under control of the MS1096-Gal4 driver.
337

338  Quantitative and qualitative analyses highlight the extent of wing phenotypes upon GPCR knockdown
339 Using our previously reported open-source pipeline for high-content screening of Drosophila wing images
340  (MAPPER) (Kumar et al. 2022), we looked into how knockdown of GPCRs and G proteins influenced the size of the

341 adult Drosophila wing (Figure 5). Due to the severity of the phenotypes produced by knockdown of wings, only
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wings with standard morphometry were analyzed quantitatively using this pipeline (Figure 1C). Of the 18 GPCRs
and G proteins that induced the greatest percent change in wing area compared to the control group (Figure 5A), 12
of the hits were either neurotransmitter or neuropeptide receptors.

For wings with less severe qualitative phenotypes, MAPPER was able to assist in quantifying the penetrance
of vein disruption (Figure 5B). Vein disruption was quantified as wings containing crossvein defects (SI Figure
2C,D), bifurcation defects (Figure 3B-K), or blistering defects (Figure 2L). The morphology of the veins is
precisely regulated by multiple morphogenetic pathways, including Decapentaplegic (Dpp), Hedgehog, EGFR,
and Notch (Blair 2007; Matsuda and Shimmi 2012; Ralston and Blair 2005). Therefore, the presence of vein
disruption may provide insight as to how GPCRs and G proteins interact with morphogenetic signaling pathways.
Of the 19 GPCRs and G proteins that induced the greatest percent change in vein disruption compared to the
control group (Figure 5B), 10 of the hits were Class A GPCRs. Furthermore, several of the greatest penetrance
outcomes of vein disruption were the result of the knockdown of Methuselah receptors. Of the 19 GPCRs and G
proteins that induced the greatest percent change in vein disruption, 6 of the hits were members of the Methuselah
family. Interestingly, there is evidence demonstrating the role of Methuselah and its ligand in regulating
epithelial morphogenesis (Manning et al. 2013), thereby giving credence to the role of GPCRs in morphogenesis.

For wings with the greatest phenotypic defects, qualitative features of the wing data was extracted from
the fully- connected (fc)-1000 layer of a pretrained ResNet-50 network (He et al. 2015). A support-vector machine
(Wang 2005) was then trained to classify the qualitative features into five representative classes: Crumpled,
Doming, Melanotic, Normal, or Thickening (SI Figure 2). The trained support-vector machine resulted in a
classification accuracy of 97.5% (SI Figure 1). We observed a large range of penetrance in defects among the
identified genes wherein several GPCR knockdowns, such as TkR99D (BL#55732), CCHal-R (BL#51168), and 5-
HT1B (BL#27632), resulted in 100% penetrance of severe wing phenotypes while other knockdowns resulted in

moderate venation defects (Figure 5C).

Gaussian mixture models and Euclidean distances unveil predictions for unreported protein-protein
interactions

To evaluate the quantitative phenotypes more comprehensively, morphological wing features extracted from
MAPPER (Kumar et al. 2022) were mapped to a two-dimensional space using principal component analysis. Four
clusters were identified using Gaussian mixture models and Bayesian information criterion (BIC) with each cluster

containing distinct traits (Figure 6A and SI Figure 3). Constituents of Cluster 1 had larger wings on average (1.084
mm?) compared to the wings of Cluster 2 (0.999 mm?2, p = 8.94x10716 via two-tail paired t-test). Further,

constituents from Cluster 3 included wings with anterior crossvein defects while Cluster 4 consisted
of wings with posterior crossvein defects.

Because neurotransmitter and neuropeptide receptors consistently produced severe wing phenotypes and
were detectable via RT-qPCR experiments, we performed a gene ontology enrichment analysis for the top 20

genes screened that resulted in the greatest penetrance of phenotypes. The resulting gene ontology term of this
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12 GPCR Contributions to Epithelial Morphogenesis
analysis was "neuropeptide signaling pathway" with a 70.24-fold enrichment (p = 9.17x10~%) (Ashburner et al.

2000; The Gene Ontology Consortium 2019). With this in mind, we further looked at the constituents of Cluster
1 that consisted mainly of neurotransmitter and neuropeptide receptors (Figure 6A). Near the center of the
cluster is the neurotransmitter receptor, 5-HT1B, wherein the center of each cluster is representative of the
mean properties of the cluster.

5-HT1B is a well-studied neural receptor that relays information passed on by neurotransmitters (Nebigil et al.
2001). Several studies have looked at serotonin as a regulator of early embryogenesis and morphogenesis (Lauder
et al. 1988; Choi et al. 1997; Buznikov et al. 2001). However, these studies did not fully explore the role of serotonin
in epithelial tissue development. To further understand the potential role of 5-HT1B in morphogenesis, we
utilized the STRING protein-protein interaction network (Szklarczyket al. 2011,2015) to map out known protein-

protein interactions of 5-HT1B (Figure 6B). The STRING protein-protein interaction network demonstrates that
5-HT1B most closely interacts with G proteins and other GPCRs.

Because several of the interactions in the STRING network with 5-HT1B consisted of genes that were
screened in this study, we measured the Euclidean distance between 5-HT1B and the other genes in the
reduced dimensional space (Figure 6A,C). The lower the value of the Euclidean distance, the closer the two
genes are in the principal component space, and the higher likelihood of protein-protein interaction as the
genes produce morphometirc wing phenotypes of high similarity. Therefore, the Euclidean distance was
used as a predictor of protein-protein interactions. Of the 20 lowest Euclidean distances measured, 8
correspond to known protein-protein interactions (either 1st- or 2nd-degree connections) in the STRING
database. These results suggest that Euclidean distance in a reduced dimensional space may serve as a

simplified way to uncover potential protein-protein interactions through phenotypic analysis.

Discussion

Here, we have reported a systematic RNAi-based investigation into phenotypes associated with
knockdown of various GPCRs and G proteins during Drosophila melanogaster wing development. A coupled
machine learning-based approach was used to both quantitatively and qualitatively analyze phenotypes.
Utilizing the double layered analyses, we discovered several GPCRs and G proteins that demonstrate severe
phenotypes when knocked down. Of the 111 GPCRs and 13 G proteins screened with RNAi, we identified 29
positive hits that contribute to wing development. Positive hits contain at least 60% penetrance of severe
qualitative phenotypes or at least 40% penetrance of vein disruption.

Although we identified 29 positive hits in the RNAIi screen, the reported results very likely underestimate the
true impact of GPCRs and G proteins involved in Drosophila wing development. From the qualitative analysis,
we observed a wide range of penetrance in defects among positive hits. This variability in penetrance may be
attributable to several of the screened GPCRs demonstrating low abundance expression in the developing

Drosophila wing disc (Table 3) (Sobala and Adler 2016; Ren et al. 2005; Celniker et al. 2009). Therefore, severe
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phenotypes may be observed due to knocking down the already minuscule levels of expression. An additional
explanation in the variability of penetrance may be due to various gene paralogs playing compensatory roles
when there is reduced function of a specific GPCR. This effect has been observed in ion channel depletion

wherein Irk2 disruption is compensated for by increased Irk1 and Irk3 expression (Dahal et al. 2012; George et
al. 2019). Due to the functional crosstalk that occurs between GPCRs (Hur and Kim 2002; Guo et al. 2005; Saad

and Hipfner 2021), GPCR compensatory mechanisms may rescue more severe defects from occurring.
Several of the identified hits were neurotransmitter or neuropeptide receptors not known to play roles in
epithelial morphogenesis. However, because there is conflicting evidence for either no expression or weak

expression patterns in the central nervous system when using the MS1096-Gal4 driver (Lindstrom et al. 2017; Ray
and Lakhotia 2019), identified hits require further characterization of knockdown phenotypes under the control of
other Gal4 lines. If the utilization of other Gal4 lines confirms similar reported phenotypes, positive hits would
warrant further investigation to validate the genes as potential disease models. However, if there are no phenotypes
or discrepant phenotypes observed under the control of other Gal4 drivers, the results presented here may be
attributable to cell non-autonomous roles of GPCRs and G proteins in the nervous system. Literature reports
demonstrate the crucial role of the developing brain and peripheral nerves in coordinating morphogenesis of
surrounding tissues (Adameyko and Fried 2016). Due to the extensive crosstalk involved with GPCRs and
morphogenetic signaling pathways, such as Hedgehog (Saad and Hipfner 2021), nervous system dysregulation by
GPCRs could lead to non-cell autonomous aberrations in other developing tissues.

RT-qPCR experiments confirmed the presence, although in low abundance, of several of the positive hits.
Interestingly, many of the identified hits have not been reported to have third instar larval wing disc expression
(Celniker et al. 2009), despite having detectable levels of expression in pupal wings (Sobala and Adler 2016; Ren et
al. 2005) (Table 3). The MS1096-Gal4 driver has been used to drive gene expression in pupal wings (Egoz-Matia et
al. 2011). Therefore, future experimentation is required to determine if the reported phenotypes are primarily due

to larval or pupal expression of the RNAi constructs under control of MS1096-Gal4. However, because the RT-qPCR
experiments were performed on third instar larval wing disc cells, we deduce that phenotypic outcomes are
likely a result in part of larval expression of the RNAi constructs.

Further analysis of neurotransmitter and neuropeptide GPCR hits demonstrated that Euclidean distances of
quantitative wing features can be used to predict protein-protein interactions. By measuring the Euclidean distance
between the neurotransmitter receptor, 5-HT1B, and other genes, we predicted 20 potential protein-protein
interactions (Figure 6). Eight of the predicted interactions were confirmed as 1st- or 2nd-degree connections using

the STRING database (Szklarczyk et al. 2011, 2015). The remaining 12 distances not validated by STRING may be

inferred as novel predictions for unreported protein-protein interactions with 5-HT1B that require further
elucidation. For example, a recent study (Malpe et al. 2020) demonstrated that 5-HT1B and mthl-5 expression are
both required for mitosis in germline stem cell division in Drosophila. This discovery provides additional evidence

for the Euclidean distance predicted protein-protein interaction between 5-HT1B and mthl-5 (Figure 6C).
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Although many of the identified positive hits are known for their roles in regulating neural activity, very little
is known about the role of such GPCRs in Drosophila development (Hanlon and Andrew 2015; Manning et al.
2013; Schwabe et al. 2005; Hannon and Hoyer 2008; Terunuma 2018; Barnes and Sharp 1999). To the best of
our knowledge, our study is the first to utilize a coupled quantitative and qualitative machine learning-based
approach to systematically investigate the role of GPCRs in Drosophila wing development. Therefore, the role of
the identified GPCRs and G proteins in epithelial morphogenesis warrants further investigation. Future studies
can lead to the development of in vivo models for diseases associated with dysregulation of the Drosophila
gene human orthologs (Table 1).

Interestingly, the phenotypic manifestations in humans for identified orthologs have similar phenotypes
reported from the RNAi screen. For example, knockdown of 5-HT1B, Rh2, CCHal-R, and fz in the developing
Drosophila wing produced vein thickening phenotypes. The human orthologs for these genes, HTR1A, OPN4,
GRPR, and FZD?7, respectively, have disease manifestations that increase metastasis, tumor cell growth, cell
migration, and endothelial cell proliferation (Table 1) (Liu et al. 2022a; de Assis et al. 2021; Patel et al. 2014;
Zhang and Xu 2022). Similar vein thickening defects have been observed when knocking down the dSTIM
gene, a calcium release-activated calcium (CRAC) channel (Eid et al. 2008). Literature reports have
demonstrated the role of enhanced mobilization of intracellular calcium resulting from crosstalk between
different GPCRs (Werry ef al. 2003). Therefore, vein thickening defects observed after knockdown of GPCRs
may be the result of disrupted intracellular calcium regulation.

Overall, the combined machine learning approaches for both qualitative and quantitative analyses enabled a
more comprehensive analysis of the 29 identified GPCRs and G proteins that may regulate Drosophila wing
development. The results of this study provide a starting point for further exploration of the signaling pathways

and molecular mechanisms underlying GPCR regulation and cross-talk during epithelial morphogenesis.

Data availability
A comprehensive list of genes screened and associated Bloomington Drosophila Stock Center numbers is

provided in File S1. A comprehensive list of the screened genes, their FlyBase IDs, their GPCR class, and general
gene information is provided in Supplementary File S2. Supplementary File S3 provides the raw and

corrected p-values for the RT-qPCR experiments, while Supplementary File S4 provides the raw data

generated by the StepOneIM software for the RT-qPCR experiments. Supplementary File S5 provides wing data

information used to generate Figures 5 and 6.
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Table 1 | Human diseases associated with high similarity Drosophila orthologs identified in knockdown screen

Drosophila BL# screened” Observed phenotype GPCR Class Human ortholog”  Associated diseases Disease phenotype
gene
GB5 28310 Doming, PCV defect G protein GNB5 (83%) Intellectual developmental disorder  Early-onset intellectual disability,
with cardiac arrhythmia (IDDCA) bradycardia, and cardiac arrest (Shao
(De Nittis et al. 2021) et al. 2021)
Gas 50704 Melanotic G protein GNAL (81%) Dystonia (Deutschliander and Ws-  Dystonic tremors (Carecchio et al.
zolek 1993) 2016)
Gy30A 34484 Doming, Melanotic G protein GNG13 (64%) Breast cancer (Liu ef al. 2022b) Malignant cancer growth (Liu et al.
2022b)
TkR99D 55732 Lethal Class A TACR3 (63%) Oral squamous cell carcinoma Tumorigenesis and mandibular bone
(Obataet al. 2016) destruction (Obata et al. 2017)
fz 34321 Thickening, Vein bifurcation Class F FZD7 (61%) Various types of cancer (Michellietal. ~ Organ metastasis and poor clinical
2020) prognosis (Zhang and Xu 2022)
CCHal-R 51168 Thickening, Vein bifurcation Class A GRPR (59%) Various types of cancer (Morgatet al.  Increased cancer cell migration (Patel
2017) etal. 2014)
CapaR 27275 Doming, ACV defect Class A NMUR?2 (56%) Breast cancer (Garczyk et al. 2017) Tumorigenesis (Lin et al. 2015)
mtt 44076 Melanotic Class C GRM1 (52%) Triple-negative breast cancer (Basti- ~ Mediation of tumor cell growth and
aansen et al. 2020) endothelial cell proliferation (Sexton
etal. 2018)
Rh2 77340 Thickening, ACV defect Class A OPN4 (52%) Melanoma (de Assis et al. 2022) Knockout results in faster cell cycle
progression (de Assis et al. 2021)
5-HT1B 54006, 27632 Crumpled, Thickening Class A HTRI1A (45%) Breast and lung cancer (Kopparapu Knockdown increases metastasis (Liu
etal 2013) etal 2022a)
CG30340 28652 Doming Class A GPR3 (41%) Alzheimer’s Disease (Huang et al. Loss of GPR3 improves memory in

2015)

Alzheimer’s mouse model (Huang et al.

2015)

7 BL: Bloomington Drosophila Stock Center
b Amino acid similarity score % obtained from DRSC Integrative Ortholog Prediction Tool (DIOPT) version 8.0 (Hu et al. 2011). Human orthologs displayed have the best score and best reverse score

reported.
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Table 2 | MilliporeSigma KiQcStart SYBR Green Primers used for RT-qPCR experiments

Manuscript label Gene Target Primer Pair ID* FlyBase ID NCBI RefSeq ID
a-Tubulin a-Tubulin at 84B DMEL_alphaTub84B_1 FBgn0003884 NM_057424
Negative No template primers None None None

Gaf (1) G protein a f subunit DMEL_Galphaf 1 FBgn0010223 NM_079394
Gaf (2) G protein a f subunit DMEL_Galphaf_2 FBgn0010223 NM_079394
Gas (1) G protein @ s subunit DMEL_Galphas_1 FBgn0001123 NM_058158
Gas (2) G protein ¢ s subunit DMEL_Galphas_2 FBgn0001123 NM_058158
GB13F G protein B subunit 13F DMEL _Gbetal3F_1 FBgn0001105 NM_080351
Gy30A G protein y subunit 30A DMEL_Ggamma30A_13 FBgn0267252 NM_080068
CCHalR (1) CCHamide-1 receptor DMEL_CCHal-R 2 FBgn0050106 NM_137397
CCHalR (2) CCHamide-1 receptor DMEL_CCHal-R_3 FBgn0050106 NM_137397
HT1B (1) 5-HT receptor 1B DMEL_5-HT1B_1 FBgn0263116 NM_001169730
HT1B (2) 5-HT receptor 1B DMEL_5-HT1B_2 FBgn0263116 NM_001169730
mthl3 (1) methuselah-like 3 DMEL_mthl3_1 FBgn0028956 NM_145335
mthl3 (2) methuselah-like 3 DMEL_mthl3_2 FBgn0028956 NM_145335
CG13579 CG13579 DMEL_CG13579_1 FBgn0035010 NM_138073
CG30340 CG30340 DMEL_CG30340_1 FBgn0050340 NM_165686
GABA-B-R1 GABA-B receptor 1 DMEL_GABA-B-R1_1 FBgn0260446 NM_078845
GABA-B-R2 GABA-B receptor 2 DMEL_GABA-B-R2_1 FBgn0027575 NM_079714
HT2A 5-HT receptor 2A DMEL_5-HT2A_1 FBgn0087012 NM_001170035
mtt mangetout DMEL_mtt_10 FBgn0050361 NM_206058

@ Primer pair IDs can be found be entering the NCBI RefSeq ID into the KiCqStartTM Primers web page search tool

‘v 32 xeziny ‘[ 4

LT


https://www.sigmaaldrich.com/US/en/semi-configurators/kicqstartPrimers
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Table 3 | Various levels of gene expression for neurotransmitter and neuropeptide GPCRs and G proteins in Drosophila wings

Gene Name FBgn GPCR Class Sobala et al. Expression” Ren et al. Expression modENCODE Expression® RT-qPCR Expression?
5-HT1B FBgn0263116 Class A Moderately high expression Not reported No expression Low expression
5-HT2A FBgn0087012 Class A High expression Not reported No expression Moderate expression
5-HT7 FBgn0004573 Class A Moderate expression Not reported Very low expression Not Tested

TyrR FBgn0038542 Class A Moderate expression Not reported Very low expression Not Tested

CCHal-R FBgn0050106 Class A Moderately high expression Not reported No expression Low expression
Oamb FBgn0024944 Class A High expression Not reported No expression Not Tested

NepYr FBgn0004842 Class A Moderately high expression Moderate expression No expression Not Tested

Octa2R FBgn0038653 Class A Moderate expression Not reported No expression Not Tested

Lgr4 FBgn0085440 Class A Moderately high expression Not reported No expression Not Tested

CG13229 FBgn0033579 Class A High expression Not reported Very low expression Not Tested

CG13579 FBgn0035010 Class A Moderate expression Not reported No expression Low expression
CG30340 FBgn0050340 Class A Moderate expression Not reported No expression Low expression
mthll FBgn0030766 Class B High expression Not reported Low expression Not Tested

mthil3 FBgn0028956 Class B Moderate expression Not reported Moderate expression Moderate expression
mthl7 FBgn0035847 Class B Moderate expression Not reported No expression Not Tested

mthl9 FBgn0035131 Class B High expression Not reported Low expression Not Tested

mthl10 FBgn0035132 Class B High expression Not reported Moderate expression Not Tested

mthl12 FBgn0045442 Class B No expression Not reported No expression Not Tested
CG11318 FBgn0039818 Class B Moderate expression Not reported Very low expression Not Tested
CG31760 FBgn0051760 Class C Moderate expression Not reported Very low expression Not Tested
GABA-B-R1 FBgn0260446 Class C Moderate expression Not reported Very low expression Moderate expression
GABA-B-R2 FBgn0027575 Class C Moderate expression Not reported Low expression Moderate expression
mitt FBgn0050361 Class C Moderate expression Not reported No expression Very low expression
fz FBgn0001085 Class F High expression Not reported Moderate expression Not Tested

Gag FBgn0004435 G protein High expression Not reported Moderately high expression Not Tested

Gaf FBgn0010223 G protein Moderate expression Not reported Very low expression Moderate expression
Gas FBgn0001123 G protein High expression Not reported Moderately high expression Moderate expression
Gy30A FBgn0267252 G protein Moderate expression Not reported Low expression Very low expression

@ Pupal wing RNAseq from (Sobala and Adler 2016)

b Pupal wing RNA Affymetrix gene chip from (Ren et al. 2005)

€ Third instar imaginal wing disc RNASeq from (Celniker et al. 2009)

d Expression from data used to generate Figure 4
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Figure 1 | Machine learning-based high-throughput screening of GPCRs in Drosophila wing morphogenesis. (A) G protein-coupled
receptors (GPCRs) are cell surface sensors that upon receiving an input signal, such as a ligand binding to the receptor, begin a
downstream signaling cascade through G protein subunits Ga, GB, and Gy. Upon ligand binding, conformational changes induce G
protein subunit activation as guanosine triphosphate (GTP) replaces bound guanosine diphosphate (GDP). Depending on the activated Ga
sub-type (Gs, Gi/o Gg, or G12/13), various downstream signaling molecules are recruited to regulate physiological processes. The
dissociated GBy subunit can then act as an ion channel regulator. (B) We used the Gal4-UAS expression system to silence gene
expression via RNA interference (RNAi) of a desired gene of interest (UAS-Gene XRNAi) in the Drosophila wing. The MS1096-Gal4
driver has a higher expression level in the dorsal compartment of the developing Drosophila wing disc pouch than in the ventral
compartment. The adult wing has distinct morphological features: longitudinal veins (L1-L5), the anterior crossvein (ACV), and the
posterior crossvein (PCV) that we rely on to study the effect of GPCRs on morphogenesis. A systematic knockdown screen of 111
GPCRs and 13 G proteins was carried out. A: anterior, P: posterior, D: dorsal, V: ventral. (C) Combinations of machine learning and
deep learning were used for high-throughput screening and analysis of adult wing images. Wings with standard morphometry
underwent quantitative analysis, while wings with severe phenotypes underwent qualitative analysis. Coupled analyses enable a
more comprehensive characterization of the effects of GPCR on epithelial morphogenesis.
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Figure 2 | Knockdown of various neuropeptide and neurotransmitter GPCRs results in severe wing phenotypes. Genetic
knockdown progeny were generated by crossing the MS1096-Gal4 line to RNAi-based transgenic lines (UAS-Gene XRNAL (perkins et al.
2015)). The RNAi for the ryanodine receptor (RyR) (BL#31540) was used as the background control for crosses as we have previously
demonstrated the MS1096-Gal4 x UAS-RyRRNAi cross does not exhibit phenotypic defects due to the RyR gene not being expressed in the
Drosophila wing disc (Brodskiy et al. 2019; Gramates et al. 2017). The control group wing (A) has five longitudinal veins (L1-L5), an
anterior crossvein (ACV), and a posterior crossvein (PCV) without any notable defects. Knockdown of 12 rhodopsin-like (Class A)
GPCRs in the developing Drosophila wing disc resulted in wing phenotypes ranging from vein bifurcations (red arrows), thickened
veins, doming, blistering, and crumpled wings (B-M). The 12 identified GPCRs are either neurotransmitter or neuropeptide receptors
whose genes are reported to have low-to-no expression in Drosophila wing imaginal discs during larval and pupal stages (Ren et al. 2005;

Sobala and Adler 2016; Celniker ef al. 2009). The scale bar in panel A represents 1 mm and applies to all panels in the figure. BL# is

indicative of the Bloomington Drosophila Stock Center stock number for the genetic line used. Images are of adult male wings from
F1 progeny resulting from MS1096-Gal4>UAS-Gene XRNAT crosses.
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Figure 3 | Knockdown of various GPCRs and G proteins results in severe wing phenotypes. The control group wing (A) has five
longitudinal veins (L1-L5), an anterior crossvein (ACV), and a posterior crossvein (PCV) without notable defects. Knockdown of 7
Class B (B-H), 4 Class C (I-L), 1 Class F (M), and 4 G proteins (N-Q) in the developing Drosophila wing disc resulted in wing phenotypes
ranging from vein bifurcations (red arrows), doming, and melanotic wings. Methuselah (mthl) (Class B) GPCRs consistently produce vein
bifurcation defects (A-F) while Class C and G protein knockdown has a variety of wing phenotypes. Several of the identified genes (D,G-
L,0,Q) are reported to have low-to-no expression in Drosophila wing imaginal discs during larval and pupal stages (Ren ef al. 2005; Sobala
and Adler 2016; Celniker et al. 2009). The scale bar in panel A represents 1 mm and applies to all panels in the figure. BL# is indicative
of the Bloomington Drosophila Stock Center stock number for the genetic line used. Images are of adult male wings from F1 progeny

resulting from MS1096-Gal4>UAS-Gene XRNAL crosses,
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Figure 4 | Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) confirms expression of positive hits in
Drosophila wing imaginal disc. RT-qPCR was performed on cultured third instar larval wing disc cells (CME W1 C1.8+, DGRC Stock
151). Select positive hit genes that exhibited severe wing phenotypes were tested to confirm expression in the Drosophila imaginal

wing disc. a-Tubulin at 84B (NCBI Reference Sequence: NM_057424), a ubiquitously expressed gene, was used as a positive control.
No template control (NTC) wells containing no template DNA were used as a negative control. (A-C) The difference in normalized

fluorescent signal from the experimental reaction and the baseline signal generated by the StepOneTM Software are plotted (ARy).

Error bars represent the standard error of the mean (SEM) of each gene ata given cycle count. (A’-C’) The difference in the number of
amplification cycles required to reach the StepOne’™ Software generated threshold between the experimental gene and the positive
control are plotted (ACT). Experimental runs in which no amplification was detected were given Ct values of 40 because that was
the extent of the experimental runs. Pairwise Mann-Whitney U tests were performed for statistical analysis with false discovery
rate (FDR) correction (* p < 0.05, ** p < 0.01, *** p < 0.001 compared to positive control; T p < 0.05, " p < 0.01, T p < 0.001
compared to negative control). (A-A’) AR, and ACT plots for various G proteins. Numbers in parentheses indicate use of multiple,
distinct oligonucleotide primers. ( B-B’) AR, and ACTt plots for various GPCRs where multiple, distinct (numbers in parentheses)
oligonucleotide primers were evaluated. (C-C") AR, and ACt plots for various GPCRs in which only one pair of oligonucleotide

primers was evaluated.
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Figure 5 | Quantitative and qualitative analyses highlight the extent of wing phenotypes upon GPCR knockdown. (A) Change in
wing area compared to the control MSlO96-Gal4>UAS-RyRRNAi is plotted. Only the 18 largest percentage changes in wing area resulting

57
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from genetic knockdown are plotted. The error bars represent one standard deviation. (B) The penetrance of wings with vein
disruption is plotted. Only the top 19 largest percentages of penetration in wing vein disruption resulting from genetic knockdown

are plotted. (C) Proportions of qualitative phenotypes for genetic knockdown crosses are plotted. ACV: anterior crossvein, PCV:
posterior crossvein. Labels are of adult male wings from F1 progeny resulting from MS1096-Gal4>UAS-Gene XRNAL crosses.
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Figure 6 | Gaussian mixture models and Euclidean distances unveil predictions for unreported protein-protein interactions. (A)
Morphological wing features extracted from MAPPER (Kumar et al. 2022) were mapped to a two-dimensional space using principal
component analysis for analyzed wings resulting from genetic knockdown experiments. Four clusters were identified using Gaussian
mixture models with each cluster containing distinct traits. The constituents of Cluster 1 (right) consist of neurotransmitter and
neuropeptide receptors, with the 5-HT1B receptor highlighted (green star). Centers of the cluster (x-marks) are representative of
the mean properties of the particular cluster. ACV: anterior crossvein, PCV: posterior crossvein. (B) The STRING protein-protein
interaction network of 5-HT1B is shown (Szklarczyk et al. 2015) to depict known protein-protein interactions. (C) Protein-protein
interactions are predicted using Euclidean distances. The Euclidean distance between 5-HT1B and other genetic knockdowns in the
principal component space is plotted for the 20 smallest Euclidean distances (eight known from STRING and 12 novel predictions).
Highlighted protein-protein interaction connections are underlined in panel A, with the color corresponding to the degree of connection

(either 1stin red or 2nd in green).
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