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SUMMARY

Adhesion G protein-coupled receptors (aGPCRs) are expressed in all organs and are involved in various me-
chanobiological processes. They are heavily alternatively spliced, forecasting an extraordinary molecular
structural diversity. Here, we uncovered the existence of unconventional single-transmembrane (1TM)-con-
taining ADGRL/Cirl proteins devoid of the conventional GPCR layout (i.e., the 7TM signaling unit) in
Drosophila. These 1TM proteins are made as a result of intron retention and provide an N-terminal fragment
that acts as an interactor to allow Gao-dependent signaling through conventional 7TM-containing Cirl iso-
forms encoded by the same gene. This molecular mechanism determines sensory precision of neurons in
response to mechanical stimulation in vivo. This action mode of aGPCR provides a promising entry point
for experimental and therapeutic approaches to intervene in aGPCR signaling and implicates alternative
splicing as a physiological strategy to express a given aGPCR together with its molecular interactor.

INTRODUCTION

Gprotein-coupled receptors (GPCRs) assume roles in numerous
fundamental biological processes and are some of the most
important pharmacological targets to treat diseases.1 The
linchpin shared by all GPCRs (class A, B, and C receptors) is
the transmembrane domain with seven transmembrane-span-
ning a helices (7TM), basic for the conversion of extracellular sig-
nals into intracellular biochemical responses. The vast majority
of GPCRs sense chemical signals. However, over the last
decade, adhesion GPCRs (aGPCRs/ADGRs, class B), the sec-
ond largest GPCR class in humans,2 have been identified as re-
ceptors regulating mechanobiological processes.3–11

aGPCRs are expressed in every organ, and several members
are enriched in neural tissues,12 whose development,
morphology, and function are known to be shaped by mechano-
sensing.13–15 However, a mechanistic understanding of how
aGPCRs contribute to these processes remains elusive.
aGPCR are encoded by large genomic loci characterized by a

complex exon-intron architecture allowing alternative splicing.
This, togetherwithmultiple promoters and/or transcriptional read-

through, has been shown to result in an average of 19 and 24 tran-
script variants from a given mouse and human aGPCR gene,
respectively.16,17 Like other GPCRs, aGPCRs are comprised of
an extracellular region (ECR), a 7TM domain, and an intracellular
region (ICR), which includes intracellular loops (ICL) and the
C-tail. However, the ECRs of aGPCRs usually contain several
extracellular domains including a GPCR autoproteolysis-inducing
(GAIN) domain,18 which promotes their bipartition into large extra-
cellular N-terminal fragments (NTFs) and non-covalently attached
C-terminal fragments (CTFs), which encompass the 7TM and
C-tail. Bioinformatic analysis of the transcript repertoire of aGPCR
in the mouse suggests variable structural layouts of putative re-
ceptor variants (hereafter referred to as isoforms) derived from
alternative splicing and intragenic promoters affecting virtually
every part of the aGPCR protein.17 To date, in-depth analyses of
only a few aGPCR isoforms have been done in vivo.19–21 A recent
study of LPHN3/ADGRL3 in the hippocampus has impressively
demonstrated the importance of alternative splicing for L3
signaling and, ultimately, synapse formation.20 The individual
aGPCR isoforms studied thus far are characterized by structural
changes affecting the NTF or CTF.19–21
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In the present study, we investigated a prototype aGPCR, the
ADGRL/Latrophilin homolog Cirl (Ca2+-independent receptor of
latrotoxin) inDrosophila and uncovered the expression of uncon-
ventional non-GPCR isoforms that lack the 7TM signaling unit
and only contain a single transmembrane helix (Cirl1TM). Tran-
scripts encoding such putative non-GPCR isoforms are also pre-
dicted for several mammalian aGPCRs;16,17 however, whether
they are translated and whether they are functional is not known.
Cirl1TM appears to be the result of intron retention, themost enig-
matic among the alternative splicing mechanisms.22 RNA
sequencing and bioinformatics revealed that Cirl1TM transcripts
are co-expressed with Cirl7TM transcripts, which encode con-
ventional 7TM-containing aGPCR isoforms (Cirl7TM), throughout
development. The resulting proteins locate, at least partly, to
similar subcellular sites in mechanosensory neurons. Moreover,
co-immunoprecipitation (coIP) experiments suggest a direct
interaction between Cirl1TM and Cirl7TM at the level of the NTF.
Consistent with the ontogenetic and subcellular expression pro-
file as well as the physical interaction, we show that Cirl1TM and
Cirl7TM are equally required in vivo to determine the mechano-
sensory capacity of sensory neurons. Our functional analyses

in vivo show that the underlying mechanism depends on
Cirl7TM, the Cirl1TM-ECR (includes NTF), and on Gao-dependent
signaling through Cirl7TM. In sum, these findings suggest amodel
where intron retention generates non-GPCR Cirl1TM proteins as
an NTF source required for Gao-dependent signaling through
GPCR-Cirl7TM to determine the responsiveness of sensory neu-
rons towardmechanical stimulation. This actionmodemay be an
important avenue to modulate aGPCR signaling and establishes
a causal link between alternative splicing of aGPCR and neuronal
mechanosensation.

RESULTS

Intron retention produces Cirl transcripts encoding
proteins with a single TM domain and alternative ICR
In Drosophila, Cirl/Latrophilin/ADGRL is encoded by a single
gene.10 Alternative splice events ofCirl pre-mRNA produce eight
different transcripts (flybase.org) putatively encoding six individ-
ual proteins (Figures 1A, S1A, and S1B). The majority of tran-
scripts encode conventional GPCRs that contain a 7TM domain,
which allows G protein engagement, b-arrestin binding, and

Figure 1. Intron retention produces Cirl transcripts encoding proteins with a single TM and alternative ICR
(A) Schematic of theCirl gene locus. Removal of intron 6 gives rise to fiveCirl7TM transcripts (blue). Retention of intron 6 generates threeCirl1TM transcripts (green).

Layout of the corresponding proteins is shown in Figures S1A and S1B.

(B) Validation of Cirl1TM transcript in Drosophila. RT-PCR products amplified from larval and adult cDNAs for Cirl7TM (blue, 0.7 kbp) and Cirl1TM transcripts (green,

0.8 kbp). Tubulin, loading and quality control of cDNA and RT-PCR; no DNA, specificity control.

(C and D) Sum of FPKM (cumulative fragments per kilobase million) values of Cirl7TM (C) and Cirl1TM (D) mRNAs at several developmental time points. Cirl7TM and

Cirl1TM have a similar ontogenetic expression profile, but Cirl7TM transcript quantity was higher than that of Cirl1TM. Embryo (white), 12 time points equally

distributed between 0 and 24 h; larval stages (light gray) L1, L2, and L3 (split across 6 time points) in days; pupa (dark gray): 6 time points across 4 days; female

flies (black): 1, 5, and 30 days old. Analysis was done using previously published data23 (Database: SRP001065). For individual transcript quantities, see

Figures S1C and S1D.

See also Table S1.
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canonical intracellular signaling (Cirl7TM types = Cirl-G, -I, -B, -E,
and -H; Figures 1A, S1A, and S1C). However, a substantial frac-
tion of transcripts encodes proteins containing an ECR that is
anchored within the plasma membrane by only a single TM helix
(Cirl1TM types = Cirl-J, -F, and -K; Figures 1A, S1B, and S1D).
These Cirl1TM transcripts likely arise through intron retention,
where a specific splice donor is ignored, and intron 6 is retained
in the mRNA. The resulting transcripts are either degraded or
translated. In the latter case, translation would continue until
an intronic in-frame stop codon is reached, producing 207 alter-
native amino acid residues of the putative Cirl1TM isoforms
(Figure 1A).
To confirm the presence of Cirl1TM transcripts, we performed

RT-PCR analyses on cDNA libraries generated from wild-type
(w1118) adult and larval Drosophila using Cirl1TM- and Cirl7TM-
specific primer sets (Figure 1A). We were able to amplify Cirl1TM-
and Cirl7TM-specific DNA fragments (Figure 1B), implying
expression of both in larvae and adult flies. To rule out the pos-
sibility thatCirl1TM transcripts destined for degradation served as
PCR templates, and to investigate whether Cirl1TM and Cirl7TM

are consistently co-expressed, we quantified the amount of
each Cirl transcript generated at consecutive time points during
embryonic, larval, pupal, and adult development using a previ-
ously generated RNA sequencing dataset23 (Figures S1C and
S1D; Data S1). Cirl7TM and Cirl1TM transcripts show similar onto-
genetic expression profiles with peak abundance during embry-
onic and pupal stages (Figures 1C, 1D, S1C, and S1D). Cirl1TM

and Cirl7TM account for !22.5% and !77.5% of total Cirl tran-
script produced, respectively (Figure S1E). These data confirm
the expression of Cirl1TM transcripts and suggest that Cirl1TM

and Cirl7TM transcript expression is co-regulated. This implies
the need for both transcript types during development and
particularly in embryonic and pupal stages, which are signified
by morphogenetic movements that elicit mechanical forces.
Our findings are in agreement with the recently uncovered role
of Cirl in embryonic and late larval development,11,24 adding a
mechanistic detail still to be explored.

Cirl1TM protein is expressed in vivo
Currently, there are no antibodies available to detect Cirl protein.
Hence, to ascertain whether Cirl1TM transcripts are translated into
Cirl1TM proteins in vivo, we used the previously generated CirlKO-
attP allele10 to reinstate the genomic Cirl locus including se-
quences that encode different tags (mRFP, 2xV5, and 3xFLAG;
Figure 2A). This strategy allows isoform-specific detection
through matching commercially available antibodies. The result-
ing allele is referred to as Cirl3x-tagged (Figure 2A). The Cirl1TM pro-
teinsmade from this locus contain anmonomeric RedFluorescent
Protein (mRFP) within the NTF25 and a 2xV5 tag at the far C-termi-
nus (Figure 2B). Cirl7TM proteins made from the same locus also
carry an mRFP within the NTF25 as well as a 3xFLAG tag in the
third ICL (ICL3; Figure 2B). Thus, an antibody directed against
mRFP detects the entire Cirl isoform repertoire,25 whereas anti-
V5 and anti-FLAG antibodies recognize Cirl1TM and Cirl7TM,
respectively. Importantly, Cirl3x-tagged and all other Cirl alleles em-
ployed in this study were generated using this knockin strategy
(i.e., insertion of genomic sequences) and are thus expressed un-
der transcriptional control of the native Cirl promoter and regula-

tory elements. Our RNA sequencing data suggested the highest
Cirl expression in pupae (Figures 1C and 1D). Therefore, we first
immunoprecipitated Cirl proteins from extracts of Cirl3x-tagged pu-
pae using anti-RFP functionalized magnetic beads (Figure 2C).
Using anti-V5, we specifically detected the CTF of Cirl1TM (Fig-
ure 2D). Unfortunately, the specific detection of Cirl7TM failed
due to unspecific binding of the anti-FLAG antibody.
Autoproteolytic processing at the GAIN domain presents one

of the hallmark features of aGPCR and underlies their bipartite
NTF/CTF structure. Autoproteolysis of Cirl can be averted by
mutating the GPCR proteolysis site (GPS).25 To further substan-
tiate the existence of Cirl1TM proteins, we generated a cleavage-
deficient version of Cirl3x-tagged via an H>A mutation within the
GPS (Cirl3x-tagged-GPS/H>A).25 As expected, western blot analysis
revealed full-length (FL) Cirl1TM at !170 kDa (Figure 2D). We de-
tected two additional bands of unknown identity: an !140 kDa
fragment, which matches the molecular weight of non-glycosy-
lated FL Cirl1TM, and an !70 kDa fragment, which most likely re-
sults from additional cleavage of the NTF, not uncommon for
aGPCR26 (Figure 2D). Consistent with the latter finding, in head
extracts, we find an !75 kDa N-terminal band using anti-RFP
antibody (Figure 2E, white circle), which could represent the
counterpiece to the !70 kDa C-terminal band (Figure 2D, white
arrowhead). More importantly, this anti-RFP staining also shows
protein bandswhosemolecular masses correspond to FLCirl1TM

and FL Cirl7TM (Figure 2E). Quantification of corresponding sig-
nals showed that Cirl1TM accounts for !35% and Cirl7TM for
!65% of the entire Cirl protein repertoire (Figure 2F). In sum,
these results confirm that Cirl1TM transcripts are translated to
produce Cirl1TM proteins in vivo.

Cirl1TM protein localizes to mechanosensory neurons
Previously, we reported Cirl’s role in larval mechanosensitive
neurons of the lateral pentascolopidial (lch5) organ.10,25 The
lch5 organ consists of a defined number of support cells encas-
ing five monociliated sensory neurons (Figures 3F and 3G). The
organ is suspended between the muscle and cuticle to sense
sound, touch, and proprioceptive stimuli.10,27 Because of its
well-understood anatomy, manageable cell numbers, and
experimental accessibility, we are utilizing this system here to
decipher individual contributions of the different Cirl isoform
types and especially those of Cirl1TM proteins. The CirlKO allele
used in previous studies removes both the Cirl7TM and Cirl1TM

isoforms (1TM type, 2 isoforms; 7TM type, 4 isoforms).10,11,25

To gain genetic control over Cirl isoform expression, we engi-
neered twoCirl alleles for mutually exclusive expression of either
Cirl1TM or Cirl7TM gene products under endogenous transcrip-
tional control (Figures 3A–3D). Sole expression of Cirl7TM was
achieved by removing the intron (intron 6 of isoform I, corre-
sponding to intron 5 of E, B/H, and G) that could otherwise
encode the C-tail of Cirl1TM (Figures 3A and 3B). Sole expression
of Cirl1TM was achieved by a silent mutation of the splice donor
(GT / CT) at the exon 6/intron 6 boundary and removal of the
Cirl7TM-specific gene region that follows intron 6 (Figures 3C
and 3D). The resulting Cirl7TM and Cirl1TM proteins contained
2xV5 in the ICL3 and at the C terminus, respectively, for immuno-
detection purposes (Cirl7TM::2xV5 and Cirl1TM::2xV5; Figures 3B
and 3D). To validate our genetic strategy, we conducted western
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Figure 2. Cirl1TM protein is expressed in vivo
(A) Schematic of the Cirl3x-tagged locus. Insertion sites of mRFP (in magenta) and 2xV5 (in green) and 3xFLAG (in blue) sequences are indicated.

(B) Layout of Cirl3x-tagged-encoded proteins. mRFP is located between the rhamnose binding lectin (RBL) domain and hormone receptor-binding motif (HRM)

domain of Cirl7TM and Cirl1TM proteins,25 the 2xV5-tag at the C-terminal end of Cirl1TM, and 3xFlag in the ICL3 of Cirl7TM. ECR, extracellular region; TM, trans-

membrane; ICR, intracellular region (C-tail and ICL1-3); NTF, N-terminal fragment; CTF, C-terminal fragment.

(C) Schematic of the experimental configuration. Shown is protein extraction from wild-type and cleavage-deficient Cirl3x-tagged pupae followed by IP using anti-

RFP functionalized magnetic beads. Both Cirl isoform types can be immobilized via the N-terminal mRFP tag. Anti-V5 exclusively detects immobilized Cirl1TM via

its C-terminal 2xV5 tag.

(D) Western Blot of the IP experiment depicted in (C). Anti-V5 staining reveals CTF of GPS cleavage-competent Cirl1TM::2xV5 (!30 kDa, green circle). FL

Cirl1TM::2xV5 (!170 kDa, green arrowhead) was detectedwhenGPS cleavage was disabled (H>A). 140 kDa (white circle) and 70 kDa (white arrowhead) are bands

of unknown identity. Specificity control: CirlRecsue; i.e., no tag. See also Figure S4A.

(E) Western blot analysis of fly head homogenates confirms Cirl7TM and Cirl1TM expression. Anti-RFP recognized the NTFs of RFP::Cirl1TM and RFP::Cirl7TM

(!120 kDa, green and blue arrowheads) in samples frommRFP::Cirl and Cirl3x-tagged animals. FL Cirl1TM (!165 kDa, green circle) and FL Cirl7TM (!260 kDa, blue

circle) were detected in samples derived from RFP::CirlGPS/T>A25 and Cirl3x-tagged-GPS/H>A mutants, which express GPS cleavage-deficient proteins. !75 kDa

(white circle), band of unknown identity. Specificity control: CirlRecsue; i.e., no tag. Tubulin (a-Tubb), loading control.

(F) Quantification of anti-RFP signals derived from cleavage-deficient Cirl proteins of mRFP::CirlGPS/T>A and Cirl3x-tagged-GPS/H>A animals shown in (E). This

experiment was repeated with similar results (N = 2, data presented as mean). Note that, in the second experiment, mRFP::CirlGPS/H>A was used instead of

mRFP::CirlGPS/T>A mutants. Cirl1TM accounts for approximately 35% of all Cirl proteins.
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Figure 3. Cirl1TM protein localizes to mechanosensory neurons
(A) Illustration of the genetic manipulation of the Cirl locus to exclusively express Cirl7TM isoforms. Intron 6, which encodes the C-terminus of Cirl1TM, was

removed. 2xV5 sequences were introduced at ICL3 for protein detection.

(legend continued on next page)
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blot analyses (Figure 3E) and specifically detected the CTFs of
Cirl7TM (!110 kDa) or Cirl1TM (!30 kDa) using an anti-V5 antibody
(Figure 3E). Unfortunately, anti-V5 immunofluorescence detec-
tion via confocal imaging of Cirl1TM::2xV5 in lch5 organs failed
due to high background signal (data not shown). To bypass
this technical issue and to locate Cirl1TM in lch5 organs, we
generated another set of Cirl1TM and Cirl7TM alleles containing
an additional N-terminal mRFP (RFP::Cirl1TM::2xV5 and
RFP::Cirl7TM::2xV5; Figure 3H).25 Anti-RFP immunolabeling and
microscopy of larval lch5 organs revealed specific signals of
both Cirl1TM and Cirl7TM at the level of the ciliary and outer den-
dritic segments as well as at the ciliary dilation of mechanosen-
sory neurons (Figure 3H). Anti-horseradish peroxidase (HRP)
was used to visualize neuronal lch5 plasma membranes.
CirlRescue express unaltered, untagged proteins from the Cirl lo-
cus and served as a negative control. In the outer dendritic
segment, particularly around the basal body, we detected
mostly Cirl1TM protein (Figure 3H). Thus, mechanosensory lch5
organs express Cirl1TM proteins in addition to Cirl7TM receptors,
and both can occupy similar subcellular compartments.

Cirl1TM andCirl7TM proteins are co-required for neuronal
discrimination between different mechanical input
intensities
To pinpoint the functional relevance of different Cirl isoform
types, we performed electrophysiological recordings from me-
chanostimulated lch5 neurons. Previously, measurements from
lch5 neurons showed thatCirlKO larvae discriminate less robustly
between different vibrational stimulation frequencies than con-
trols (CirlRescue).10,25 However, the previously used direct vibra-
tion stimulation of the lch5 offered no control over the stimulus
amplitude.10,25 To increase stimulation precision and to more
adequately emulate proprioceptive stretch-induced lch5 activ-
ity, we attached a miniature hook to a piezo element, which
was moved defined distances between 0.03 and 3 mm perpen-
dicular to the lch5 organ (Figures 4A and 4B). This way, the organ
is stretched to trigger action currents (ACurr; Figures 4B and 4C)
with remarkably low variability, thus increasing resolution.

The lch5 neurons of CirlRescue larvae responded to 0.03 mm
pulls with a mean ACurr frequency of 140 Hz. The frequency
increased with higher stimulus intensities to 325 Hz at a 3 mm
pull (D0.03–3mm = 185 Hz; Figure 4G; Table S3), which shows
that lch5 neurons can differentiate between these pull lengths;
i.e., mechanical stimulation intensities. In contrast, lch5 neurons
of CirlKO were significantly less capable of discriminating

between different pull lengths (D0.03–3mm = 26 Hz; Figure 4G;
Table S3). Hence, in CirlKO, the lch5 output signal relayed to
the central nervous system remains virtually unaltered, although
the actual stimulation intensity had drastically increased. This
finding is consistent with the discrimination deficit between
different vibration frequencies in CirlKO.10

As Cirl is already known to be involved in sound detection
through lch5 mechanosensory organs,10 we wondered about
the involvement of Cirl1TM. Therefore, we measured Ca2+ signals
in single neurons elicited by sound using the genetically encoded
indicator jGCaMP7f28 (Figures S2A and S2B). Interestingly, lch5
neurons in CirlRescue animals responded differently to the same
sound, and the largest response was documented in the most
ventral neuron (neuron 1; Figure S2C; Table S5). This finding sug-
gests that individual lch5 neurons are tuned differentially.
Judging from Ca2+ signals from neuron 1, loss of either Cirl1TM

or Cirl7TM seems to have a similar effect as losing both (Fig-
ure S2E). Note that, although a sizable difference between
CirlRescue and CirlKO was recorded, the high variability of sin-
gle-cell Ca2+ signals in CirlKO hindered the detection of a robust
signal difference when compared to CirlRescue (Figure S2D;
Table S6). This variability prevents conclusions about how Cirl
affects sound-evoked Ca2+ signals in individual lch5 neurons.
A much smaller variability was observed in ACurr generation

when we recorded stretch-induced compound electrical sig-
nals from lch5 neurons (Figures 4A and 4G–4I). Therefore, we
returned to our electrophysiological readout, which uncovered
that responses from lch5 neurons of Cirl7TM or Cirl1TM phe-
nocopied those of CirlKO animals (Figures 4D, 4E, 4G, and
4H; Tables S3 and S4). This finding suggests that regular me-
chanosensing depends on both isoform types and, the
absence of additive effects in CirlKO, points toward a common
signaling pathway. Importantly, the small biochemical tags that
we inserted at the C-terminus of Cirl1TM (Figure S3; Tables S3
and S4) or within ICL3 of Cirl7TM had no impact on protein func-
tion.25 To further substantiate that both isoform types are
required to rescue the mechanosensory deficit, we measured
the ACurr frequencies from trans-heterozygous Cirl1TM/Cirl7TM

(Cirl1TM+7TM) animals with the reconstituted (i.e., entire natural
Cirl) isoform repertoire. Electrophysiological lch5 responses to
mechanical stimulation in these animals (D0.03–3mm = 106 Hz;
Figures 4F and 4I; Tables S3 and S4) were comparable to
CirlRescue despite the fact that they contained only a single allele
copy of Cirl1TM or Cirl7TM. This indicates that it is not the abso-
lute amount of Cirl expressed that is important, but rather the

(B) Illustration of 2xV5-tagged Cirl7TM protein expressed from the Cirl locus depicted in (A).

(C) Illustration of the genetic manipulation of the Cirl locus to exclusively express Cirl1TM isoforms. The splice donor at the exon 6-intron 6 boundary was mutated

(GT > CT), and 7TM-coding downstream sequences were deleted.

(D) Illustration of 2xV5-tagged Cirl1TM protein expressed from the Cirl locus depicted in (C).

(E) Western blot analysis of head lysates fromCirl7TM (blue, expressing only Cirl7TM::2xV5) orCirl1TM (green, expressing only Cirl1TM::2xV5) uncovered themutually

exclusive presence of CTFs derived either from Cirl7TM (!110 kDa) or Cirl1TM (!30 kDa). Control, CirlRescue expressing untagged receptor. This experiment was

repeated twice (N = 2) with similar results. Tubulin (anti-Tubb), loading control.

(F and G) Schematic of the larval lch5 organ containing five bipolar sensory neurons. Anatomical features are numbered (1)–(7).

(H) Subcellular localization of Cirl isoform types in the lch5 organ (anti-RFP and anti-HRP channels are shown in black; images are intensity inverted). Aside from

an N-terminal mRFP, Cirl7TM contains a tandem V5 tag in the ICL3 (RFP::Cirl7TM::2xV5), and Cirl1TM contains a tandem V5 tag at the C-terminus

(RFP::Cirl1TM::2xV5). Anti-HRP counterstaining labels the neuronal membrane and is used to outline the lch5 neurons. Maximum intensity z projections of

confocal images show RFP::Cirl7TM and RFP::Cirl1TM at similar subcellular regions. Negative control,CirlRescue expressing untagged receptor (top row). Numbers

(2)–(7) correspond to anatomical features in (G). The experiment was done in eight individual animals with similar results. Scale bars: 10 mm; inset, 5 mm.

6 Cell Reports 44, 115078, January 28, 2025

Article
ll

OPEN ACCESS



ratio of 1TM to 7TM proteins. Importantly, this experiment
shows that the mechanosensation deficit is not an unintended
consequence of the genetic engineering of the Cirl alleles and
that the resulting Cirl7TM receptor and the Cirl1TM protein
are fully functional. Collectively, this shows that Cirl7TM

(GPCR-like) isoforms require Cirl1TM (non-GPCR) isoforms to
tell different mechanical input intensities apart and thereby
enable mechanosensation accuracy.

The NTF of Cirl1TM suffices to bind Cirl7TM

Our findings collectively suggest that Cirl1TM and Cirl7TM are co-
required to modulate the neuro-mechanical response of lch5
neurons. Next, we asked whether Cirl1TM and Cirl7TM functions
merely intersect or whether Cirl isoforms assemble signaling
complexes to shape mechanosensation. To test for a direct
interaction between Cirl1TM and Cirl7TM, we heterologously over-
expressed Cirl7TM (isoform E)25 and Cirl1TM (isoform F/K) in
HEK293T cells and performed coIP from cell lysates (Figure 5).

Figure 4. Cirl1TM and Cirl7TM proteins are
co-required for neuronal discrimination be-
tween differentmechanical input intensities
(A) Configuration of ACurr recordings from larval

lch5 organs.

(B) Experimental protocol. Pull lengths (0.03, 0.1,

0.3, 1, and 3 mm) were applied for 500 ms. Differ-

ential reactions of the lch5 neurons as an increase

of ACurr frequency after applying and releasing

the pull are shown schematically. F, force.

(C) Representative ACurr traces. ACurr in the first

50 ms (gray box) after mechanostimulation onset

were quantified to calculate the ACurr frequency.

(D–F) Sample ACurr traces in response to a 30 nm

pull length. Gray shade, quantification period of

(G)–(I).

(G–I) Quantification of ACurr frequencies in lch5

neurons at different pull lengths. Data are dis-

played as mean ± SEM (N = 10). The p values

denote statistical difference between CirlRescue

and Cirl mutants at 30 nm pull length.

See also Figure S3 and Tables S3 and S4.

First, we used hemagglutinin (HA)::
Cirl7TM-E as bait to capture Cirl1TM-F/
K::6xV5 protein (Figure 5A). Western blot
analyses showed an enrichment of
Cirl1TM-F/K’s CTF (!40 kDa) when co-ex-
pressed with HA::Cirl7TM-E (Figures 5B
and 5C). Quantification of these
blots revealed a 9-fold increase in
Cirl1TM-CTF signal intensity (Figure 5D;
Table S9). Importantly, when co-ex-
pressed with P2Y12 (specificity control,
!40 kDa) Cirl1TM signal intensity was
not increased above the background
signal (Figures 5B and 5D). The
blots of the corresponding input
samples are shown in Figure S4B.
Note that a cleavage-deficient version
of Cirl7TM (HA::Cirl7TM-GPS/T>A-E, !230

kDa; Figure 5C) was also able to capture FL Cirl1TM-GPS/T>A-F/
K::6xV5 (!130 kDa; Figure 5B), elevating its signal intensity
6-fold over that of solitarily expressed Cirl1TM-GPS/T>A-F/K::6xV5
(Figure5D,TableS10). ThedetectedNTFandFLbandswereoften
heavier than expected,whichwe found to be due to glycosylation,
as theweight differencewasabolishedwhensamplesweredegly-
cosylated (data not shown).
Second, in an inverse experimental setup, we used

HA::Cirl1TM-F/K as bait to capture Cirl7TM-E::6xV5 (Figure 5E).
Reassuringly, we also found specific Cirl7TM-Cirl1TM assembly.
We measured a 9-fold increase in Cirl7TM signal (CTF,
!130 kDa) when Cirl1TM was present. Similarly, a 7-fold increase
was detected using cleavage-deficient protein variants of the
same proteins (HA::Cirl7TM-GPS/T>A-E, !220 kDa; Figures 5F
and 5G; Tables S11 and S12). The blots of the corresponding
input samples are shown in Figure S4C.
Third, to uncover potential interaction interface(s) between Cirl

isoforms and to control for unspecific hydrophobic interaction
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between the membrane-spanning a helices of Cirl7TM and
Cirl1TM, we expressed a soluble NTF-only version of Cirl1TM-F/
K, lacking the CTF (Cirl1TM-F/KDCTF::6xV5 (Figure 5H), as prey.
Cirl1TM-F/KDCTF contains the same NTF layout as Cirl7TM-E and
Cirl1TM-F/K (Figures S1A and S1B) and should, if precipitation
occurs through the NTF, be able to co-immunoprecipitate with
both isoforms. Indeed, Cirl1TM-F/KDCTF::6xV5 (NTF, !100 kDa)
co-immunoprecipitated with either HA::Cirl7TM or HA::Cirl1TM

but not with P2Y12 (Figures 5I and 5J). Quantification revealed
a 24- or 17-fold increase in signal intensity of Cirl1TM-F/
KDCTF::6xV5 when co-expressed with HA::Cirl7TM or HA::
Cirl1TM, respectively, as compared to its solitary expression (Fig-
ure 5J; Table S13). Hence, Cirl1TM-F/KDCTF suffices to bind
Cirl7TM-E (input samples in Figure S4D). In sum, these findings
suggest the formation of heteromeric and potentially homomeric
Cirl isoform complexes that occur independently of self-cleav-
age and that involve the NTF.
Cirl constitutes an ancient member of the aGPCR family.10

Bioinformatics analyses predict the existence of 1TM transcripts
derived from alternative splicing of evolutionarily younger
aGPCR genes of mammalian genomes, including the Cirl homo-
log ADGRL1/LPHN1 (subfamily I), ADGRE5/CD97 (subfamily II),
and ADGRG6/GPR126 (subfamily VIII).17

To get an idea whether isoform-specific complex assembly is
conserved in mammalian aGPCRs and might occur for
aGPCRs beyond subfamily I, we followed the bioinformat-
ics16,17 and cloned a tagged version of the predicted
ADGRG6/GPR1261TM protein from subfamily VIII (G61TM::
6xV5) for coIP analyses with G67TM (HA::G67TM; Figure S6A).
Both proteins were robustly expressed in HEK293T cells, and
part of the ECR (ECRfragment) of HA::G67TM and an FL
G61TM::6xV5 protein were found in the input sample (Fig-
ure S6B). Intriguingly, FL and a fragment of the ICR (ICRfragment)
that corresponds to the CTF of G61TM::6xV5 co-immunoprecip-
itated with HA::G67TM bait when co-expressed, while no signal

was detected when G61TM::6xV5 was expressed alone
(Figures S6C and S6D; Table S14). When GAIN domain self-
cleavage of HA::G67TM and G61TM::6xV5 was disabled, coIP
still captured FL G61TM::6xV5 protein but, as expected, no
ICRfragment (Figures S6C and S6D; Table S14). Importantly,
G61TM::6xV5 was not detected with P2Y12 as bait, confirming
the specificity of the G61TM-G67TM interaction (Figure S6C
and S6D; Table S14). These findings support the notion that
complex assembly between isoforms may be a more general
theme among aGPCRs.

Cirl-ECR and Cirl7TM suffice to restore regular neuronal
mechanosensitivity
Our coIP analyses suggest that the Cirl-NTF mediates, at least in
part, the interaction between different Cirl isoforms (Figures 5I
and 5J). Consequently, we asked whether the Cirl-NTF and
Cirl7TM constitute a functional unit required for neuronal mecha-
nosensing precision. Therefore, we co-expressed Cirl7TM

together with Cirl-ECR (ECR includes the NTF) anchored within
the plasma membrane through the TM of mouse CD8
(CirlECR::mCD8TM; Figure 6A) and recorded the mechanores-
ponse of lch5 neurons. Note that both CirlECR::mCD8TM and
Cirl7TM are expressed from the native Cirl promoter. Strikingly,
the mechanosensitivity of sensory neurons in CirlECR::mCD8TM/
CirlKO animals mirrored that in CirlKO, whereas CirlECR::mCD8TM

in combination with Cirl7TM rescued the mechanodiscrimination
deficit (Figures 6B and 6C; Tables S20 and S21). Previously,
we demonstrated that soluble NTF derived from a chimeric pro-
tein containing the Cirl-ECR and a juxta- and transmembrane
segment of Notch suffices to bind the TLR-8/Tollo receptor in
the larval central nervous system, a process pivotal for regulating
neuroblast quantity.11 Here, we show that the interplay between
the Cirl-ECR and its conventional ‘‘sister’’ isoforms is essential
for sensory precision of neurons in response to mechanical stim-
ulation in vivo.

Figure 5. Cirl1TM-NTF binds Cirl7TM

(A) Schematic of coIP from heterologous HEK293T cells expressing Cirl7TM as bait to capture Cirl1TM prey (related to B–D).

(B) Immunoblot of coIP using wild-type or cleavage-deficient Cirl7TM as bait (HA::Cirl7TM-E and HA::Cirl7TM-EGPS/T>A). Presence and absence of proteins are

indicated by filled and empty circles, respectively, above the blots. Immobilization and detection were done using anti-HA antibody. Cirl1TM-F/K::6xV5 prey was

detected using an anti-V5 antibody. FL HA::Cirl7TM-E (!230 kDa): orange arrowhead. NTF of HA::Cirl7TM-E (!90 kDa): orange star. FL Cirl1TM-F/K::6xV5

(!130 kDa): green arrowhead. CTF of Cirl1TM-F/K:6xV5 (!40 kDa): green circle. SC (specificity control): Cirl1TM-F/K + P2Y12 (white arrowhead,!40 kDa). A band

of anti-HA antibody heavy chain (black circle) was used for normalization (D).

(C) Illustration of wild-type and cleavage-deficient Cirl isoforms detected in (B) and quantified in (D).

(D) Quantification of coIP signals as relative densities (STAR Methods) showed robust interaction between wild-type (black) and cleavage-deficient (blue)

HA::Cirl7TM-E and Cirl1TM-F/K::6xV5 (N = 4). See also Tables S9 and S10.

(E) Schematic of coIP using an inverse strategy; i.e., with Cirl1TM as bait to capture Cirl7TM (related to F and G).

(F) Immunoblot of coIP using wild-type or cleavage-deficient Cirl1TM as bait (HA::Cirl1TM-F/K and HA::Cirl1TM-F/KGPS/T>A) and Cirl7TM-E::6xV5 as prey. FL

HA::Cirl1TM-F/K (!110 kDa): orange arrowhead. NTF of HA::Cirl1TM-F/K (!90 kDa): orange star. FL Cirl7TM-E::6xV5 (!220 kDa): green arrowhead. CTF of Cirl7TM-

E::6xV5 (!130 kDa): green circle. SC: P2Y12 (white arrowhead, !40 kDa) + Cirl7TM-E.

(G) Quantification of coIP signals suggest interaction between wild-type (black) and cleavage-deficient (blue) HA::Cirl1TM-F/K and Cirl7TM-E::6xV5 (N = 3).

Normalization of signal intensities as in (D). See also Tables S11 and S12.

(H) Schematic of coIP with membrane-anchored HA::CirlTMx (HA::Cirl1TM-F/K or HA::Cirl7TM-E) as bait to capture soluble Cirl-NTF::6xV5 (=DCTF).

(I) Immunoblot of coIP. Immobilization and detection of HA::CirlTMx (i.e., HA::Cirl1TM-F/K or HA::Cirl7TM-E) via anti-HA antibody (!90 kDa): orange star. Cirl1TM-F/

KDCTF::6xV5 was detected using anti-V5 antibody (!100 kDa): green circle. SC: P2Y12 (white arrowhead, !40 kDa) + Cirl1TM-F/KDCTF::6xV5.

(J) Quantification of coIP signals (I) suggest an NTF-dependent interaction between different isoforms (N = 3). Normalization of signal intensities as in (D). See also

Table S13.

(B, F, and I) EV (empty vector): beads incubated with lysate from empty vector-transfected cells. Blots of input samples and tubulin (anti-Tubb) as a loading control

are shown in Figures S4B–S4D.

(D, G, and J) Data are displayed as mean ± SEM; p values are indicated.
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Cirl modulates the sensitivity of mechanosensory
neurons through Gao

Previous work has shown that Cirl affects lch5 mechanosensing
through cyclic AMP (cAMP)-dependent signaling.25 Cirl1TM pro-

teins are ill-equipped to couple G proteins and aremost likely un-
fit to act through inhibition of cAMP formation. To further sub-
stantiate that Cirl1TM acts in conjunction with Cirl7TM, we asked
whether aberrant lch5 mechanosensing in Cirl7TM animals

Figure 6. Cirl-ECR suffices to restore regular lch5 mechanosensitivity through Cirl7TM-Gao-dependent signaling
(A) Illustration of the ECR rescue experiment shown in (B) and (C). Cirl7TM and CirlECR::mCD8TM contain a 2xV5 and 6xV5 tag (both shown in green), respectively.

(B–H) Quantification of ACurr frequencies from mechanically stimulated lch5 neurons. Data are shown as mean ± SEM (each genotype N = 10). The p values

derived from statistical comparison of ACurr frequencies at 30 nm pulls.

(B) Co-expression of Cirl7TM and CirlECR::mCD8TM (including Cirl-NTF, white) restores lch5 mechanosensitivity to wild-type levels. See also Tables S20 and S21.

(C) Cirl7TM alone is not sufficient to rescue mechanosensitivity in CirlKO (blue) lch5 neurons back to wild-type levels. See also Tables S20 and S21.

(D) Lch5 neuron-specific Gai knockdown leaves ACurr frequencies unaffected (pink). See also Tables S15 and S16.

(E) Gai knockdown with a second RNAi line leaves ACurr frequencies unaffected (pink). See also Table S17.

(F) Lch5 neuron-specific Gao knockdown (violet) increases in ACurr frequencies at 30 nm pulls, phenocopying the CirlKO. See also Tables S15 and S16.

(G) Lch5-specific overexpression of Gao (violet) rescues the elevated ACurr frequency of CirlKO back to control levels. See also Tables S18 and S19.

(H) CirlKO with one copy of iav-GAL4 (gray) or UAS-Gao (black) does not restore ACurr frequencies. See also Tables S18 and S19.
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(expressing Cirl7TM but not Cirl1TM; Figures 4D and 4G) is also
related to elevated cAMP levels and can thus be reversed
through pharmacological inhibition of adenylyl cyclases (ACs)25

(Figure S5A). Application of the AC inhibitor SQ22536 (100 mM)
rescued mechanically evoked ACurr frequencies in the absence
of Cirl1TM (Cirl7TM animals) as well as in the absence of Cirl7TM

(Cirl1TM animals) or both (CirlKO animals) (Figures S5B–S5D;
Table S7). Importantly, mock incubation did not rescue ACurr
frequencies (Figure S5E; Table S8). This dataset suggests that
Cirl1TM is involved in inhibiting cAMP production in mechanosen-
sory neurons.
Previously, we have shown that overexpressed Cirl has the ca-

pacity to signal through Gai in vitro.25 Gai protein is expressed in
the developing lch5.29 Hence, to test whether Gai signaling is
relevant for mechanosensation in vivo, we knocked down Gai
expression specifically in lch5 neurons using two different
RNAi lines (iav-GAL4 > UAS-Gai-RNAi-1 and -2). Surprisingly,
we found no Gai-mediated effect on lch5 mechanoresponses
(Figures 6D and 6E; Tables S15–S17).
Gao is known to play vital roles in different neuronal con-

texts.30–34 When we measured the mechanoresponse of Gao-
depleted lch5s (iav-GAL4 > UAS-Gao-RNAi), we found a pheno-
copy of CirlKO animals and isoform-specific Cirl mutants
(Figure 6F; Tables S15 and S16). Consistent with this, lch5-spe-
cific neuronal overexpression of Gao in lch5 neurons ofCirlKO an-
imals (CirlKO, iav-GAL4 > UAS-Gao

33) rescued the ACurr fre-
quency phenotype (Figures 6G and 6H; Tables S18 and S19).
These datasets show that Gao is a prerequisite of Cirl-dependent
mechanosensing of lch5 neurons.
Together, our findings suggest a model where intron retention

of the Cirl gene produces non-GPCR Cirl1TM protein whose NTF
can interact with Cirl7TM-GPCR encoded in the same gene. This
interaction appears to enable Gao-dependent signaling vital to
tune the responsiveness of mechanosensory neurons.

DISCUSSION

While mechanosensing through ionotropic receptors is well
recognized,6 it is largely unknown how metabotropic receptors
contribute to mechanosensitivity of neuronal tissues. Here, we
show that Cirl uses intron retention as a physiological strategy
to produce non-GPCR isoforms with a single TM and GPCR-
like 7TM receptors from the same gene to enable tuning of
neuronal mechanosensitivity.
Intron retention is a major alternative splicing mode35 that is

comparatively poorly understood36 and is even often consid-
ered to be a consequence of erroneous splicing counteracted
by nonsense-mediated mRNA decay.37 Yet, intron retention
has been reported to control developmentally regulated
genes,38 to curtail the abundance of protein-coding tran-
scripts,39 and as a mechanism to give rise to proteins with
functions that appear to antagonize those of the original gene
product.40 Interestingly, intron retention of the GPCR gene en-
coding the glucose-dependent insulinotropic polypeptide re-
ceptor (GIPR), a class B GPCR, has been shown to produce
mRNA in mouse islets that codes for GIPR-4TM isoforms.
While the existence of such GIPR-4TM proteins has not been
demonstrated in vivo, the authors show that heterologously

overexpressed GIPR-4TM negatively affected surface traf-
ficking of FL-GIPR in cell culture.41 Collectively, these studies
indicate the biological importance of intron retention. Here,
we provide analyses of natively expressed mature transcripts
with retained introns seen through to the functional level of
the resulting protein isoforms in a living animal.
Homo- and heterodimerization of GPCRs is well estab-

lished.42–45 Previous investigations of conventional GPCRs in
cell culture have also demonstrated the formation of complexes
between truncated isoforms and their 7TM-GPCR counter-
parts.46–53 These interactions have been found to exert posi-
tive51–53 or negative effects on trafficking and/or signaling of
the 7TM-GPCR in vitro.41,46,47,49,50,54–59 Yet, native expression
of truncated isoforms has been confirmed in only one of those
studies.51 The concept of dimerization is also known for
aGPCRs60–65; however, so far, there has been no report on the
formation of complexes among aGPCR isoforms, let alone a
comprehensive analysis of their functional implications.
Herewe studied the invertebrate ADGRL/Cirl, provide evidence

of the expression of non-GPCRCirl1TM isoforms, anddemonstrate
the interaction of aGPCR isoforms. Our in vivo investigation of Cirl
isoforms further showed that non-GPCR isoforms not only modu-
late 7TM-GPCR properties but are indispensable for 7TM-GPCR
functionality and, thus, fundamental for shaping sensitivity to
definedmechanical stimuli in individual neurons. Previousanalysis
of theaGPCR transcriptomehintedat theexistenceofnon-GPCRs
for vertebrate ADGRG6/GPR126. When we designed ADGRG6
isoforms based on this prediction and co-expressed it with
GPCR-like ADGRG6 inHEK cells, we also found coIP. This finding
supports the idea of isoform-specific complexation as a general
phenomenon for aGPCR. At first glance, non-GPCR isoforms
may be reminiscent of single-transmembrane GPCR-modulating
proteins.66 However, those are encoded in genes separate from
those of the GPCRs they modulate.
GAIN domain-mediated self-cleavage of Cirl results in 7TM

and 1TM isoforms, each consisting of non-covalently linked
NTFs and CTFs. Remarkably, the mechanosensing capability
of sensory neurons lacking Cirl was completely restored when
the ECR of Cirl1TM isoforms was co-expressed alongside the
Cirl7TM receptor in vivo. This suggests a mechanism where
non-GPCR isoforms provide NTF; i.e., an interactor for metabo-
tropic signaling through the GPCR-like 7TM isoforms. This is in
line with prior work on homolog LAT-1 in C. elegans that showed
stable ECR homodimer formation.60 The sequences encoding
the NTFs of different Cirl isoforms vary at the level of the RBL
and GAIN domain. These variations may be a key determinant
for intracellular trafficking and subcellular distribution of different
isoforms andmay underlie the combinatorial logic and specificity
with which Cirl1TM-deriving NTFs bind Cirl7TM receptors.
Our previous findings established mechanical force as a

trigger for the release of the Cirl-NTF and showed that glia-
derived NTF controls the quantity of neuroblasts through Toll-
like receptor 8/Tollo.11,67 Hence, NTFs originating from non-
GPCR-1TM sources (soluble or membrane attached) may be a
physiological strategy that allows diverse complex compositions
and signaling options when ‘‘paired’’ with aGPCR isoforms and
other cell-surface molecules to convey signals within and across
cells in a precise and selective fashion. This concept is
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particularly intriguing in light of the extensive splice repertoire of
aGPCR. Approximately 22% of mouse aGPCR genes yield tran-
scripts that can potentially be translated into membrane-
anchored NTFs and 56% into soluble NTFs.17 In humans, even
45%of aGPCR genes have been reported to produce transcripts
encoding membrane-anchored NTFs.16

The functional importance of non-GPCR proteins and other
isoform types may also explain why previous rescue attempts
of aGPCR knockout animal models with transgenes encoding
only GPCR-like 7TM proteins were futile, whereas rescue strate-
gies with genomic transgenes (which retain the ability to produce
GPCR-like and non-GPCR isoforms) were successful.10,68,69

Our previousdata suggestedGai couplingofCirl in vitro.
25How-

ever, herewediscoveredapathwaydependent onGao tobeperti-
nent for neuronal mechanosensing in vivo. Biased signaling, or
functional selectivity, is a well-established concept for GPCRs,70

and it is conceivable that Cirl can signal through Gai in a different
cellular context. Either way, the difference between in vitro and
in vivo data highlights the importance of interpreting G protein
signaling data with respect to expression conditions.

Finally, our results offer an explanation for the multifaceted
splice repertoire of aGPCR genes: they might serve as a source
of homophilic and potentially heterophilic interactors that enable
metabotropic signaling via aGPCR proteins. These interactions
may prove useful as means to interfere with aGPCR signaling
and mechanosensitivity in the nervous system and other organs,
offering promise for future development of pharmacological
strategies.

Limitations of the study
Our study revealed the expression and in vivo function of uncon-
ventional 1TM-containing Cirl proteins. These proteins are
co-expressed with conventional 7TM-containing ADGRL/Cirl iso-
forms. In the absence of either protein, regular neuronalmechano-
sensitivity is lost. This study provides evidence of the direct inter-
action between Cirl1TM and Cirl7M proteins; however, the
stoichiometry of isoform complexes remains elusive. Future
work is required to address these questions; e.g., using fluores-
cence resonance energy transfer (FRET) measurements in vivo in
relevant tissues.Moreover, in this study, we discriminate between
two isoform types (Cirl1TM vs. Cirl7TM), but not between individual
isoforms within these groups, as their sequences are very similar,
escaping available genetic and immunohistochemical detection
strategies. Non-GPCR/1TM transcripts have been predicted for
several aGPCRs, including ADGRG6/GPR126. Similar to Cirl, we
show interaction between 1TM and 7TM versions of ADGRG6
when overexpressed in cell culture. However, endogenous
expression of ADGRG61TM protein remains to be demonstrated,
and further experiments are needed to determine whether the
expression of non-GPCRproteins is truly a common physiological
strategy among aGPCRs.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit-anti-dsRed Takara RRID:AB_10013483

anti-HRP conjugated with Alexa Fluor 488 Jackson ImmunoResearch RRID:AB_2338965

goat-anti-rabbit conjugated with Cy5 Jackson ImmunoResearch RRID: AB_2338013

rabbit-anti-RFP Antibodies-Online RRID:AB_10781500

mouse-anti-V5 Invitrogen RRID:AB_2556564

rabbit-anti-HA, C29F4 Cell Signaling Technology RRID:AB_1549585

rabbit-anti-tubulinɑ Santa Cruz Antibodies #12462-R; RRID:AB_2241125

mouse-anti-tubulinb, e7 Developmental Studies

Hybridoma Bank

RRID: AB_528499

IRDye! 680RD Goat anti-Mouse IgG Secondary Antibody LI-COR Biosciences RRID: AB_10956588

IRDye! 680RD Goat anti-Rabbit IgG Secondary Antibody LI-COR Biosciences RRID: AB_10956166

IRDye! 800CW Goat anti-Mouse IgG Secondary Antibody LI-COR Biosciences RRID: AB_621842

IRDye! 800CW Goat anti-Rabbit IgG Secondary Antibody LI-COR Biosciences RRID: AB_621843

Bacterial and virus strains

E. coli XL1-Blue Competent Cells Agilent #200236

NEB! 5-alpha Competent E. coli (High Efficiency) NEB #C2987I

CopyCutterTMEPI400TM Chemically Competent E. coli Lucigen #C400CH10

Chemicals, peptides, and recombinant proteins

Ranger polymerase Bioline #BIO21121

Q5 polymerase New England Biolabs #M0491S

Superscript III Reverse Transcriptase Invitrogen #18080093

normal goat serum (NGS) Jackson ImmunoResearch #005-000-121

RRID:AB_2336990

Vectashield! Vector Laboratories #H-1000

SQ22536 Merck #568500

Triton X-100 Sigma-Aldrich #1.08603

paraformaldehyde Fluka #76240

NaCl Merck #106404

KCl Merck #104936

MgCl2 Merck #105833

TES Sigma-Aldrich #T5691

sucrose Sigma-Aldrich #S9378

D-(+)-glucose Sigma-Aldrich #G7528

D-(+)-trehalose Sigma-Aldrich #T9531

NaHCO3 Sigma-Aldrich #S6297

NaH2PO4 Sigma-Aldrich #71507

HEPES Sigma-Aldrich #54457

CaCl2 Merck #102382

Dulbecco’s Modified Eagle medium (DMEM) Sigma-Aldrich or Gibco #D6429 or #11995065

Fetal Bovine Serum Sigma-Aldrich or Gibco #F7524 or #10500

Penicillin/Streptomycin Sigma-Aldrich or Gibco #P4333 or #15140122

LipofectamineTM 2000 Invitrogen #11668019

PBS tablets Gibco #18912014

2-mercaptoethanol Sigma-Aldrich #M6250

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SDS Carl Roth #2326

Tris Carl Roth #AE15

Tris/HCl Carl Roth #9090

EDTA Carl Roth #8040

DTT Carl Roth #6908

glycerol Carl Roth #3783

urea Carl Roth #7638

bromophenol blue Sigma-Aldrich #B8026

Tween 20 Serva #37470

Intercept! (PBS) Blocking Buffer LI-COR Biosciences #927-70001

Protease Inhibitor Cocktail Sigma-Aldrich #P8340

M-PERTM Mammalian Protein Extraction Reagent Thermo Scientific #78503

4x Protein Sample Loading Buffer for Western Blots LI-COR Biosciences #928-40004

Critical commercial assays

RNeasy RNA Isolation Kit Qiagen #74104

PierceTM HA-Tag Magnetic IP/Co-IP Kit Thermo Scientific #88838

NucleoBond! Xtra Midi Macherey & Nagel #740410.50

PierceTM BCA Protein Assay Kit Thermo Scientific #23227

ChromoTek RFP-Trap! Magnetic Agarose Proteintech #rtma

Experimental models: Cell lines

HEK293T cells German Collection of

Microorganisms and

Cell Cultures (DSMZ)

#ACC 635

RRID:CVCL_0063

Experimental models: Organisms/strains

D. melanogaster: LAT1618, w1118; CirlKO {w+mC = pNH103

[RFP::CirlGPS-WT::2xV5::3xFlag w+]}/CyoGFPw-;; (Cirl3x-tagged)

Co-expression of RFP::Cirl7TM::3xFlag

and RFP::Cirl1TM::2xV5 isoforms

from the endogenous locus.

Related to Figure 2.

D. melanogaster: LAT1640, w1118; CirlKO{w+mC = pNH177

[RFP::CirlGPS/H>A::2xV5::3xFlag w+]}

attPCirl/CyoGFPw-;; (Cirl3x-tagged-GPS/H>A)

Co-expression of cleavage deficient

RFP::Cirl7TM-GPS/H>A::3xFlag and RFP::

Cirl1TM-GPS/H>A::2xV5 isoforms from

the endogenous locus.

Related to Figure 2.

D. melanogaster: LAT1642, w1118; CirlKO {w+mC = pNH217

[Cirl1TM w-]}attPCirl/CyoGFPw-;; (Cirl1TM-noV5)

Exclusive expression of untagged

Cirl1TM isoforms from the

endogenous locus.

Related to Figure S3.

D. melanogaster: LAT1619, w1118; CirlKO {w+mC = pNH191

[Cirl7TM::2xV5 w-]}attPCirl/CyoGFPw-;; (Cirl7TM::2xV5)

Exclusive expression of

Cirl7TM::2xV5 isoforms from

the endogenous locus.

Related to Figures 3A–3E

and 4; Figure S2, S5.

D. melanogaster: LAT1541, w1118; CirlKO {w+mC = pNH190

[Cirl1TM::2xV5 w-]}attPCirl/CyoGFPw-;; (Cirl1TM::2xV5)

Exclusive expression of Cirl1TM::

2xV5 isoforms from the endogenous

locus. Related to Figures 3A–3E

and 4; Figure S2, S3, S5.

D. melanogaster: LAT1621, w1118; CirlKO {w+mC = pNH188

[RFP::Cirl1TM::2xV5 w-]}attPCirl/CyoGFPw-;;

(RFP::Cirl1TM::2xV5)

Exclusive expression of RFP::

Cirl1TM::2xV5 isoforms from the

endogenous locus. Related to Figure 3H.

D. melanogaster: LAT1511, w1118; CirlKO {w+mC = pNH275

[Cirl1TM::mCD8-TM::6xV5 w-]}attPCirl/CyoGFPw-;;

(Cirl1TM::mCD8-TM:6xV5)

Expression of the ECR of Cirl fused to

the single TM of mouse CD8.

Expressed from the endogenous

Cirl locus. Related to Figures 6A–6C.

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster: LAT1636, w1118; CirlKO{w+mC = pTL370

[dCirl]}attPCirl loxP;; (CirlRescue)

Scholz et al. (2015) RRID:BDSC_602699

D. melanogaster: LAT1615, w1118; CirlKO attPCirl loxP;; (CirlKO) Scholz et al. (2015) RRID:BDSC_602706

D. melanogaster: LAT159, w1118; CirlN-RFP;; (RFPCirl) Scholz et al. (2017) RRID:BDSC_93001

D. melanogaster: LAT1613, w1118; RFPCirlGPS-T>A;;

(RFPCirlGPS/T>A)

Scholz et al. (2017) RRID:BDSC_602701

D. melanogaster: LAT112, w1118;;

P{iav-Gal4 w+}attP2; (iav-GAL4)

Scholz et al. (2015)

D. melanogaster: LAT1620, w1118; RFPCirl7TM"2xV5 w-;;

(RFPCirl7TM"2xV5)

Scholz et al. (2023) RRID:BDSC_602683

D. melanogaster: GN393, w*;UAS-dGao,

ZH-22A-3xP3-RFP/CyoGFPw;; (UAS-dGao)

Solis et al. (2017)

D. melanogaster: w[1118]; PBac{y[+mDint2]

w[+mC] = 20XUAS-IVS-jGCaMP7f} VK00005

(20xUAS-jGCamp7f)

Bloomington Stock Center RRID:BDSC_79031

D. melanogaster: y[1] v[1]; P{y[+t7.7] v[+t1.8] =

TRiP.JF01608}attP2 (UAS-GaiRNAi-1)

Bloomington Stock Center RRID:BDSC_31133

D. melanogaster: y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8] = TRiP.GL00328}attP2

(UAS-GaiRNAi-2)

Bloomington Stock Center RRID:BDSC_35407

D. melanogaster: y[1] v[1]; P{y[+t7.7] v[+t1.8] =

TRiP.JF02844}attP2 (UAS-GaoRNAi)

Bloomington Stock Center RRID:BDSC_28010

Oligonucleotides

Cloning Cirl3x-tagged vector nh_199F:

tgattggcgatcgctgaaaaaacagataaacacaatttt

This paper

Cloning Cirl3x-tagged vector nh_259R:

aaggcctccaccaccaccacttatattgtaag

This paper

Cloning Cirl3x-tagged vector nh_260F: cctggcaagcc

catccccaaccccctgctgggcctggattccaccggcaag

cccatccccaaccccctgctgggcctggattccacctgcgat

This paper

Cloning Cirl3x-tagged vector nh_261R: cgcaggtgga

atccaggcccagcagggggttggggatgggcttgccggtg

gaatccaggcccagcagggggttggggatgggcttgccagg

This paper

Cloning Cirl3x-tagged,GPS/H>A vector mn_38F:

gcgtctgcagttgcaacgccctgacaaactttgcc

Scholz et al. (2017)

Cloning Cirl3x-tagged,GPS/H>A vector mn_39R:

ggcaaagtttgtcagggcgttgcaactgcagacgc

Scholz et al. (2017)

RT-PCR Cirl7TM and Cirl1TM cDNA tl_5F:

tcatcagggagcgcagcgtggtgca

This paper

RT-PCR Cirl7TM cDNA tl_6R: atgctggtata

gatcgaggtgcgcg

This paper

RT-PCR Cirl1TM cDNA tl_329R: cgtgggtc

tggtcgcgaatattgt

This paper

RT-PCR Tubulin rk_16: gtgaattttccttgtcgcgtg This paper

RT-PCR Tubulin rk_17: ctccagtctcgctgaagaag This paper

Cloning HA::Cirl-E vector nh_588F:

ctagtctagatgaactagagggccctattctatag

This paper

Cloning HA::Cirl-E vector nh_589R:

ctagaccggtcttagccagtggttccagataacat

This paper

Cloning HA::Cirl-E vector nh_590F:

ctagaccggtggaggcggtggcggc

ggaaaaccca

This paper

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cloning HA::Cirl-E vector nh_591R:

ctagtctagatcacgtcgaatcgagtccgagcag

This paper

Cloning HA::Cirl-F/KGPS/T>A, HA::Cirl-EGPS/T>A

and Cirl-EGPS/T>A::6xV5 vector mn_12F:

cagttgcaaccacctggcaaactttgccatact

This paper

Cloning HA::Cirl-F/KGPS/T>A, HA::Cirl-EGPS/T>A

and Cirl-EGPS/T>A::6xV5 vector mn_13R:

agtatggcaaagtttgccaggtggttgcaactg

This paper

Cloning HA::Cirl-F/K vector jt_11F:

tatcgccctgataacgctgaagctgttcaat

ggggtctttgtgaagg

This paper

Cloning HA::Cirl-F/K vector jt_15R:

ctatagaatagggccctctagttcaccacc

accaccacttatattgtaag

This paper

Cloning HA::Cirl-F/K vector jt_14R:

cagcttcagcgttatcagggcgata

This paper

Cloning HA::Cirl-F/K vector jt_16F:

tgaactagagggccctattctatagtgtcac

This paper

Cloning HA::GPR1267TM"GPS/T>A and

GPR1261TM-GPS/T>A::6xV5 vector

ab_10F: gtctgtgcagccacttcgctcactttggag

This paper

Cloning HA::GPR1267TM"GPS/T>A and

GPR1261TM-GPS/T>A::6xV5 vector ab_11R:

ctccaaagtgagcgaagtggctgcacagac

This paper

Cloning Cirl-F/KDCTF::6xV5 vector ab_38R:

ctagaccggtttcagctacgcaacccatc

This paper

Cloning Cirl-F/KDCTF::6xV5 vector ab_39F:

ctagaccggttttcccaagtcactcagcg

This paper

Recombinant DNA

Cirl::3x-tagged vector (pNH103) This paper

Cirl::3x-taggedGPS/H>A vector (pNH177) This paper

RFP::Cirl1TM::2xV5 vector (pNH188) This paper

Cirl1TM::2xV5 vector (pNH190) This paper

Cirl7TM::2xV5 vector (pNH191) This paper

Cirl1TM no tags vector (pNH217) Engineered by GenScript

CirlECR-mCD8TM vector (pNH275) Engineered by GenScript

empty pcDNA3.1 vector (pSA25) –

empty pHLSec vector (pNH366) Gift from Björn Kieslich

HA::Cirl-E vector (pJT2) This paper

HA::Cirl-F/K vector (pJT9) This paper

HA::Cirl-F/KGPS/T>A vector (pJT11) This paper

Cirl-E::6xV5 vector (pNH354) This paper

Cirl-EGPS/T>A::6xV5 vector (pNH356) This paper

HA::Cirl-EGPS/T>A vector (pNH254) This paper

Cirl-F/K::6xV5 vector (pAB24) This paper

Cirl-F/KGPS/T>A::6xV5 vector (pAB25) This paper

Cirl-F/KDCTF::6xV5 vector (pAB23) This paper

HA::GPR1267TM vector (pNH364) Engineered by GenScript

GPR1261TM::6xV5 vector (pNH363) Engineered by GenScript

HA::GPR1267TM-GPS/T>A vector (pAB11) This paper

GPR1261TM-GPS/T>A::6xV5 vector (pAB9) This paper

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HA::P2Y12:Flag vector (pMIH57) Gift from Torsten Schöneberg,

transferred to pcDNA3.1

Software and algorithms

ImageJ/Fiji (NIH) ImageJ.net RRID:SCR_003070

GelAnalyzer v19.1 gelanalyzer.com

Audacity v3.0.0 audacityteam.org RRID:SCR_007198

HOKAWO v3.0 hamamatsu.com

Omicron Control Center v3.6.18 Omicron-Laserage

GraphPad Prism v6-9 Graphpad Software, Inc RRID:SCR_002798

Leica Application Suite X (LAS X) Leica Microsystems RRID:SCR_013673

pClamp v10 Molecular Devices RRID:SCR_011323

SigmaPlot v12 Systat Software RRID:SCR_003210

BioRender BioRender

Tophat v2.0.14 https://ccb.jhu.edu/software/

tophat/index.shtml

Bowtie2 v2.1.0 https://sourceforge.net/projects/

bowtie-bio/files/bowtie2/2.1.0/

SAMtools v1.3.1 http://www.htslib.org/doc/1.3.1/

samtools.html

StringTie v1.3.3 https://ccb.jhu.edu/software/

stringtie/

Integrated Genome Viewer v2.3.91 https://igv.org

Other

NovexTM Tris-Glycine Mini Protein Gels, 8% Invitrogen #XP00080BOX

NovexTM Tris-Glycine Mini Protein Gels, 4–12% Invitrogen #XP04120BOX

NovexTM Tris-Glycine Mini Protein Gels, 4–20% Invitrogen #XP04200BOX

iBlotTM 2 Transfer Stacks, nitrocellulose Invitrogen #IB23001 and #IB23002

Sylgard Dow Corning #1673921

Minutien Pins Fine Science Tools #26002-10

Vannas-T€ubingen Spring Scissors Fine Science Tools #15005-08

Dumont Forceps #4 Fine Science Tools #11241-30

Dumont Forceps #5 Fine Science Tools #11251-20

Dumont Forceps #55 Fine Science Tools #11255-20

Borosilicate glass capillaries Science products #GB150-8P

Bath chamber (m-Dish, 35 mm, low) Ibidi #80136

Leica S8 APO microscope Leica Microsystems

Leica DM6 FS microscope Leica Microsystems

Axopatch 200B amplifier Molecular Devices

Axon Digidata 1550B analog-digital converter Molecular Devices

DMZ Universal electrode puller Zeitz-Instruments

Piezo element Physik Instrumente #P-840.30

Piezo amplifier Physik Instrumente #E-663.00

Micromanipulator system Sutter Instrument Company #MPC-385

Micromanipulator Narishige group #NMN-25

LedHUB light source Omicron-Laserage

ORCA-flash4.0 sCMOS camera Hamamatsu C13440

SL-100 SPL meter VOLTCRAFT

X210 loud speaker Logitech

Ultraturrax disperser T10 basic IKA-Werke #0003737000

Ultraturrax dispersing element S 10 N - 5 G IKA-Werke #0003304000

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Drosophila stock and culture
AllDrosophila strains (key resources table) were reared in food containing: 60%water, 3.4% agar, 9% yeast, 5% soy flour, 40% corn
flour, 0.7% nipagin, 9% treacle and 0.52% propionic acid. Drosophila were kept at 25#C and a 12h light/dark cycle. Transgenic flies
used, were either generated in this study or obtained from Bloomington Drosophila Stock Center. Third-instar larvae were synchro-
nized and staged by selecting the largest animals still crawling in the food.
HEK293T cells (RRID:CVCL_0063) were cultivated in Dulbecco’sModified EagleMedium supplementedwith 10% (v/v) fetal bovine

serum and 1% penicillin/streptomycin at 37#C and a 5% CO2 humidified atmosphere.

METHOD DETAILS

Molecular cloning
Cirl cDNAs were N-terminally complemented with a mammalian Kozak sequence (gccacc), followed by the start codon, signal pep-
tide (SP) of mammalian ADGRG1/GPR56, an HA-tag (HA::Cirl-X) and are contained in theCMV promoter-containing pcDNA3.1 back-
bone. Cirl1TM constructs used for immunoprecipitation experiments contained six V5-tags at their C-termini, but no HA-tag
(Cirl1TM::6xV5). Plasmid amplification was done via transformation in E. coli (XL1-Blue, DH5a or EPI400) and DNA isolation via Mid-
iprep (NucleoBond Xtra Midi, Macherey & Nagel). The Ranger (Bioline, #BIO21121) or Q5 (New England Biolabs, #M0491S) high-fi-
delity proof-reading DNA polymerases were utilized for all PCR-based cloning steps. Initial insert verification was done by restriction
fragment analyses. To ensure absence of errors each PCR-amplified region was sequenced.
Cirl3x-tagged vector (pNH103)
Primers nh_199F/259R were used to amplify a 4.9-kbp fragment from pMN21 (genomic 1.9-kbp Cirl subclone) and to introduce SgfI
and StuI restriction sites at the 30 and 50 end, respectively.
2xV5-tag was generated using nh_260F/261R, which contained SgfI and StuI sites for subsequent ligation with 4.9-kbp fragment

(resultant subclone pNH101). Cirl::2xV5 fragment was transplanted from pNH101 into pMN24 (genomic RFP::Cirl::3xFlag construct)
via PacI and SpeI restriction sites, resulting in pNH103.
Cirl3x-tagged-GPS/H>A vector (pNH177)
Primersmn_38F/39R24 were used to substitute the histidine codon of the canonical GPS sequence for an alanine codon through site-
directed mutagenesis of pNH101, which resulted in pNH176. PacI/SpeI fragment of pNH176 was cloned into pNH103 resulting in
pNH177.
RFP::Cirl1TM::2xV5 vector (pNH188)
Genomic sequence encoding RFP::Cirl1TM::2xV5 (!3.9 kbp) in pMK backbone was synthesized by ThermoFisher/GeneArt (resulting
construct pNH186). A 3.9-kbp fragment was cloned into the expression vector using MluI and BstBI sites to generate pNH188.
Cirl1TM::2xV5 vector (pNH190)
AgeI-based removal of mRFP sequence and subsequent re-circularization of pNH188 resulted in pNH190.
Cirl7TM::2xV5 vector (pNH191)
AgeI-based removal of mRFP sequence and subsequent re-circularization of pNH189 resulted in pNH191.
Cirl1TM no tags vector (pNH217)
Engineered by GenScript.
CirlECR-mCD8 vector (pNH275)
Engineered by GenScript.
Cirl1TM"GPS/H>A::2xV5 (pNH310)
Engineered by GenScript.
Cirl7TM"GPS/H>A::2xV5 (pNH311)
Engineered by GenScript.

PhiC31-mediated integration of transgenes
Plasmids containing w+ and an attB site were injected into phiC31[3xP3-RFP-3xP3-GFP-vas-PhiC31]; CirlKO attP-loxP;; embryos
(done by BestGene).10 w+ served as the selection marker to identify recombinants and was subsequently removed by Cre-mediated
excision (done by BestGene). Precise transgene insertion and removal of w+ cassette were validated by PCR genotyping.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Actuator to gate loud speakers Self-made

Leica TCS SP8 confocal microscope Leica Microsystems

Odyssey! Fc 2800 LI-COR Biosciences
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RT-PCR
Total RNAwas isolated from larvae and adultw1118 animals using RNeasy RNA Isolation Kit (Qiagen) andwas directly used for reverse
transcription using Superscript III Reverse Transcriptase according to manufacturer’s protocol (Invitrogen). PCR amplification from
cDNA libraries was carried out using primers tl_5F, tl_6R, tl_392R, rk_16, rk_17.

RNA-sequencing analyses
RNA-sequencing datasets that document the transcriptome at 30 distinct developmental stages of the y1; cn bw1 sp1 Drosophila
melanogaster strain23 from NCBI Sequence Read Archive (SRA, https://www.ncbi.nlm.nih.gov/sra)71 were chosen to analyze and
quantify Cirl transcripts during ontogenesis. Reads were mapped to the reference Drosophila melanogaster genome (July 2014,
BDGP6 (GCA_000001215.4)) with Ensembl 88 annotations using Tophat 2.0.14.,72 which aligns reads using Bowtie2 (version
2.1.0). Reads, which did not map uniquely to a genome position were excluded. After indexing with SAMtools (version 1.3.1),73

the mapped reads were assembled to transcripts and quantified by StringTie (version 1.3.3).74,75 For Tophat, we used the ‘default’
parameters, which are commonly used in most studies. StringTie parameters ‘read coverage’ (-c), ‘transcript length’ (-m) and ‘bases
on both sides of a junction a spliced read has to cover’ (-a) were set to minimal values in order to avoidmissing transcripts and gener-
ating a bias. The parameter ‘fraction of most abundant transcript at one locus’ (-f) was lowered from default (0.01) to 0 since correc-
tion for artifacts and incompletely processed mRNA with a 1% cutoff was performed after the comparative analysis. For all other
StringTie parameters, default values were used. Assembled transcripts were inspected with the Integrated Genome Viewer (Broad
Institute) (version 2.3.91),76,77 and samples showing a visible 30 bias due to oligo-dT/poly-A primer selection were not included.

Cell culture
HEK293T cells (RRID:CVCL_0063) were cultivated in Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich, #D6429 or Gibco,
#11995065) supplemented with 10% (v/v) fetal bovine serum (Sigma-Aldrich, #F7524 or Gibco, #10500) and 1% penicillin/strepto-
mycin (Sigma-Aldrich, #P4333 or Gibco, #15140122) at 37#C and a 5% CO2 humidified atmosphere.

HEK293T cells were split into 6-well cell culture plates (4x105 cells/well) for co-immunoprecipitation analysis. After 24 h cells were
transiently transfected with 2.5 mg plasmid DNA per well using Lipofectamine 2000 (Invitrogen, #11668019) according to manufac-
turer’s recommendations. Cells were incubated 48 h post transfection in a 5% CO2 humidified atmosphere at 37#C. After 24 h, cell
culture medium was exchanged against 2 mL DMEM.

Immunofluorescence and imaging
Third instar Drosophila larvae were dissected in ice-cold HL-3 (hemolymph-like solution),78 fixed for 10 min using ice-cold 4% para-
formaldehyde in 0.1 M phosphate buffered saline (PBS) and blocked overnight in PBT (PBS with 1% Triton X-100, Sigma-Aldrich),
containing 5% normal goat serum (NGS, Jackson ImmunoResearch). Primary antibody incubation was done at 4#C overnight. The
next day, secondary antibody incubation was done for 24 h, at 4#C. Each antibody incubation step was followed by two short and
three 20 min washing steps (PBS with 1% Triton X-100). Samples were stored in Vectashield (Vector Laboratories) overnight at 4#C
before mounting. Confocal imaging was performed with a Leica SP8 confocal system. To ascertain comparability between different
genotypes, larvaewere imaged in one session and image acquisition of genotypes alternated. Image analysis was done using ImageJ
(NIH). Antibodies and dyes were used at following dilutions: rabbit-anti-dsRed (1:500, Takara, #632496; RRID:AB_10013483), anti-
HRP conjugated with Alexa Fluor 488 (1:250; Jackson ImmunoResearch, #123-545-021, RRID: 2338965), Cy5-conjugated goat-anti-
rabbit (1:250; Jackson ImmunoResearch, #111-175-144, RRID: AB_2338013).

Protein isolation
HEK293T cells
Cells were lysed using 200 mL M-PER buffer (ThermoFisher, #78503) supplemented with protease inhibitor (1:1000, Sigma-Aldrich,
#P8340). After addition of lysis buffer, cells were detached from the culture dish bottom using a cell scraper and incubated on ice for
5 min. Transferred samples were then centrifuged for 5 min at 14,000 rpm (4#C) and a sample of the supernatant diluted 4:1 with 4x
sample buffer (Licor, #928–40004) containing 10% (v/v) 2-mercaptoethanol. Total protein concentration was determined using the
Pierce BCA Protein Assay Kit (ThermoFisher, #23227). Note that within a co-immunoprecipitation experiment, the same amount
of total protein was used.
Fly heads
Fly heads (25/genotype) were severed using fine scissors (Fine Science Tools, #15005-08), collected in 0.5 mL Eppendorf tubes and
immediately frozen in liquid nitrogen. Subsequently, the headswere homogenized in 2%SDS supplemented with a protease inhibitor
cocktail (1:1000; Sigma-Aldrich) using a glass rod (4#C). Next, Triton X-100 was added (final concentration 1%) to the samples, which
were then centrifuged for 15min (14,000 rpm) at 4#C. The supernatant was collected in fresh, pre-cooled tubes and centrifuged twice
again for 30 min at 14,000 rpm and 4#C. Finally, the supernatant was supplemented with SDS-based sample buffer (LI-COR) and
2-mercaptoethanol (Merck).
Pupae
One-to two-day-old pupae (!0.6 g/genotype) were collected, immediately frozen in liquid nitrogen and homogenized in a pre-cooled
mortar using a pestle. The resulting protein powder was transferred into a pre-cooled tube and supplemented with homogenization

22 Cell Reports 44, 115078, January 28, 2025

Article
ll

OPEN ACCESS



buffer (50 mM Tris/HCl, 150mMNaCl, 1% Triton X-100, Protease Inhibitor 1:1000, 1 mMDTT, pH 7.4). Samples were further homog-
enized using an Ultra-Turrax (43 15 s; IKA T10 Basic). Next, samples were centrifuged at 4,000 x g for 30 min, again at 14,000 x g for
30 min and finally at 25,000 x g for 60 min. The samples were kept at 4#C throughout the procedure. Finally, the supernatant was
supplemented with 5x Laemmli buffer (250 mM Tris, 12.5 mM EDTA, 10% SDS, 25% glycerol, 8 M urea, 0.025% bromophenol
blue, 200 mM DTT) or sample buffer (LI-COR) supplemented with 2-mercaptoethanol.

Immunoblots
Protein samples were electrophoretically separated using 8%, 4–12% or 4–20% Tris-glycine gradient gels and blotted (protein from
fly heads: 15 V, 7 min; protein from HEK293T and fly pupae: 15 V, 6 min) onto nitrocellulose membrane (0.2 mm pore diameter, iBlot
Transfer stack, ThermoFisher, #IB23001/#IB23002) using the iBlot2 (Invitrogen). The membrane was blocked for 1h using Odyssey
Blocking buffer (LI-COR, #927–40000) diluted 1:2 with PBS. Blots were probed with primary antisera at indicated concentrations
overnight at 4#C: rabbit-a-RFP (1:1000, Antibodies-Online, RRID:AB_10781500), mouse-a-V5 (1:1000, Invitrogen, RRI-
D:AB_2556564), rabbit-a-HA (1:1000, C29F4, Cell signaling technology; RRID:AB_1549585), rabbit-a-Tubulina (1:5000, Santa
Cruz antibodies, #12462-R), mouse-a-Tubulinb (1:2000, Developmental Studies Hybridoma Bank e7, RRID: AB_528499).
After rinsing twice and 33 5 min washing steps using 0.1% Tween-20-containing PBS, membranes were incubated with second-

ary antibodies from LI-COR (1:15,000): IRDye 680RD goat-a-mouse (RRID: AB_10956588), IRDye 680RD goat-a-rabbit (RRID:
AB_10956166), 800CW goat-a-mouse (RRID: AB_621842), 800CW goat-a-rabbit (RRID: AB_621843) for 1 h, at RT and again rinsed
twice and washed 3 3 5 min. Western blots were imaged with an OdysseyFc 2800 (LI-COR). The molecular weight of Western Blot
bands was determined using the GelAnalyzer 19.1 software (gelanalyzer.com, by Istvan Lazar Jr., PhD and Istvan Lazar Sr.,
PhD, CSc.).

IP from pupae-derived proteins
Immunoprecipitation of Drosophila pupal lysates was performed using ChromoTek RFP Trap Magnetic Agarose beads (Proteintech,
#rtma) according to manufacturer’s recommendations. Protein was eluted by resuspension of beads in 1x Laemmli buffer or 1x sam-
ple buffer (LI-COR) and cooking at 95#C for 10 min.

Co-IP from HEK293T cell-derived proteins
Co-immunoprecipitation was performed using the HA-Tag Magnetic IP/Co-IP Kit (Pierce, ThermoFisher, #88838). The manufac-
turer’s Manual IP/Co-IP protocol and the Elution Protocol using sample buffer (LI-COR) were applied.

Protein quantification
Western Blot images were analyzed according to79 using the Gel Analyzer feature in ImageJ/Fiji (NIH). Each lane in the image of the
WB or co-IP membrane was selected and added to the Gel Analyzer to obtain profile plots of each lane. Each band is represented as
an intensity profile, the area under whichwas used for quantification. For the analyses ofWestern blots of co-IP experiments, the area
under the intensity profile of the heavy chain of the magnetic bead HA-antibody was used to normalize signals of the bands in the
same lane. The percentages of the total peak area were used to calculate the relative densities for each sample. This procedure
was repeated for each replicate individually.

Ca2+ imaging
To compare the effects of different Cirl mutations on lch5 function, the genetically encoded Ca2+ indicator jGCaMP7f28 was ex-
pressed underUAS control, using the iav-gal4 driver10 in homozygousCirlRescue,CirlKO,Cirl1TM,Cirl7TM andCirl1TM+7TM backgrounds.
Non-wandering male third-instar larvae were pinned to a Sylgard pad in ice-cold, Ca2+-free HL-solution10,80 and cut open along the
dorsal midline. The body muscle wall was gently stretched to the sides and pinned to the pad with minutien pins (#26002-10, Fine
Science Tools). Innards and the CNS were gently removed. The Sylgard pad was transferred to the imaging chamber, filled with
2 mM CaCl2-containing HL-solution. To stimulate the lch5 mechanically, a 900 Hz tone (sine wave) of different intensities (75–90
dB SPL, starting with 75) was applied via a small suspended computer loudspeaker. Lch5 activity pattern was unchanged even
when stimulus direction was moved 180# from its initial position (data not shown). The sound frequency was controlled by Audacity
software (V3.0.0, audacityteam.org). Stimulation intensity was verified bymeasuring sound pressure levels prior to every experiment.
At small stimulation intensities, several measurements were averaged to increase the signal to noise ratio: 75 dB, 10 measurements;
80 dB, 5 measurements. Fluorescence imaging of the jGCaMP7f signal was performed on a DM 6FS (Leica) upright microscope
equipped with a 40x, 0.8 N.A. dip-in objective and a GFP filter cube: excitation, 450–490 nm; dichroic 495 nm; emission,
500–550 nm. After pre-bleaching samples for 90 s to reduce bleaching rates during the experiment, samples were illuminated by
blue LED light of the same intensity (LedHUB equipped with a LedH.465.4600, Omicron Laserage). jGCaMP7f fluorescence signals
were video-recorded with a Hamamatsu Orca flash 4.0, V3 sCMOS camera at a 25-Hz frame rate and a 1633 163 nm pixel size. Ten
larvae of each genotype were measured. Videos were digitized and stored using the HOKAWO 3.0 software (Hamamatsu) and im-
ported to Fiji ImageJ (NIH). A round, five-pixel diameter region of interest (ROI) was placed at the distal end of lch5 dendrites. The time
course of the mean fluorescence intensity (F) in the ROI was exported to GraphPad Prism 6. DF/F0 was determined by calculating F0,
i.e., the mean intensity during the 0.36 s period before stimulation and normalizing DF (i.e., F - F0) to F0. To quantitatively compare
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Ca2+ signals between genotypes, the DF/F0 averages of the Ca2+ signal plateaus (second half of the stimulation period) were calcu-
lated. Videos, in which any movement was detected, were discarded.

Electrophysiology
To compare the effects of differentCirl alleles on lch5 function, non-wanderingmale third-instar larvaewere dissected as described in
‘Ca2+ imaging’. After the innards and the CNS were removed, longitudinal muscles of the third, right abdominal hemisegment were
cut cautiously. The lch5 nerve bundle was cut near the ventral, anterior end of muscle 21. The muscles 21, 22 and 23 were carefully
cut and removed. The Sylgard pad was transferred to the recording chamber, filled with 2 mM CaCl2-containing HL-solution.81 Mi-
cropipettes with 6–10 mm diameters were fabricated using the electrode puller. To perform action current (ACurr) recordings, the
pipette, which harbored the Ag/AgCl electrode, was filled with the bath solution. The lch5 nerve bundle was sucked into the pipette,
and its opening wasmoved close to the soma of the neurons. Electrical activity wasmeasured in voltage-clampmode at 0 V using the
Axopatch 200B amplifier. The measured current was low-pass Bessel filtered at 1 kHz and digitized at 10 kHz with the analog-digital
converter and Clampex 10.2 Software. To stimulate the lch5 neurons, cap cells were perpendicularly hooked with a miniature stim-
ulation hook made from minutien pins. The hook was glued to a glass micropipette, which in turn was attached to a piezo element.
Pulls of 0.03, 0.1, 0.3, 1, and 3 mmwere administered by applying negative voltage jumps to the piezo using the E663 amplifier, thus
deflecting the lch5 to the side. Pull lengths of 3 mm and 1 mmwere confirmed optically. The voltages for the 0.3, 0.1, and 0.03 mm had
to be extrapolated from the voltages of longer pulls. Although the setup was thoroughly mechanically uncoupled, the hook most
probably moved relatively to the organ by a much larger distance than the shortest pull length. Therefore, a reliable 30 nm pull seems
unrealistic at first glance. However, since the piezomovement is very fast, its stability wasmeasured as ±10 nm, and the organ reacts
to stimulation in a differential manner, a meaningful reaction to the 30 nm pull could be easily detected. Each pull length, starting with
0.03 mm, was applied three times for 500 ms with a 1-s break between the pulls. After a 7 s pause, the next pull length was applied
three times. ACurr during the first 50 ms were manually counted, as it is the time frame, when frequency increase mainly takes place.
The ACurr frequency was calculated and evaluated in SigmaPlot 12. The mean of the three values of the same pull length was calcu-
lated to give N = 1. Ten measurements in ten different animals per genotype were performed. Treatment with the adenylyl cyclase
inhibitor was carried out by adding 100 mM SQ22536 to the bath solution followed by 10 min incubation before starting the electro-
physiological measurement. For sham treatment, the adenylyl cyclase inhibitor was replaced with water.

QUANTIFICATION AND STATISTICAL ANALYSIS

If not stated otherwise, data are reported as mean ± SEM, n indicates the sample size, which was not predetermined by statistical
methods. Data were analyzed with Prism v6 – 9 (GraphPad). Data distribution was initially tested for normality with a Shapiro-Wilk
test. Two set comparisons were done using two-tailed Student’s t-tests, unless data was non-normally distributed. In this case,
groups were compared by non-parametric tests (Mann-Whitney test for unpaired and Wilcoxon-Signed Rank test for paired
comparisons).

Multiple comparison analyses (groups compared to every other group) were conductedwith an ordinary One-way ANOVA followed
by Tukey’s multiple comparison test (for normally distributed samples), or a Kruskal-Wallis test followed by Dunn’s multiple compar-
isons test (for non-normally distributed samples). Multiple comparisons (group compared to a single control) were done using
One-way ANOVA followed by Dunnett’s (for normally distributed samples) or the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test (for non-normally distributed samples). Data presented in figures were statistically assessed as indicated:

Figures 4G–4I: One-way ANOVA, Tukey’s test.
Figures 5D and 5G: One-way ANOVA, Tukey’s test.
Figure 5J: One-way ANOVA, Dunnett’s.
Figures 6B–6D: One-way ANOVA, Tukey’s test.
Figure 6E: unpaired Student’s t-test.
Figures 6F–6H: One-way ANOVA, Tukey’s test.
Figure S2D,E: Kruskal-Wallis test, Dunn’s test.
Figure S3: One-way ANOVA, Tukey’s test.
Figure S5B-E top: Kruskal-Wallis test, Dunn’s test.
Figure S5B-E bottom: One-way ANOVA, Dunnett’s test.

24 Cell Reports 44, 115078, January 28, 2025

Article
ll

OPEN ACCESS


