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Adhesion G-protein-coupled receptors (aGPCRs) bear notable similarity to Notch
proteins’, a class of surface receptors poised for mechano-proteolytic activation®™,
including an evolutionarily conserved mechanism of cleavage® 8, However, so far
there is no unifying explanation for why aGPCRs are autoproteolytically processed.
Here we introduce a genetically encoded sensor system to detect the dissociation
events of aGPCR heterodimers into their constituent N-terminal and C-terminal
fragments (NTFs and CTFs, respectively). An NTF release sensor (NRS) of the neural
latrophilin-type aGPCR Cirl (ADGRL)’ ™, from Drosophila melanogaster, is stimulated
by mechanical force. Cirl-NRS activation indicates that receptor dissociation occurs
inneurons and cortex glial cells. The release of NTFs from cortex glial cells requires
trans-interaction between Cirl and its ligand, the Toll-like receptor Tollo (Toll-8)?, on
neural progenitor cells, whereas expressing Cirl and Tollo in cis suppresses
dissociation of the aGPCR. This interaction is necessary to control the size of the
neuroblast poolinthe central nervous system. We conclude that receptor
autoproteolysis enables non-cell-autonomous activities of aGPCRs, and that the
dissociation of aGPCRs is controlled by their ligand expression profile and by
mechanical force. The NRS system will be helpful in elucidating the physiological
roles and signal modulators of aGPCRs, which constitute a large untapped reservoir of
drug targets for cardiovascular,immune, neuropsychiatric and neoplastic diseases®.

aGPCRsexhibit elaborate extracellular regions (ECRs) joined to the hep-
tahelical transmembrane (7TM) signalling domain of GPCRs" (Extended
DataFig.1a).aGPCRs engage with ligands that are either fixed within the
extracellular matrix or are membrane molecules themselves™. Taken
together with physiological®® " and pharmacological observations®,
this has led to the concept that aGPCRs are activated by mechanical
force'?, The structural attributes of aGPCRs support this hypothesis.
AnextracellularaGPCR-specific GPCR autoproteolysis-inducing (GAIN)
domain, whichis presentinallaGPCRs, cleaves areceptorinto a hetero-
dimer composed of an NTF and a CTF, which remain non-covalently
connected after self-cleavage® 5 (Extended Data Fig. 1a). aGPCRs con-
tain atethered agonist element (TA, Stachel) as part of the GAIN fold,
whichis necessary and sufficient for receptor activation®*? (Extended
DataFig.1a). As the TA is concealed within the intact GAIN domain®, its
exposure may be procured through the conformational flexibility of the
GAIN domainthat allows for TA-7TM domaininteractions in receptor
heterodimers®'®?2*% (non-dissociation model; Extended DataFig. 1b).

Alternatively, physical disruption of the heterodimer decrypts the TA
and triggers aGPCR activation?>* (dissociation model; Extended Data
Fig. 1b). Recent structural evidence shows that TA-7TM engagement
may occur in autoproteolytically inactive full-length receptors” and
isolated aGPCR CTFs*®7°, Hence, receptor self-cleavage and heterodi-
mer dissociation are important for aGPCR signalling (Extended Data
Fig.1b). However, methods for the detection of aGPCR dissociation
at cellular and temporal resolution that can be combined with phar-
macological and physiological investigations are lacking. Here we
introduce atransgenic, bioorthogonal NTF release sensor (NRS) system
that reportsthe separation of aGPCR heterodimers invitro and in vivo.

Sensor design for aGPCRNTF release

The NRS working principle is based on the molecular events that trigger
Notchreceptor signalling, which regulates amultitude of developmen-
tal processes®. Inbrief, Notchis activated throughits adhesive ligands
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Fig.1|Activation of the NRS for the aGPCR Cirl depends on proteolysis of the
GAIN domain. a, Exposure of Cirl or Cirl-NRS toits activating conditions (ligand
and/or mechanical force) results inthe separation of the Cirl heterodimer at the
GPS, which allows for subsequent processing of the Notch JTS and release of the
transcription factor (TF).In consequence, aGPCR dissociationis converted into
theactivation ofareporter oractuator transgene. HRM, hormone-receptor
motif; RBL, rhamnose-bindinglectin. b, Luciferase assay showing that the
activation of N**™-LexA and CD4-6TEVs-NRS-LexA depends on y-secretase
substraterecognition, whichis blocked by a crucial S3 site mutationintheJTS.
Data (n =4 biological replicates for allgroups, except the control and N**F-LexA
groups (n=3) fromonerepresentative experiment) were normalized and
presented as multiples of the control dataset in box-and-whisker plots (all data

DeltaorSerrate. Ligand endocytosis in trans transmits mechanical force
onto the Notch ECR, which causes the exposure of a juxtamembrane
receptor region>**? that is shielded by the negative regulatory region
(NRR) duringinactivity (Extended Data Fig. 2a). A juxtamembrane S2
site becomes accessible and is cleaved by an ADAM metalloprotease
(for example, TACE or Kuzbanian)* outside the plasmamembrane, lead-
ing to the shedding of most of the Notch ECR (Extended Data Fig. 2b).
Successive regulated intramembrane proteolyses of the remaining
Notchtransmembrane fragment by the y-secretase complexatS3and
S4 sites follow® > (Extended Data Fig. 2b). The Notch intracellular
domain (NICD) is finally released off the inner leaflet of the plasma
membrane, enters the nucleus and co-activates the transcription of
target genes (Extended Data Fig. 2b). We used the fly Notch juxta- and
transmembrane segment (JTS), including the S2-S4 cleavage sites,
to construct the NRS (Extended Data Figs. 1c and 2a,c), and replaced
the NICD with the LexA-VP16 transcription factor to mark NRS activa-
tion through the LexA-lexAop binary expression system (Fig. 1a and
Extended Data Fig. 1c). Previous work has shown that the Notch ECR,
includingthe NRR, can bereplaced by heterologous domains while still
protecting the signal-initiating S2 site from protease engagement>®.
We confirmed this observation by fusing four immunoglobulin (Ig)
domains of the human CD4 receptor N-terminally appended to the
fly Notch'™, which inhibited the release of LexA in luciferase assaysin
Drosophila Schneider-2 cells to levels comparable to those of a con-
stitutively inactive Notch®E°F (N*EF)-LexA control® (Extended Data
Fig. 3a). Next, we inserted tri- or hexarepeats of the highly selective
Tobacco etchvirus (TEV) protease cleavage site (TEVs) between CD4-Ig
repeats and Notch’'™ (CD4-3TEVsNRS-LexA or CD4-6TEVs-NRS-LexA)
for conditional separation of the ECR and Notch'™ of the sensor and
exposure of the S2 site through TEV protease (TEVp). Co-expression of a
secreted version of TEVp (secTEVp), but notitsintracellular expression
(intraTEVp) or when it was not expressed at all, led to strong activa-
tion of both the CD4-3TEVs-NRS-LexA and the CD4-6TEVs-NRS-LexA
sensor in luciferase (Extended Data Fig. 3a) and fluorescent mCherry
reporters (Extended Data Fig. 3b) in Schneider-2 cells, respectively.
A constitutively active N**N-LexA (ref.*) served as a positive control
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points plotted; horizontal line, median; boxes, 25thand 75th percentiles;
whiskers, minimum and maximum values). Datawere analysed with an ordinary
one-way ANOVA with Tukey’s test (confidence interval = 95%). Pvalues are shown.
Seealso Source Data. ¢, The Cirl-NRS-LexA sensor shows spontaneous
activityinSchneider-2 cells, whichis suppressed by abrogation of GAIN-domain
autoproteolysis (Cirl*“*S-NRS-LexA) or y-secretase cleavage (Cirl-NRS*S3-LexA).
Data (n=14 biological replicates for all groups, except the Cirl-NRS***-LexA
group (n=10) from threeindependent experiments) were normalized and
presented as multiples of the control dataset in box-and-whisker plotsasinb (all
data points plotted). Data were analysed with a Kruskal-Wallis one-way ANOVA
with Dunn’s test (confidenceinterval = 95% for allcomparisons). Pvalues are
shown. See also Source Data.

(Extended Data Fig. 3a,b). Replacing acrucial valine residue with lysine
at the S3 site® (N*“V2S3.LexA) (Fig. 1b and Extended Data Fig. 3c) and
pharmacological inhibition of y-secretase activity with 10 uM DAPT
abolished reporter activity (Extended Data Fig. 3d).

Next, we fused the complete ECR of the Drosophila ADGRL1-ADGRL3
(latrophilin) homologue, calcium-independent receptor of latrotoxin
(Cirl) (containing all receptor components from the receptor N termi-
nustothebeginning of the first transmembrane helix), to the NRS core
sequence (Cirl-NRS-LexA; Extended DataFigs.1cand 2¢). Cirl-NRS-LexA
readily showed high activity in Schneider-2 cells, indicating sponta-
neous dissociation of the NTF-CTF heterodimer under in vitro assay
conditions, which exposed the S2 site (Fig. 1c). This was confirmed
by replacement of a conserved histidine (-2 position) with alanine at
the GPCR proteolysis site (GPS) of the sensor’®, which blocked GAIN-
domain self-cleavage, eventual NTF release and NRS activity (Fig. 1c).
Cirl-NRS**-LexA was also inactivated by the S3 site mutation (Fig. 1c).
Inenzyme-linked immunosorbent assays (ELISAs), only minor defects
were observed in the cell-surface abundance of Cirl*“*>-NRS-LexA and
Cirl-NRS*53-LexA sensors (Extended DataFig. 3e), which do not seem to
account for the more severe reductions of reporter activities (Fig. 1c).

Invivo validation of Cirl-NRS

We generated minigenes for Cirl-NRS-LexA, Cirl*°*S-NRS-LexA and
Cirl-NRS“-LexA using a Drosophila genomic engineering platform for
Cirl (refs.*™°) that placed the transgenes under endogenous transcrip-
tional control (Extended DataFig. 4a). When activated, Cirl-NRS-LexA
stimulates the expression of suitable reporter transgenes (Extended
Data Fig. 5a-d). In adult flies, Cirl-NRS-LexA activity was detected in
the eye, proboscis and legjoints (Extended Data Fig. 4b,e). To control
for potential misexpressioninherent to LexA, we also created Cirl-NRS
transgenes that terminated in GAL4 or QF2 transcription-factor cas-
settes. Comparison of the activities of Cirl-NRS-LexA (Extended Data
Fig.4b,e), Cirl-NRS-GAL4 (Extended Data Fig. 4¢,f) and Cirl-NRS-QF2
(Extended Data Fig. 4d,g) showed that all three sensors resulted in
anatomically similar expression patterns. However, although the
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Fig.2|Cirl-NRSisactivatedinamechano-dependent manner.a-c, Cirl-NRS-LexA
activity (a) inthe proboscis (chevron), eyes (double chevron) and legjoints
(arrowheads) of adult fliesis abrogated when y-secretase (b) or GAIN-domain
cleavage (c) is suppressed by point mutations, although residual signals are
observedinthelatter condition.Scalebars, 0.5 mm.d, Westernblot of
HA-Cirl-NRS-LexA-V5 variants asindicated above each lane blotted against an
N-terminal HA tag and a C-terminal V5tag. Cirl-NRS-LexA showed a C-terminal
proteinfragment (blackarrowhead) representing the sensor protein after
GAIN-domain cleavage. Weak bands corresponding to unprocessed full-length
sensor protein (white arrowhead) and Cirl-NTF (white circle) arealso visible.
Inhibition of GAIN-domain cleavage (AGPS) yielded the full-length sensor protein
(whitearrowhead) and suppressed the generation of smaller fragments,
indicating that proteolysis of the Notch'™ component depends on GAIN
proteolysis. Elimination of the y-secretase cleavage site of the sensor (AS3)
producedadoublebandindicating the C-terminal Cirl-NRS-LexA cleavage
products of S2and S4 proteolyses. A proteinsample from w"**flies served asa
negative control; theloading control was performed with a Spectrin-acantiserum.

first two types of NRS showed comparable activities (Extended Data
Fig.4b,c,e,f), the Cirl-NRS-QF2 signal was considerably weaker in the
legs and stronger in the eyes (Extended DataFig. 4d,g).

Inhibition of S3 cleavage in the Cirl-NRS***-LexA reporter entirely
abrogated sensor activity atall major expressionsites (eye, leg jointsand
proboscis; Fig. 2a,b), confirming that Notch’™ activity is absolutely nec-
essary for NRS activity. Flies expressing the autoproteolysis-deficient
Cirl*“"-NRS-LexA sensor showed largely diminished reporter signals
in all expression sites (Fig. 2c). Thus, abrogation of the NTF-CTF dis-
sociation of Cirl-NRS-LexA, and therefore Cirl, is occurring in these
tissues under physiological conditions.

Westernblot analysis using a C-terminal V5tag showed GPS cleavage
ofthe wild-type Cirl-NRS-LexA sensor, indicating that the autoproteo-
lyticactivity of the GAIN domain was unimpeded in the chimeric sensor
proteinin fliesin vivo (Fig. 2d). Blockade of GPS cleavage resulted in a
single band corresponding to the full-length sensor protein (Fig. 2d). No
smaller Cirl-NRS-LexA fragments derived from S2,S3 and S4 cleavages
were observed, indicating that noregulated intramembrane proteolysis
occurred in the absence of GAIN-domain cleavage (Fig. 2d). Western
blotting of Cirl-NRS***-LexA confirmed that S3 proteolytic processing of
Cirl-NRS-LexAis quenched by the V-to-K mutation (Fig. 2d). Altogether,
these results show that Cirl-NRS-LexA activation is dependent on the
self-cleavage of the GAIN domain, and that the chain of molecular events
after NTF release within the NRS is unidirectional and sequentially
unfoldsin the intended order: NTF-CTF dissociation > S2 cleavage ~>
S3 cleavage > LexA membrane release (Fig. 1a).

Mechanical forces stimulate Cirl-NRS

The release of the NTF after separation of the NTF-CTF recep-
tor heterodimer suggests an obvious consequence of aGPCR

Theexperimentwasindependently repeated twice with similar results. For
gelsource data, see Supplementary Fig.1la-c. WT, wild type. e, Protocol for
immobilization of the femorotibial joint. ¢, time.f,g, Joint angle range (Aa) of
immobilized (f) and mobile (g) legs before (yellow), during (orange) and after
(blue)immobilization. Data plotted on the same circle correspond to the averaged
flexion-extensionangle range of the samejointat the indicated timeintervals.
Ineachfly, one metathoracicleg wasimmobilized and the contralateral leg served
asthe mobile control (n=10independentflies per condition). Datagroups were
comparedwitharepeated-measures one-way ANOVA with Geisser-Greenhouse
correction and Tukey’s test (confidence interval = 95%). Pvalues are shownin the
triangle. See also Source Data. h,i, Cirl-NRS activity infemorotibial-joint neurons
depends onthe mechanical force produced by joint flexion (n =16 independent
flies per condition). Immobilized leg dataset groups were compared witha
repeated-measures one-way ANOVA with Geisser-Greenhouse correctionand
Tukey’s test; mobile leg dataset groups were analysed with the Friedman method
and Dunn’s multiple comparisons test (confidence interval = 95% for all
comparisons). Pvalues are shown.See also Source Data.

mechanostimulation® 2223 The activity of different mechanosen-
sitive neuron classes in Drosophila depends on Cirl (refs.° ). As the
ECRs of the Cirl-NRS and Cirl proteins are identical (Extended Data
Fig.1a,c)—and, thus, exposed to similar adequate stimuli—we tested
whether NTF release and the resulting Cirl-NRS activation depend
on physiologically relevant mechanical stimuli. We focused on pro-
prioceptive neurons in the adult leg joints, which are stretched and
relaxed by joint motion®. These neurons are amenable to non-invasive
mechanical manipulation, and exhibit high Cirl-NRS activity (Fig. 2aand
Extended Data Fig. 4b-g) that requires Cirl autoproteolysis (Fig. 2c).
To capture the dynamics of Cirl-NRS activity in the leg-joint neurons
throughits transcriptional output, we used a UAS-TransTimer transgene
that simultaneously expresses a fast-folding destabilized GFP (dGFP)
and astable slow-folder long-lived RFP under Cirl-NRS-GAL4 control*°.

Adult flies expressing Cirl-NRS-GAL4>UAS-TransTimer were glued
to a support to allow all legs to move freely for several hours, result-
ing in steady-state NTF release off the Cirl-NRS-GAL4 sensor through
joint motion (Fig. 2e and Extended Data Fig. 6a; mobile interval).
To stop joint bending and test the suppression of NTF release, we
fixed one metathoracic leg in an extended position by gluing a taut
restraint, made of ahuman hair, toits tarsus and the supporting plate
to immobilize it (Fig. 2e and Extended Data Fig. 6b,c; immobilization
interval). The contralateral metathoracic and all other legs remained
mobile (¢=0 h). After the immobilization interval (¢=5 h), the fixed
leg was released by cutting the hair and all legs were allowed to move
for another 5 h (¢=10 h; Fig. 2e; remobilization interval). The range of
motion (Extended Data Fig. 6d) of theimmobilized femorotibial joint
was significantly reduced and showed complete recovery thereafter
(Fig. 2f), whereas the control leg exhibited high joint motion through-
out the experiment (Fig. 2g). This indicated that jointimmobilization
could suppressthe generation of mechanical force on mechanosensory

Nature | www.nature.com | 3



Article

neurons, and that the fixed leg and the entire fly had remained intact
and viable during the procedure.

At the end of each interval, we obtained dGFP/RFP values from the
femorotibial-joint neurons ofimmobilized and mobile legs expressing
Cirl-NRS-GAL4>UAS-TransTimer. The activity of Cirl-NRS-GAL4 was
significantly reduced only in theimmobilized leg neurons 5 h after fixa-
tion (Fig. 2h), whereas it showed sustained activity in the mobile con-
trol leg neurons (Fig. 2i), implying that Cirl-NRS activity is stimulated
by mechanical force. Cirl-NRS-GAL4 activity in the immobilized joint
neurons did not reach baseline values after remobilization (Fig. 2h),
possibly owing to the longer time intervals required to re-establish
steady-state sensor or reporter levels—which, however, were incom-
patible with fly viability.

Cirl-NRS activity in the larval brain

To map the disruption of the Cirl heterodimer at the cellular level, we
turned to the nervous system of third instar (L3) larvae. Cirl-NRS-LexA*
cellswere found throughout the ventral nerve cord (VNC) and central
brain, highlighting the cell populationsin which therelease of Cirl-NTF
is physiologically relevant (Extended Data Fig. 7a). In addition, sup-
pression of regulated intramembrane S3 proteolysis (Cirl-NRS*$>-LexA)
resulted inthe complete loss of sensor activity (Extended Data Fig. 7b).
Notably, abolition of GAIN-domain self-cleavage caused the loss of
Cirl*°™-NRS-LexA activity in most of the central nervous system (CNS)
except the mushroombody (Extended DataFig. 7c), perhaps through
the expression of a specific set of enzymes (for example, sheddases)
that catalyse additional or alternative proteolytic processing of Cirl
or Cirl-NRS-LexA (ref. *'). Thus, the NRS system may be suitable for
reporting additional cleavage events at aGPCR ECRs as well.

Immunohistochemical detection of the N and C termini of Cirl-NRS
proteinsin L3 brains through confocalimaging showed that the wild-type,
AS3 and AGPS (Extended Data Fig. 7j-I) variants were indistinguishably
colocalized at the membrane of expressing cells (Extended Data Fig. 7d-i).

Flies co-expressing Cirlp-GAL4"(ref. °) and Cirl-NRS-LexA" reporters
showed signals throughout the VNC and brain hemispheres of the L3
CNS (Extended Data Fig. 7a,m). To ensure that the subcellular locali-
zation of Cirl-NRS-LexA and Cirl corresponded, we examined their
expression pattern in flies co-expressing an RFP-Cirl fusion protein'®
and the Cirl-NRS-LexA sensor variants’ V5 tag. Inspection of co-stainings
of larval brain hemispheres showed that RFP-Cirl and Cirl-NRS-LexA
were colocalized at cell boundaries (Extended Data Fig. 7n), irre-
spective of whether proteolytic processing was disabled at the S3
(Cirl-NRS***-LexA; Extended Data Fig. 70) or GPS (Cirl*“"*>-NRS-LexA;
Extended Data Fig. 7p) sites.

Cirl-NTF release requires Tollo

If Cirl receptor dissociation occurs after the transmission of mechanical
force throughligands, ligand removal should curtail Cirl-NRS activation.
We identified Cirl ligands through an affinity-immunoprecipitation
screen using RFP-Cirl (ref. °) as bait. Pupal lysates were collected and
RFP-Cirl was pulled down using magnetic beads pre-adsorbed with a
polyclonal anti-RFP antiserum (Extended Data Fig. 8a). Mass spectrom-
etry analysis identified and quantified around 1,100 proteins through
label-free quantification (LFQ) of the log,-transformed fold change
between RFP-Cirl and a RFP-fused synaptobrevin (Syb) control bait to
exclude unspecific binders. We identified 90 proteins that were poten-
tial Cirlinteractors. Tollo (also known as Toll-8 and CG6890) was identi-
fied as a candidate ligand and was quantified using a total of 4 unique
peptidesand a confidence Pvalue of 4.8 x 1075 (Fig. 3a). Previous work
identified Tollo as aligand of Cirlin the Drosophila embryo™by using a
ligand screening set-up (bait: overexpressed Tollo) inverse to ours (bait:
endogenously expressed Cirl). This supported the utility of Tollo as a
reliable tool to demonstrate the NTF-CTF dissociation of Cirl in vivo.
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Wesearched for the apposition of Cirl"and Tollo" cells by co-expression
of Cirl-NRS-LexA and Tollo-GAL4, areporter of transcriptional activ-
ity of the Tollo gene (Fig. 3b,c and Extended Data Fig. 8b). To iden-
tify sites of potential cell-cell contact, we used a membrane-bound
lexAop-myr::mCherryreporter and a UAS-6xGFPtransgene producinga
cytoplasmic fluorophore. Similar toits expression sitesin the adult CNS,
Tollo-GAL4showed abundant expression in L3 brains, marking clusters of
secondary neuron lineages and their axon tracts* (Fig. 3b,c), whereas the
Cirl-NRS-LexA signal was most prominent in mushroom-body neurons
and their projections in the VNC (Extended Data Fig. 8b), consistent
with the expression pattern documented for the Cirl-NRS-LexA sensor
protein (Fig. 3f and Extended Data Fig. 7a).

To corroborate the apposition of Cirl-NRS-LexA* and Tollo-GAL4*
cells, we used the t-GRASP (targeted GFP reconstitution across synaptic
partners) technique*** (Extended Data Fig. 8c). We used cacophony
(Cac::GFP11) as the presynaptic (pre-t-GRASP) and telencephalin
(TLN::GFP1-10) as the postsynaptic (post-t-GRASP) partner protein.
Each componentis non-fluorescent and non-immunogenic onitsown.
Only whenboth fragmentsreconstitute GFP, upon contact, can they be
detected withamonoclonal anti-GFP antibody*. When we co-expressed
Tollo-GAL4>pre-t-GRASP and Cirl-NRS-LexA>post-t-GRASP, we observed
discrete GFP immunosignals throughout the central brain lobes
(Extended Data Fig. 8e), whereas omission of the driver transgenes
significantly reduced t-GRASP signals (Extended Data Fig. 8d). Quantifi-
cation of the t-GRASP profiles confirmed that Cirl-NRS-LexA is activated
in cells that contact Tollo" neurons (Extended Data Fig. 8f).

The activity of Cirl-NRS-LexA in adults and L3 larvae (Fig. 3d-i)
was abrogated by genetic removal of Tollo (Fig. 3h,i). Notably, strong
Cirl-NRS-LexA signals in the adult eye, brain and leg-joint neurons
(Fig. 3e,f) were lost in a Tollo/Df(31)BSC578 background (Fig. 3h). In
addition, the activity of Cirl-NRS-LexA was suppressed in the larval
central brain, mushroombody and VNC; only afew cells showed back-
ground signals (Fig. 3i). Notably, expression of full-length Cirl-V5in
adult heads and larval brains seemed to be unaffected by the loss of
Tollo when analysed in western blots and immunostaining (Extended
DataFig.8g-i). These results show that the activation of Cirl-NRS-LexA
requires Cirl’s ligand, Tollo.

Cirl and Tollo interactincisandin trans

Apart from neuronal profiles in the VNC and mushroom body, exami-
nation of Cirl-NRS-LexA expression revealed areticular patterninthe
central brain (Figs. 3b,c and 4a,c). This arrangement is reminiscent of
the trophospongium chambers that are established by the lamellipo-
dia of cortex glial (CG) cells, in which neuroblasts, ganglion mother
cells (GMCs) and their secondary lineage progeny are enveloped in
the late larval brain®. Although thus far Cirl has been regarded as a
neuron-specificgene’ ™, glial Cirl-NRS activity was confirmed by colo-
calization with the CG-cell-specific 55B12-GAL4 driver (Fig. 4a,c) and
in a subset of cells expressing the pan-glial repo-GAL4 marker in the
cortex (Extended Data Fig. 9a).

Individual neuroblasts, GMCs, their daughter lineages and axontract
bundles express Tollo-GAL4 (Fig.3b,c and 4c), whereas Cirl-NRS-LexA*
CG cellsenwrap each lineage nest and show Cirl-NRS-LexA" activation
(Fig.4a,c). We constructed a Cirl-T2A-LexA reporter, which leads to the
co-translational production of LexA along with the Cirl gene product
through ribosomal skipping, thereby indicating Cirl protein synthesis
(Extended DataFig.9b). This reporter shows that Cirlis also expressed
in the neuroblast lineage (Fig. 4b). In sum, Tollo is only produced in
neurons of the CG-cell-neuroblast lineage interface, whereas Cirl is
expressed on both the glial and the neuronal side. As Cirl-NRS-LexA
activation only occurs in CG cells but not in the anti-Mir* (Miranda)
neuroblast lineage, Tollo and Cirl engage in trans at the CG-cell-neu-
roblast boundary (Figs. 3b,c and 4¢,d and Extended Data Fig. 8d-f)
to cause Cirl dissociation on CG cells (Fig. 4a,e,f; trans-activation of
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a,Massspectrometry analysis reveals putative binding partners of Cirl. Theresults
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(xaxis)and log,, of total proteinintensity (yaxis). Putativeinteractors of Cirl were
identified usingaone-sided significance A statistical test (outliers, one-sided Q-test
withaPvalue <0.05),and are highlighted according to their subcellularlocalization.
PM, plasmamembrane.b, Tollo-GAL4and Cirl-NRS-LexA co-labelling shows discrete
sites of Cirl-NRS-LexA* (magenta) and Tollo-GAL4" (green) proximity inbrain
hemispheres. Strong Cirl-NRS-LexA>lexAop-myr-mCherryactivity inthe central brain
isfoundinthe mushroombody (MB) (asterisk), inareticular patternin the cortex
(arrows) andin neuron-like cells (chevrons).Scale bars, 50 pm. The experiment was
independently repeated six times with similar results. ¢, Insets of bshow reticular
Cirl-NRS-LexA' label (arrows) surroundinga Tollo-GAL4"-labelled cell nest

Cirl-NRS-LexA). The loss of Cirl-NRS-LexA activity that is observed in
CG cells of Tollo*° mutants supports this conclusion (Fig. 3g-i).

We overexpressed a Tollo-YFP transgene ectopically in CG cells by
using the 55B12-GAL4 driver toplace Tolloin transto Cirlin neuroblasts
and GMCs, thereby inverting the physiological expression pattern of
Tollo at the CG-cell-neuroblast boundary (Fig. 4e-g). This caused the
activation of Cirl-NRS-LexA in the neuroblast lineage (Fig. 4g) con-
firming the trans-activity of Tollo on Cirl-NRS-LexA dissociation. Of
note, ectopically expressed Tollo suppresses Cirl-NRS in CG cells in
cis (Fig.4g), and bypasses the endogenous activation of Cirl-NRS in CG
cells through Tollo expressed by neuroblasts in trans. This indicates
that co-expression of Cirland Tolloin cisinhibits the release of Cirl-NTF

lexAop-mCherry

(neuroblastsindicated by black-outlined arrows). Tollo-GAL4" signals are presentin
theaxonbundletract (whitearrowheads).Scale bars,10 pum. The experiment was
independently repeated six times with similar results.d, Cirl-NRS-LexA and Tollo
configurationinwild-typeflies. e, Wild-type adult flies show abundant Cirl-NRS-
LexAactivityintheeye (double chevron) andlegjoints (arrowheads) (NRSsignal*:
84/84independent fliesinspected). The experiment wasindependently repeated
sixtimes withsimilar results.Scalebar, 0.5 mm.f, Wild-typeL3larvaewith
Cirl-NRS-LexA activation patternin the CNS. Scale bar, 50 pm. The experiment was
independently repeated six times with similar results.g, Cirl-NRS-LexA
configurationin Tollo-deficient (Tollo®/Df) flies. h,i, Genetic removal of Tollo
suppresses Cirl-NRS-LexA activationinadults (h; NRSsignal*:8/120 individualflies
inspected) andlarvae (i; NRS signal*: 0/8 individual fliesinspected). HRP,
o-horseradish peroxidase antiserum.Scalebars, 0.5 mm (h) and 50 pum (i).

(Fig.4e-g; cis-inhibition of Cirl-NRS-LexA). We tested whether this cis
interaction and lack thereof accounted for the high Cirl-NRS-LexA
activity in Schneider-2 cells (Fig. 1c). When co-expressed with the
Cirl-NRS-LexA reporter, increasing amounts of Tollo gradually sup-
pressed NRS activation to background levels, but had no effect on a
Cirl-NRS*%3-LexA control reporter (Fig. 4h). This supports the model
that cis-Tollo suppresses Cirl dissociation.

Cirl-NTF release regulates the number of neuroblasts

Geneticremoval of Cirlsignificantly increased the number of anti-Mir"
neuroblasts in L3 central brains (Fig. 4i,j), suggesting that Cirl has a
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Fig.4|Cirl-NTF dissociates at CG cells toregulate the pool of neuroblasts.

a, Cirl dissociation occursinthe mushroombody (asterisk), VNC neurons
(arrows) and CGells (closed arrowheads). Confocal plane showing co-expression
of Cirl-NRS-LexA and the CG-cell-specific GMR55B12-GAL4.Scale bar, 50 um. Inset,
lamellipodia of CG cells (open arrowheads). Scale bar,10 um. The experiment was
independently repeated six times with similar results. b, Cirl-T2A-LexA expression
inneuroblasts. White arrowheads, neuroblasts; black arrowheads, CGcells
visualized by Kr-GAL4>UAS-GFP.Scalebar,10 pm. The experiment was
independently repeated six times with similar results. ¢, CG cells lack Tollo
expression. Neuroblasts (white arrowheads) and CG cells (black arrowheads).
Scalebar, 50 um. The experiment wasindependently repeated six times with
similar results. d, Tollois expressed in neuroblasts, GMCs and neurons (black
arrowheads). Neuroblasts (white arrowheads) visualized by anti-Mir staining.
Scalebar, 5 um. The experiment was independently repeated six times with
similar results. e, Cirl-Tollointeraction experiments at the CG-cell-neuroblast
lineageinterface. OE, overexpression.f, Cirland Tollo expressionin neighbouring
cellsactivates Cirl-NRS-LexAin CG cells (trans-activation; magenta; black
arrowhead), whereas neuroblasts (turquoise) show no Cirl-NRS-LexA activity
(asterisk). Scalebar, 15 pm. The experiment was independently repeated six
times with similar results. g, Cirl-NRS-LexA activity in CG cellsis suppressed by
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Dataare presentedinabox-and-whisker plot (all data points plotted; box-plot
parametersasinFig.1b). Datawere analysed with an ordinary one-way ANOVA
with Tukey’s test (confidenceinterval = 95 %). Pvalues are shown. See also

Source Data.
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GAIN-domain cleavage (AGPS) yields full-length sensor proteins for both
receptors (white arrowheads). Protein samples from w"*fliesserved asa
negative control; proteininput samplesimmunoblotted withaSpectrin-a
antiserum were used as loading controls. The experiment wasindependently
repeated twice with similar results. For gel source data, see Supplementary

role in neurogenesis. Notably, Cirl*° mutant larvae containing an
autoproteolysis-deficient Cirl allele showed a similarly expanded
neuroblast population (Fig. 4i,j), whereas Cirl-NRS-LexA/Cirl*° larvae
expressing only a releasable wild-type Cirl-NTF but no Cirl-CTF have
normal numbers of neuroblasts (Extended Data Fig. 9c). Knockdown
of Cirl expression through cell-specific RNA interference in either CG
cells or neuroblasts and GMCs through 55B12-GAL4 or Tollo-GAL4,
respectively, showed that Cirlis only required in CG cells but not in
neuroblasts to maintain the neuroblast pool size (Extended Data
Fig. 9d). Collectively, this suggests that the release of Cirl-NTF from
CG cells non-cell-autonomously regulates the number of neuroblasts
inthelarval brain through engagementwith Tollo on neuroblasts and
GMCs.Italso suggests that Cirl and Tollo interact in the same pathway as
ligand and receptor, respectively, and that Tollo should thus be epistatic
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Fig.1d-g.d, Anal pad (arrowhead) of an L3 larva, showing Mayo-NRS-LexA
activity. e,f, Abrogation of GPS (e) and y-secretase (f) cleavage suppresses
Mayo-NRS activity. Location of anal pads indicated by dashed outline. Scale
bars,150 um. The experiment was independently repeated six times with
similar results. g, Malpighian tubules (arrowheads) ofan L3 larva, showing
Ketchup-NRS-LexA activity. h,i, Abrogation of GPS (h) and y-secretase

(i) cleavage abrogates Ketchup-NRS activity. Hoechst counterstainin white.
Scale bars,100 um. The contrast and brightness were digitally increased in
e.fh,itooutlineorgans. Theexperimentwasindependently repeated six times
with similar results.

to Cirl. The numbers of neuroblasts in Tollo"° mutants are similar to
those of wild-type controls, and removal of Tollo from the Cirl*° back-
ground (double knockout) rescues the increase in neuroblasts that
was found in Cirl° mutants, confirming this model (Fig. 4j). Together,
these datashow that at the CG-cell-neuroblast/GMCinterface, released
Cirl-NTF actsasaTolloligand to suppress the Tollo-dependent expan-
sion of the pool of neuroblasts. aGPCR autoproteolysis allows this
non-cell-autonomous function.

NRS for non-neural aGPCRs

Finally, we tested the universality of the NRS approach by recording the
NTF release of other aGPCRs. Apart from Cirl and Flamingo(Fmi; also
known as Starry night (Stan))**¢, Drosophila contains three other
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aGPCR genes**®: CG11318, CG15556 and CG15744, which we named
Mayo, Ketchup and Remoulade, respectively (Extended Data Fig.10a).
Mayo and Ketchup encode receptors with a simple layout containing
only the GAIN and 7TM domains (Fig. 5a). Bioinformatic evaluation of
the GAIN-domain phylogeny confirms their placementin a separate
primordial aGPCR subfamily (Extended Data Fig. 10b). Remoulade
encodes an aGPCR with a typical subfamily A domain layout™ (Extended
DataFig.10a).

We inspected the GPS sequence of Mayo, Ketchup and Remou-
lade (Extended Data Fig. 10c). As Remoulade does not contain a
canonical HL/I'T/S" motif’, it was discarded from further analysis.
We constructed Mayo-NRS-LexA and Ketchup-NRS-LexA versions
(Extended Data Fig.10d) by CRISPR-Cas9-mediated gene target-
ing of each gene following the same strategy as for Cirl (refs. **%)
(Extended Data Fig. 4a), generating sets of three transgenic fly
stocks per aGPCR (NRS-WT, NRS-AGPS and NRS-AS3). Western
blot analyses of immunoprecipitated pupal lysates in all NRS pro-
tein versions for Mayo (Fig. 5b) and Ketchup (Fig. 5¢) showed that
they are readily expressed in transgenic flies. Suppression of GPS
cleavage in both NRS versions indicated that Mayo and Ketchup
undergo GAIN-mediated autoproteolysis, and that NTF release
activity can therefore principally be reported by Mayo-NRS and
Ketchup-NRS. Mayo is endogenously expressed in the gut and
anal pads, whereas Ketchup is found in the proventriculus and
MalpighiantubulesofL3larvae as previously shown*s.Mayo-NRS-LexA
activity was observed throughout the anal-pad epithelium (Fig. 5d; 6
out of 6 flies). Suppression of GAIN-domain cleavage (AGPS; Fig. 5e)
ory-secretase cleavage (AS3; Fig. 5f) suppressed sensor activity (0 out
of 6 analysed flies of each genotype showed NRS signals), providing
evidence of its specificity to NTF release reported through the NRS.
Similarly, Ketchup-NRS-LexA was activated in Malpighian tubule cells
as visualized with a nuclear nls.GFP reporter and Hoechst counter-
stain (6 out of 6 flies), whereas AGPS and AS3 abrogated Ketchup-NRS
activity (Fig. 5g-i; 0 out of 6 analysed flies of each genotype showed
NRS signals). We conclude that the NRS system is applicable to other
non-ADGRL-type and non-neural aGPCRs and offers a resource for
investigating their biochemical processing, heterodimer dissociation
and functional tasks in Drosophila and other experimental models.

Discussion

Mechanical activation has been noted for several aGPCRs and
offers a logical mechanism for NTF removal and TA uncapping. The
NRS system that we introduce here uses the signal-transductive JTS
core of Notch, which is a mechano-activated surface receptor in its
own right?>*. We have used Notch proteolysis and generated artifi-
cial chimeric aGPCR-Notch-transcription-factor sensors to study
spontaneous and ligand-induced NTF release from individual cells in
culture and in an animal model. The NRS system allowed us to study
non-cell-autonomous activities of latrophilin (Cirl) in the brain. Such
non-cellautonomy of aGPCR functionsis likely to contribute to the high
evolutionary conservation of aGPCR autoproteolysis as a prerequisite
for NTF release®>1622%¢,

Cirl-NTF release is mediated by trans-Tollo, whereas cis-Tollo sup-
presses it. Whether Cirl-NTF dependent Tollo regulation feeds into
known signalling outlets of Toll-like receptors* remains to be deter-
mined. Furthermore, the cis- and trans-engagement of Cirl-Tollo is
reminiscent of Notch-Delta interactions, in which cis-stabilization
and trans-activation flip Notch activity in an ultrasensitive manner®.

NRS-based approaches will further our knowledge of the physi-
ological roles of this receptor family, and their effects on disease pro-
cesses. Because of its generic format, the NRS tool canaccommodate
any aGPCR layout, including human homologues. Thus, we foresee
that the NRS system will facilitate the discovery and characteriza-
tion of signalling conditions of individual aGPCRs, such as effects on

915,17,18
’
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ligand engagement, stimulation with adequate mechanical forces
and non-GPS-cleavage steps. Moreover, the NRS system allows for
the analysis of signalling modes that rely on aGPCR dissociation, and
for the identification of compounds that modulate them. NRS-based
drug screening will provide new avenues for the de-orphanization of
aGPCRs and drug target discovery®.
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Methods

Molecular biology

Plasmids generated in this study. For Schneider-2 cell assays:
ActS.1C-p>N*E"-LexA (pTL221); Act5.1C-p>N**N-LexA (pTL198);
ActS.1C-p>N*EVAS3.1 exA (pTL354); Act5.1C-p>CD4-NRS-LexA
(pTL222); Act5.1C-p>CD4-3TEVs-NRS-LexA (pTL235); Act5.1C-p>CD4-
6TEVs-NRS-LexA (pTL228); Act5.1C-p>SP®?-CD4-6TEVs-NRS-LexA
(pTL285); Act5.1C-p>SP**-CD4-6TEVs-NRS*5-LexA (pTL361); ActS.
1C-p>SPP"-Cirl-NRS-LexA-Flag (pTL497); Act5.1C-p>SPPP-Cirl°FsH>4.
NRS-LexA-Flag (pNH93); Act5.1C-p>SP"-Cirl-NRS*-LexA-Flag (pNH127);
lexAop>FLuc2 (pTL196); Act5.1C-p>RLuc (pTL182); Act5.1C-p>Tollo
(pAB45); MT-p>secTEVp (pTL224); MT-p>intraTEVp (pTL351).

For HEK293T cell assays: CMV-p>SP"¢*-HA-N**“*-LexA (pAD2);
CMV-p>SP'*-HA-Cirl-NRS-LexA-3xFlag (pAD4); CMV-p>SP's -
HA-Cirl*°"S-NRS-LexA-3xFlag (pAD3); CMV-p>SP*-HA-Cirl-NRS*%-LexA-
3xFlag (pAD29).

Drosophila transgenes: Cirl-p>HA-Cirl-NRS-LexA-3xV5-attB
(pTL803); Cirl-p>HA-Cirl4°PSHA.NRS-LexA-3xV5-attB
(pTL804); Cirl-p>HA-Cirl-NRS***-LexA-3xV5-attB (pTL807);
Cirl-p>HA-Cirl-NRS-QF2-attB (pTL878); Cirl-p>HA-Cirl-NRS-GAL4-attB
(pTL879); Cirl-p>RFP-Cirl7TM-2xV5 (pNH189); Cirl-p>Cirl7TM-
2xV5 (pNH191); Mayo-p>HA-Mayo-NRS-LexA-3xV5-attB
(pTL914); Mayo-p>HA-Mayo*°*S"™4-NRS-LexA-3xVS-attB
(pTL915); Mayo-p>HA-Mayo-NRS*-LexA-3xV5-attB (pTL917);
Ketchup-p>HA-Ketchup-NRS-LexA-3xV5-attB (pTL918); Ketchup-p
>HA-Ketchup“°"™"-NRS-LexA-3xV5-attB (pTL920); Ketchup-p
>HA-Ketchup-NRS*>-LexA-3xVS5-attB (pTL921); UAS>nSyb-RFP (pNHS86).

Plasmid construction. All plasmids were constructed using stand-
ard molecular biological methods, validated by diagnostic restric-
tion digests (all enzymes from New England BioLabs) and sequencing
(Microsynth SeqLab). QuikChange-based PCRs were performed with
PfuUltra HF DNA polymerase (Agilent Technologies, 600380-51). All
used primers were obtained from Eurofins Genomics and Microsynth
SeqlLab and are listed in Supplementary Table 1. Primers larger than
60 bp were ordered at gel-filtered high-purity salt-free grade.

Expression clones were generated by Gateway LR recombination
(Thermo Fisher Scientific, 11791020) of respective entry vectors with
the destination vector pAWF (a gift from T. Murphy; Drosophila Gate-
way Vector Collection; pEntry->pExpression vectors: pTL194->pTL198,
pTL213>pTL221, pTL344~>pTL354, pTL210~>pTL222, pTL227>pTL228,
pTL232>pTL235,pTL279->pTL285, pTL359->pTL361, pTL493~>pTL497,
pNH126~>pNH127, pTL178->pTL182), and expression clone pTL196
through LR recombination with destination vector pLOT-W/pTL196
(ref.*") according to the manufacturer’s protocol.

pTL194 (entry vector for N**M-LexA): insertion of a 0.7-kbp Hindlll/
Sphl fragment amplified from pTL117 (ref. *2) (a gift from P. Overton)
withprimerstl_103F/tl_104Rin pTL185.pTL185isadonor vector gener-
ated by amplification of a 1.1-kbp fragment of N***™ cDNA (a gift from
G. Struhl)*% by attB site-flanked primers tl_93F/tl_95R followed by
Gateway BP recombination with a pDONR221 vector.

pTL213 (entry vector for N*¥-LexA): ligation of Hindlll/Aatll fragments
of pTL194 (3.5 kbp) and pTL211 (2.7 kbp). pTL211is adonor vector gener-
ated by amplification of a0.8-kbp Sall/Agel fragment of N*EF cDNA (a gift
fromG. Struhl)***with primers tl_127F/128R and insertioninto pTL204.

pTL344 (entry vector for NAFV4S3. exA): amplification of a 0.5-kbp
fragmentwith primers tI_173F/tl_285R (thereverse primer contained the
V1763K mutation) of pTL252 and re-insertioninto pTL252 with Kpnl/Rsrll.

pTL210 (entry vector for CD4-NRS-LexA): amplification of al.1-kbp
Aatll/Clalfragment with primers tl_133F/tl_134R of pTL174 (a gift from
R.Kopan) and insertion into pTL194 (N**“N-LexA entry clone).

pTL227 (entry vector for CD4-6 TEVs-NRS-LexA): insertion of adouble
copy ofa0.1-kbp 3xTEVs fragment released through Avrll/Spel digest
from pTL154 into pTL210.

pTL232 (entry vector for CD4-3TEVs-NRS-LexA): digestion of pTL227
withSacll, release of a3xTEVs fragment, and re-circularization through
ligation.

pTL279 (entry vector for SPPP-CD4-6TEVs-NRS-LexA): insertion of
an annealed primer fragment of tI_196F/tl_197R at the Agel/Kpnl sites
of pTL275.

pTL359 (entry vector for SPEP-CD4-6 TEVs-NRS*%>-LexA): release of a
0.7-kbp fragment containing the V1763K mutation by Avrll/Bglll diges-
tion of pTL353 and insertioninto pTL279.

pTL493 (entry vector for SPPP-Cirl-NRS-LexA-Flag): amplification of
a2.7-kbp fragment containing the Cirl cDNA from DGRC clone RE25258
(RRID:DGRC_10101) with primers tl_478F/tl_479R; digestion with Agel/
Avrlland insertioninto pTL279.

pNH93: linearization of pTL497 via Pstl and insertion of a PCR-
amplified 0.9-kbp fragment (primers nh_213/nh_214R) that contains
the H672A point mutation via Gibson Assembly (New England BioLabs;
E5510S).

pNHI126 (entry vector for Act5.1C-p>SP®"-Cirl-NRS*5*-LexA-Flag):
QuikChange mutagenesis of pTL493 with primers nh_213/nh_214R to
introduce a V-K mutation at the S3 cleavage site.

pTL177 (entry vector for firefly luciferase 2 of Photinus pyralis): ampli-
fication of a1.7-kbp Dral/Xhol fragment of pGL4.10 (Promega; E6651)
with primers tl_75F/tl_76R and insertion into pENTR1A Dual (Thermo
Fisher Scientific, A10462).

pTL178 (entry vector for Renilla Luciferase of Renilla reniformis):
amplification of a 1.0-kbp Dral/Xhol fragment of pGL4.74 (Promega,
E6921) with primers tl_77F/tl_78R and insertioninto pENTR1A Dual.

pAB45was generated by ligation of a 5.3-kbp fragment of pAWF out-
wardly amplified with primers ab_102F/103R, and a 4.1-kbp fragment
containing the Tollo cDNA amplified from DGRC clone LD33590 (RRID:
DGRC_2271) with primers ab_104F/105R. Both fragments were digested
with Dpnl/Kpnl/Avrll and ligated; the Kpnl site was destroyed during
the cloning.

pTL224: amplification of a 0.8-kbp EcoRI/Xbal fragment of pMT-TEV
(ref.>*) (a gift from R. Schuh) using primers tl_141F/tl_142R (the sense
primer encoded the BiP secretion signal peptide), which was re-inserted
intopMT-TEV.

pTL351: digestion of pTL224 with EcoRI/Nhel and insertion of an
annealed primer fragment of tI_288F/tl_289R.

pTL803:ligation of a2.4-kbp BstEll/BstBl fragment of pTL799 (con-
taining a Cirl-NRS-LexA-3xV5 minigene fragment; custom-synthesized
by Thermo Fisher Scientific) with a 11.2-kbp BstEll/BstBI fragment of
pTL564 (encoding the attB-flanked genomic Cirl ORF with an N-terminal
HA tag)®.

pTL804: replacement of a 1.1-kbp BstEll/Pacl fragment of pTL803
with a fragment of pTL800; custom-synthesized by Thermo Fisher
Scientific).

pTL807: replacement of a 0.2-kbp BstEIl/Pacl fragment of pTL803
with a fragment of pTL802; custom-synthesized by Thermo Fisher
Scientific).

pTL878:ligation ofa12.6-kbp Rsrll/Nhelfragment of pTL803 witha
1.1-kbp Rsrll/Spel fragment of pTL875 (custom-synthesized by Thermo
Fisher Scientific).

pTL879: ligation of a12.6-kbp Fsel/Afel fragment of pTL878 with a
1.3-kbp fragment of pTL876 (custom-synthesized by Thermo Fisher
Scientific). pAD1was generated by linearization of pDisplay vector via
Sacll/Notlandinsertion of aPCR-amplified 1.2-kbp fragment (primers
tl_921F/tl_922R) that contains Notch*N (NN pTL198).

pAD2 was generated by linearization of pDisplay vector viaSacll/Notl
and insertion of a PCR-amplified 3.4-kbp fragment (primers tl_921F/
t1_922R) that contains Notch*E°F (N2ESF pT1.221).

pAD3 was generated by ligation of a PCR-amplified 3.3-kbp fragment
(primerstl_935F/tl_936R) that contains CIRL*“**-NRS-LexA and a 5.2-kbp
fragment (primers tI_937F/t|_938R) that contains the pDisplay vector
(Thermo Fisher Scientific, V66020).



pAD4 was generated by ligation of a Blpl/Mlul-linearized 2.2-kbp frag-
ment that contains CIRL-NRS-LexA (pTL497) and Blpl/Mlul-linearized
6.3-kbp pDisplay vector from pAD3.

QuikChange mutagenesis of pAD4 with primers tI_210F/tl_211R
yielded pAD29.

pNH189 was custom-synthesized by GeneArt, Invitrogen.

pNH191was generated by removal of the RFP sequence from pNH189
using Agel-HF and subsequent self-ligation.

pNH86 was generated through PCR amplification of the
nSyb-RFP sequence from template pTL152 using primers nh_187F
and nh_188R and ligation into a pTW-attB backbone via Nhel
and BglIl.

Fly experiments
For all experiments involving Drosophila melanogaster, animals of
the indicated genotype and life stage were randomly selected. Fly
genotypes for neuroblast counts were blinded during data analyses;
fly genotypes for expression studies could not be blinded due to rec-
ognizable specific expression patterns. Data were sampled without
sex bias except for leg immobilization experiments, for which only
female flies were used.
Fly strains generated in this study. w; Cirl*° {pTL803[HA-Cirl-
NRS-LexA-3xV5-attBJjattP " w loxP/CyO;; (LAT498)

ws: Cirl*© {pTL8O4[HA-CirlA°"t"Y-NRS-LexA-3xV5-attBJ}attP " w
loxP/CyO;; (LAT503)

w"s; Cirl*® {pTL8O7[HA-Cirl-NRS*$-LexA-3xV5-attBJjattP " w loxP/
Cy0;; (LAT512)

w; Cirlk© {pTL8O3[HA-Cirl-NRS-LexA-3xV5-attBJ}attP“" w loxP,
13xlexAop2-6xmCherry-HA w*/CyOGFPw,; (LAT755)

w"s: Cirl*® {pTL879[HA-Cirl-NRS-GAL4-3xV5-attBl}attP “" w'loxP/
Cy0;; (LAT857)

w'S; Cirlk {pTL 879[HA-Cirl-NRS-QF2-3xV5-attBJ}attP " w loxP/CyO;;
(LAT894)

W Mayo*® {p TL914[HA-Mayo-NRS-LexA-3xV5-attBJ}attPM™° DsRed
loxP/TM3,5b;; (LAT1220)

w8 Mayo*® {pTL917[HA-Mayo-NRS*S>-LexA-3xV5-attBJjattP"°
DsRed loxP/TM3,5b;; (LAT1232)

w's;: Ketchup' {pTL918[HA-Ketchup-NRS-LexA-3xV5-attBl}attP*e <
DsRed loxP/TM3,5b;; (LAT1238)

w;: Ketchup®® {pTL920[HA-Ketchup®“™™*-NRS-LexA-3xV5-attB]}
attP" DsRed loxP/TM3,Sb;; (LAT1242)

w";: Ketchup®® {pTL921[HA-Ketchup-NRS*>-LexA-3xV5-attBJ}attP-
Kewchup DsRed loxP/TM3,Sb;; (LAT1246)

ws; Cirl®° {pTL8O3[HA-Cirl-NRS-LexA-3xV5-attB}attP" w loxP/
CyOGFPw;; (LAT1405)

w8;:Cirl[108/3A.2]{attP" loxP}{w] att{dCirl-NRS-lexA [w]/
CYOGFPw,w* P{w*™"=GawB}MD806/TM6B,Th; (LAT988)

w: Cirl®° {w*m™C=pNHI191[Cirl7TM-2xV5 w]}attP<"/
CyOGFPw,;(LAT650)

WS- Cirl° {w™ =pNH189[RFP-Cirl7 TM-2xV5 w JJattP<:; (LAT862)

w™S; Cirl® fw™ =pNH306[CirlITM-V5-T2A-GAL4, Cirl7TM-V5-T2A-LexA
wiattPr: Kr-GAL4 (LAT1401)

w"s: Syb::RFP w+ attP40/Cy0; (TAG172)

w": Cirl*© {pTL8O4[HA-Cirl*""-NRS-LexA-3xV5-attBJ}attP“™ w
loxP/CyOGFPw’;; (LAT647)

wB: Cirl®® {p TL8O7[HA-Cirl-NRS*>-LexA-3xV5-attBJ}attP“" w loxP/
CyOGFPw;; (LAT649)

w8 dCirl-GAL4/CyOGFPw; P{w ™ =UAS-RFPW}, P{w™ ™ =lexAop-
2xhrGFP.nlsp® /TM6B, Tb (LAT649)

Published fly strains. BDSC numbers indicated in brackets where
applicable.

w"; Df(3L)BSC578/TM6C, cu’ Sb (Tollo deficiency; 25412)

w*; TolloS/TM6C, Tb, Sb (Tollo*; a gift from T. Lecuit) (ref. %)

w* Piw ™ =GawB}MD806/TM6B, T (Tollo-GAL4; 36548) (ref. %)

¥ w* wg®/Cy0, P{w™ =Dfd-EYFPF; P{y*"”” w*™=13xLexAop
2-post-t-GRASP}**? PBac{y' ™2 w'™=20xUAS-pre-t-GRASP}"*°°%’(79
040; GN345)

w* Pw™"=GawB}MD806/TM6B, Tb' (36548; GN282)

wS: Cirl® attP " w loxP/CyOGFPw:; (ref.®)

w'S: Cirl’® {pTL370[CirlF*““}attP“" w loxP/CyOGFPw; (=Cirl""; ref.®)

ws: Cirlk® {pMN44/[Cirl™ J}attP“"* w loxP/CyOGFPw; (ref. ')

w™E: Cirl ipMN4[Cirl" ** }attP " w loxP/CyOGFPw:; (ref. ')

WS w™=pTL471[20xUAS-IVS-Cirl::3xflagl}attP?/TM3, Sb, Kr-GAL4
(ref.?)

w"; dCirl° {w™ =pTL464[Cirl-p-GAL4[}attP““" loxP/CyOGFPw;
(ref.®)

Yy w* wg™/Cy0, P{Wee-P.phO}Bacc**"°; P{y*"7 w*™=20xUAS-
6xmCherry-HA}"? (52268; GN310)

YW Plw*™ QUAS-mtdTomato::3xHAj (ref. ?¢) (30005; GN129)

w*; UASt-Lifeact::GFP/TM6B, Tb (a gift from D. Montell)

w": PIGMRS5B12-GAL4}°"" (cortex glia driver; a gift from C.Klambt;
39103) (refs. ")

w*; PLw™ s GawB}MD806/TM6B, Th (Tollo-p-GAL4;36548)

w*; Plw™=GAL4}repo/TM3, Sb (repo-p-GAL4; 7415)

yw; PBac{y ™ "2y 13xlexAop2-6xmCherry::HA}VKO0018/CyO;
(52272)

yw;; Py 77w ™ 20xUAS-6XGFP }*** (52262)

Yw;20xUAS-6xGFP; lexAop-myr::mCherry (a gift from W. Hiitteroth)

w8-UAS-RFPnls/TM3, Sb' (31417)

W Plw*™ lexAop-2xhrGFP.nls}** (29955)

;0k6-GAL4 w*; (ref.>)

w"s: Pfw ™ =lexAop-2xhrGFP.nlsP*; (29954)

w'; +; Mayo*® {pTL789 [Mayo-p-GAL4-attBJ}attP"¥° DsRed loxP/
TM3, Sb;; (ref.*8)

v Kr'™/CyO; Py v*48=UAS-Trans Timer.v'}* (a gift from N. Per-
rimon; 93411)

w": phiC31{KK108383}"'°* (UAS-Cirl-RNAi; 100749; GN434)

13xLexAop2-6xmCherry::HA w*/CyOGFPw ; {20xUAS-6xGFP w*}**
(52272 +52262; LAT649)

Cell culture

Cell lines were authenticated by the vendor by short-tandem-repeat
analysis and were continuously tested for mycoplasma contamination.

Schneider-2 cells. Schneider-2 cells were obtained from ThermoFisher
Scientific (#R69007) and authenticated by the supplier. Cells were
culturedin Schneider’s Drosophilamedium (Thermo Fisher Scientific,
21720-024) supplemented with 10% fetal bovine serum (FBS) (Gibco,
Thermo Fisher Scientific, 10500-064). Cultures were maintained in
an air incubator at 28 °C. Schneider-2 cells were split and plated into
individual wells of a 96-well plate at a concentration of 5 x 10° per well
onday 0. Twenty-four hours after plating (day 1), cells were transfected
with 0.4 pl Lipofectamine 2000 (Thermo Fisher Scientific, 11668019)
per wellwith the appropriate 1:1 plasmid/reagent mixture according to
themanufacturer’sinstructionsandincubated for 48 h. Wheninduction
of the metallothionein-promoter was required, CuSO, stock medium
was added 24 h after transfection (day 2) to a final concentration of
0.5 mM. For transfection, mini- or midi-prepped plasmid DNA (Qiagen)
for each construct was adjusted to a stock concentration of 100 ng pl™
using a nanophotometer (Implen). For determining the activity of
individually expressed NRS proteins, atotalamount of200 ng of DNA
per 96-well plate well was transfected and always contained 10 ng of
lexAop>FLuc2 (test construct reporter) and 5 ng of Act5.1Cp>RLuc
(transfection control reporter). Forty nanograms of test constructs
(X-NRS-LexA) and TEV protease plasmids were added at 1:1 ratios (equi-
molarly adjusted to lexAop>FLuc2) to the DNA mixes; each DNA mix
was supplemented with empty pBSK-SK*vector (Stratagene, Agilent,
212205) to the final DNA amount of 200 ng per well. For the assessment
of Tollo co-expression on Cirl-NRS-LexA activity, the total transfected
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DNA amountwasincreased to1,200 ng per well and included increasing
amounts of Tollo plasmid DNA (0,100 and 1,000 ng per well) per condi-
tion, whereas the DNA amount of the other co-transfected plasmids was
left unchanged (lexAop>FLuc2:10 ng per well; Act5.1Cp>RLuc: 5ng per
well; Cirl-NRS-LexA: 40 ng per well) and pBSK-SK*'DNA served as stuffer
DNA to reach the final DNA amount per well.

HEK cells. HEK 293 T cells were obained from the German Collection of
Microorganisms and Cell Culture (#ACC635) and authenticated by the
supplier. Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Sigma-Aldrich, D6429-500ML) containing 10% FBS (Gibco,
10500-064) and 1% penicillin-streptomycin (Capricorn Scientific,
PS-B)ina37 °Cand 5% CO,air incubator. Onday O, cells were split with
accutase (Invitrogen, Thermo Fisher Scientific, 00-4555-56) and plated
outin 96-well plates (Cellstar, Greiner Bio-One, 655180) pretreated for
45 minwith 50 plof 0.01% poly-L-lysine (Sigma-Aldrich, P9404-100MG)
per well. Equimolar transfection was performed 24 hlater using 25 ng
of the NRS-plasmid constructs per well, supplemented by pBSK-SK+
stuffer DNA to a total amount of 100 ng DNA per well. The used plas-
mids were previously mini-prepped (Macherey Nagel, NucleoSpin,
740588.250) and adjusted to a total concentration of 100 ng pl™ using
spectrophotometry. Per well, 0.4 pl of Lipofectamine 2000 (Thermo
Fisher Scientific, 11668019) was used as a transfection reagent diluted
in DMEM without FBS according to the manufacturer’sinstructions.

Luciferase assays

Schneider-2 cells were lysed on day 3 (48 h after transfection) and
luciferase measurements with the Dual-Glo luciferase assay system
(Promega, E2920) were performed according to the manufacturer’s
protocol. In brief, the supernatant was removed from each well by
aspirationand cells wereincubated with 50 pl of Dual-Glo Reagent per
wellonashaker at roomtemperature for 20 min. Lysates were analysed
in96-well plates with a Victor2 plate reader luminometer (Perkin ElIme)
or SpectraMax M5 (Molecular Devices). After the first analysis, 50 pl
of Dual-Glo Stop & Gloreagent was added and incubated again 20 min
at room temperature on a shaker, followed by another luminometer
measurement.

Firefly and Renilla luciferase luminescence signals were collected
for10 s. Relative luciferase activity (RLA) was calculated for each sam-
pleindividually as described previously®®, according to the following
formula:

RLAX = (FX/RX)/(W)Empty'

where
— n . .
(F/R)Emptyz[ F;Empty/RlEmptyJ/n'
i=1

where n=number of control samples; F=Firefly luciferase lumines-
cence signal; R = Renilla luciferase luminescence signal; Empty =
lexAop>FLuc2 + Ac5.1p>RLuc + BSK-SK".

ELISA

Twenty-four hours after transfection, HEK293T cells were fixed in 4%
paraformaldehyde (PFA; Fluka, 76240) and blocked for 30 minin100 pl
1x phosphate-buffered saline (PBS; Gibco, 18912-014) for surface ELI-
SAs or 1x PBS with 0.5% Triton X-100 (5% PBT; Sigma-Aldrich, T9284-
100ML) for total ELISAs with 5% normal goat serum (NGS; Goat Serum
Donor Herd, Sigma-Aldrich, G6767-500ML), respectively. Cells were
incubated for 60 min in 100 pl 1x PBS/0.5% PBT + 5% NGS +1:1,000
anti-HA-peroxidase high affinity rat monoclonal antibody (clone 3F10,
Roche, 12013819001). Cells were washed twice in 180 pl of 1x PBS and
asubstrate solution consisting of 100 pl of ELISA buffer (0.05 M citric
acid (Roth, X863.2),0.05 M disodium phosphate (Roth,4984.1), pH =5),

1 mg pl™ o-phenylenediamine (Sigma-Aldrich, P9029-50G) and 1:1,000
H,0,. The reaction was stopped with100 pl of 2.5 MH,SO, (Roth, 9316.2)
and absorption measurements at 490-nm wavelength were made with
aSpectraMax M5 (Molecular Devices).

Neuroblast count

Neuroblasts were marked with anti-Mir (CD#5-7E9BG5AF4, ab197788,
Abcam) immunostaining of L3 larvae. Confocal stacks at the same
recording conditions were obtained using a SP8 confocal microscope
(Leica). Neuroblastsin each stack were counted using the ImageJ (Fiji)
Cell Counter plug-in. Only the most superficial plane of neuroblasts
was counted.

t-GRASP

Wandering L3 larvae with the genotype w"*;Cirl-NRS-LexA; Tollo-GAL
4/13XLexAop2-post-t-GRASP,20XUAS-pre-t-GRASP were dissected and
fixed as described below. Controls had the genotype w'é;:13XLexAo
p2-post-t-GRASP,20XUAS-pre-t-GRASP/+. anti-GFP staining was per-
formed as described previously**. Image] Fiji (NIH) software was used
to process and analyse confocal images. Brain areas were measured
using the freehand line tool. Particles in the defined area were counted
automatically using a macro written in Image) macro language®. The
spot density (counted spots per brain area) was calculated.

Immunohistochemistry

Wandering L3 larvae were dissected inice-cold Ca*-free HL-3 (ref. ),
fixed using4%PFA and stained according to established protocols®. Anti-
bodies and reagents were used in the following dilutions: rabbit-anti-HA
(1:1,000, Cell Signaling Technology, C29F4, RRID:AB_1549585),
rabbit-anti-RFP (1:1,000, Antibodies-Online, RRID: AB_10781500),
mouse-anti-V5(1:1,000, Invitrogen, RRID: AB_2556564), rabbit-anti-GFP
(1:300, Invitrogen G10362, RRID: AB_2536526), rat-anti-Mir (1:500,
Abcam, ab197788), 4',6-diamidino-2-phenylindole (DAPI; 20 mM,
1:5,000, Thermo Fisher Scientific, 62249), anti-horseradish peroxidase
conjugated with Alexa Fluor-488 (1:250, Jackson ImmunoResearch,
123-545-021, RRID: 2338965) or Cy3 (1:250, Jackson ImmunoResearch,
123-165-021, RRID: AB_2338959), Cy5-conjugated goat-anti-rabbit
(1:250, Jackson ImmunoResearch, 111-175-144, RRID: AB_2338013),
Cy3-conjugated goat-anti-rat (1:250, Invitrogen, A10522, RRID:
AB_2534031), Cy3-conjugated goat-anti-rabbit (111-165-003, RRID:
AB_2338000) and goat-anti-mouse antibodies (115-165-146, RRID:
AB 2338690, both1:250, Jackson ImmunoResearch).

Immunoblots

For western blot analyses of Cirl, fly heads were collected into 0.5-ml
Eppendorftubes and immediately frozeninliquid nitrogen. Next, heads
were mechanically crushed in40 pl of 2% SDS supplemented with pro-
tease inhibitor cocktail (Sigma-Aldrich, P9599, 1:1,000) using a glass
pestle. Samples were incubated on ice for 10 min before the addition
of 4 ul Triton X-100 (10%). Next, SDS-based sample buffer (LI-COR) was
supplemented with 3-mercaptoethanol and was added to a final dilu-
tion of 1x. Samples were centrifuged for 30 min at 14,000 rpm (4 °C)
and supernatant was collected. The centrifugation step was repeated
and supernatant was collected in a fresh tube.

Sample preparation of Ketchup-NRS and Mayo-NRS proteins for
western blots and of Cirl protein for mass-spectrometric analyses:
one-to two-day-old pupae (around 600 mg per genotype; experiment:
RFP-Cirl’™-2xV5; fluorescence control: nSyb-RFP) were collected and
immediately frozen in liquid nitrogen before homogenizationin a
pre-cooled mortar using a pestle. The resulting protein powder was
transferredintoapre-cooled tube and supplemented with homogeni-
zation buffer (50 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100, protease
inhibitor; 1:1,000,1 mM DTT, 0.5 mM PMSF). Samples were further
homogenized using an Ultra-Turrax (4 x15 s; IKAT10 Basic) and aglass
homogenizer (20x mechanically crushed per sample). Next, samples



were centrifuged at 4,000 rpm for 30 min, again at 13,000 rpm for
30 minand finally at 25,000 rpm for 30 min. The supernatant was col-
lected after each centrifugation step; an aliquot of the supernatant
served asinput control. Toimmunoprecipitate Cirl, 75 plimmunomag-
netic beads (Chromotek, rtma-100) were washed three times with 500 pl
dilution buffer (10 mM Tris-HCI, 150 mM NacCl, 0.5 mM EDTA, pH 7.5)
before supernatantincubation. After 3.5 h ofincubation, the beads were
separated from the supernatant and washed three times with 1x TBS.
Proteins were eluted by a 30-min incubation step at 27 °C (800 rpm)
in 60 plelution buffer 2 mMurea, 50 mM Tris-HCl pH7.5and 5 pg ml™
trypsin). Supernatant was collected. To collect residual protein from the
beads they were washed twice with 25 pl washing buffer (containing
2Murea, 50 mM Tris-HCI, 1 mM DTT), which was added to the previ-
ously collected supernatant and left at room temperature overnight.
To immunoprecipitate Ketchup and Mayo, 75 pl ofimmunomagnetic
V5beads (Chromotek) were used. Supernatantincubation was done at
4 °Cfor 2 hwith end-over-end rotation; 50 pl of 2x SDS sample buffer
(LI-COR) supplemented with -mercaptoethanolwasadded tothe beads
and incubated at 95 °C for 10 min. The beads were separated and the
supernatant was kept for westernblotting. The samples were subjected
to electrophoresis on 4-12 % Tris-Glycin SDS gel (Novex-Wedge-Well;
Invitrogen) and blotted onto a nitrocellulose membrane (0.2 pm
pore size). The membrane was blocked for 1 h at room temperature
using Odyssey Blocking buffer (LI-COR) diluted 1:2 with 1x PBS. Blots
were probed with primary antisera at the indicated concentrations
overnightat4 °Cor1hatroom temperature: rabbit-anti-HA (1:1,000,
RRID: AB_10693385), mouse-anti-V5 (1:500, RRID: AB_2556564),
mouse-anti-tubulin-B (1:5,000, RRID: AB_528499), mouse-anti-tubulin-3
(1:5,000,DSHB e7, RRID: AB_528499), mouse-anti-spectrin-o (1:1,000,
DSHB 3A9, RRID: AB_528473). After rinsing twice and three 10-min
washing steps, membranes were incubated with IRDye 680RD
goat-anti-rabbit (RRID: AB_2721181) or goat-anti-mouse (RRID:
AB_2651128) as well as 800CW goat-anti-mouse (1:15,000; RRID:
AB_2687825) or goat-anti-rabbit (1:15,000; RRID:AB_2651127) for1h
atroom temperature, and again rinsed twice and washed three times
for 10 min. Blots were imaged with an OdysseyFc 2800 (LI-COR).

Mass spectrometry and data analysis

Mass spectrometry (MS) analysis was performed on an Ultimate3000
RSLC system coupled to an Orbitrap Fusion Tribrid mass spectrometer
(Thermo Fisher Scientific). Tryptic peptides were loaded onto a uPAC
Trapping Column with pillar diameter of 5 um, inter-pillar distance of
2.5 um, pillar length/bed depth of 18 pm, external porosity of 9%, bed
channel width of 2 mm and length of 10 mm:; pillars are superficially
porous with a porous shell thickness of 300 nm and pore sizes in the
order of 100 to 200 A at a flow rate of 10 pl per min in 0.1% trifluoro-
acetic acid in HPLC-grade water. Peptides were eluted and separated
on the PharmaFluidics puPAC nano-LC column: 50 cm pPAC C18 witha
pillar diameter of 5 um, inter-pillar distance of 2.5 pm, pillar length/bed
depth of 18 um, external porosity of 59%, bed channel width of 315 pm
and bed length of 50 cm; pillars are superficially porous with aporous
shell thickness of 300 nm and pore sizes in the order of 100 t0 200 A by
alinear gradient from 2% to 30 % of buffer B (80% acetonitrile and 0.08%
formicacidin HPLC-grade water) in buffer A (2% acetonitrile and 0.1%
formic acid in HPLC-grade water) at a flow rate of 300 nl per min. The
remaining peptides were eluted by a short gradient from 30% to 95%
buffer B; the total gradient run was 120 min. MS parameters were as fol-
lows: for fullMS spectra, the scan range was 335-1,500 with aresolution
0f120,000 at m/z=200.MS/MS acquisition was performed in top speed
mode with a3-s cycle time. The maximum injection time was 50 ms. The
AGC target was set to 400,000 and the isolation window was 1.6 m/z.
Positive ons with charge states 2-7 were sequentially fragmented by
higher-energy collisional dissociation. The dynamic exclusion dura-
tion was set to 60 s and the lock mass option was activated and set to
abackground signal with a mass of 445.12002.

MS data analysis was performed using the MaxQuant software
v.1.6.17.0 (ref.%*). Trypsin was selected as the digesting enzyme with a
maximum of two missed cleavages. Cysteine carbamidomethylation
was set for fixed modifications; oxidation of methionine and deamida-
tion of asparagine and glutamine were specified as variable modifica-
tions. The data were analysed using the LFQ method. The first search
peptide tolerance was set to 20, and the main search peptide toler-
ance to 5 ppm. For peptide and protein identification, the Drosophila
melanogaster subset of the SwissProt database (release 2020_10) was
used, and contaminants were detected using the MaxQuant contami-
nant search. A minimum peptide number of 1 and a minimum length
of 6 amino acids was tolerated. Unique and razor peptides were used
for LFQ quantification. The match between run option was enabled
with amatch time window of 0.7 min and an alignment time window of
20 min. For the MaxQuant identification search, protein and peptide
spectral match FDR were set to aminimum of 0.01, and proteins were
only accepted to be quantified if they were identified in at least two
replicates out of three biological replicates for each bait group. Sta-
tistical analysis including LFQ ratio, and one-sided significance A test
calculation to identify putative interactors of bait proteins was done
using the Perseus software suite v.1.6.15.0 (ref. ®°). Putative interactors
of Cirland their subcellular localization were analysed using database
entries from Uniprot. MS datasets were submitted to the ProteomeX-
change platform (submission reference: 1-20220512-140556).

Imaging

All confocal imaging data were obtained on a Leica TCS SP8 confocal
set-up, except the Schneider-2 cellimages, which were obtained with a
Zeiss LSM 5system and processed withImageJ2, Fijiv.2-3-0 or v.1.53q,
Zeiss ZEN, and Leica LAS X software suites. Microphotographs of intact
adult flies were obtained through a digital camerafitted to aLeicaMZ10
F fluorescence stereo microscope.

For low-resolution micrographs of binary expression profiles of
Cirl-NRS-LexA, Cirl-NRS-GAL4 and Cirl-NRS-QF2 activities in the legs
and heads, adult flies expressing the respective NRS transgene and
asuitable transgenic reporter were selected three to five days after
eclosion. The legs and head were severed from the abdomen of the
anaesthetized flies and placed directly into Vectashield (H-1000, Vec-
tor Laboratories). The organs were then mounted onto a cover slip
and imaged on a Leica TCS SP8 confocal set-up, and the images were
analysed using Image] Fiji.

Legimmobilization experiment and TransTimer imaging

Female flies three to five days after eclosion were used in this experi-
ment. A custom-made adhesive for fly fixation was produced as previ-
ously described®. To extract the glue layer from Scotch tape (Tesa4124),
a20-cm piece was incubated in 10 ml n-heptane (Merck). The tape and
n-heptane were incubated on a HulaMixer (Thermo Fisher Scientific)
overnight at room temperature. Open heptane was handled inafume
hood. After the tape was discarded, the glue-heptane solution could
be stored for several weeks at room temperature. The solution was
brushed (aspotofaround1cm)onal%agarose/apple-juice plate and
allowed todry for10-20 s. Subsequently, a CO,-anaesthetized fly was
glued to the surface by its dorsum and wings.

Imaging of Cirl-NRS-GAL4>UAS-TransTimer flies was performed on
aleica DM6B upright microscope equipped with a10%, 0.32 NA dry
objectiveand ansCMOS camera (Leica DFC9000GTC). Ablond human
hair (around 3 cm long) was dipped into the glue solution, and then
the glue-containing end of the hair was put in contact with the distal
end of the right metathoracic leg for approximately 10 s until they
firmly adhered to each other. The leg was then gently stretched to full
extension by pulling at the hair restraint using forceps, and the oppo-
site end of the hair was glued onto the agar plate. Subsequently, the
first set of dGFP and RFP signals in the mechanosensory neurons of
the femorotibial joints were taken in the immobilized and the mobile
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contralateral legs under transient CO, anaesthesia (¢ = 0 h; capturing
signals of the pre-immobilization interval). After allowing the legs of
the fly to move for 5 h at room temperature without anaesthesia, the
fly was re-anaesthetized and the same leg-joint neurons were imaged
again (¢ =5 h; capturing signals of theimmobilizationinterval). Finally,
the hair was cut with scissors, allowing free movement of the previ-
ously immobilized leg for another 5 h followed by another imaging
session under anaesthesia (¢ =10 h; capturing signals of the remobili-
zationinterval). For analysis in Image]J Fiji (NIH) the experimenter was
blinded to the experimental conditions. To quantify the dGFP and RFP
signals, the mean intensity in a circular region of interest (diameter
5.2 um) within the mechanosensory neuron was measured for each
channel separately. dGFP/RFP ratios were calculated and plotted using
Prism. The data distribution of joint angles and dGFP/RFP ratios of
Cirl-NRS-GAL4>UAS-TransTimer in the leg-jointimmobilization experi-
ments were initially tested with a Shapiro-Wilk test. Statistical com-
parison of sets of repeated dGFP/RFP ratio measurements (att=0, 5
and 10 h), each obtained from the same femorotibial joint of the right
metathoracicleg, was conducted using arepeated-measures one-way
ANOVA with Geisser-Greenhouse correction, followed by a Tukey’s
multiple comparisons test (for normally distributed samples) or a
Friedman test followed by a Dunn’s multiple comparisons test (for
non-normally distributed samples).

Quantification of leg movements

Quantification of immobilized and mobile leg-bending angles were
conducted under similar immobilization and recording conditions.
Flies were given2 minto recover from CO, anaesthesia at each protocol
phase and were then videotaped for 8 min under each experimental
condition using an MZ10 F microscope (Leica) connected toa190 MC
HD camera(Leica) at aframe rate of 30 Hzin MP4 format. The framerate
wasreducedtolHzin Adobe Photoshop, exported asa TIFF movie and
loaded into ImageJ Fiji (NIH). Seven to ten movement bursts occurred
on average in a 8-min video recording. The angular amplitude of the
femorotibial joint was measured using the ‘Angle tool’. Angle data
were averaged for each leg at each of the three experimental intervals
(pre-immobilization, immobilization and remobilization) using Prism.

Statistics

All datasets, except MS datasets, were analysed with Prism v.7-9 (Graph-
Pad). Sample sizes were not predetermined by statistical methods. Data
distributionwasinitially tested with aShapiro-Wilk test. Two-set com-
parisons were performed with a two-tailed unpaired ¢-test (for normally
distributed samples) oraMann-Whitney Utest (for non-normally dis-
tributed samples). If not indicated otherwise, multiple comparison
analyses of more than two datasets were conducted with an ordinary
one-way ANOVA followed by Tukey’s multiple comparison test (for nor-
mally distributed samples), or aKruskal-Wallis test followed by Dunn’s
multiple comparisons test (for non-normally distributed samples).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All datasets plotted in diagrams are available in Source Data. Inter-
actome datasets on Cirl ligands are available at ProteomeXchange
with the unique identifier PXD033873. The raw western blot data are
available at Figshare at https://doi.org/10.6084/m9.figshare.21930960.

All other data are available upon request to the corresponding
authors. Source data are provided with this paper.
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Extended DataFig.1|Structure-functionrelationships ofaGPCRs and
functionality of the NRS technique. a,aGPCRs are composed of extra- (ECR)
andintracellular regions (ICR) as well as a heptahelical transmembrane-
spanning domain (7TM). Owingto autocatalytic cleavage by the GPCR
autoproteolysis-inducing (GAIN) domain, most aGPCRs exist as non-covalently
stabilized heterodimers composed of an N- (NTF) and C-terminal fragment
(CTF), which are affixed to each other by the GAIN domain that contains the
tethered agonist (TA)/Stachel. The latrophilin-like Cirl receptor contains
rhamnose-binding lectin (RBL) and hormone-receptor motif (HRM) domainsin
its ECR. b, Two principleaGPCR activation modes have received evidence and
either do (Dissociation model) or do not (Non-Dissociation model) rely on
aGPCR heterodimer separation. c, The NRS consists of the ECR of agiven
adhesion GPCRincluding the autoproteolytically active GAIN domain with its
GPCR proteolysissite (GPS) fused to the juxta- and transmembrane segment
(JTS) of the Drosophila Notchreceptor and anintracellular heterologous
transcription-factor (TF) unit. The TS contains the recognition sites for
cleavage by metallo-and intramembrane proteases (S2-S4). The protein
sequence at the GPS used in the Cirl-NRS is shown.
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a, Structural layout of the DrosophilaNotch receptor protein withits ECR b, Sequence of events that correspond to Notch processing and transmembrane
containing numerous epidermal growth factor (EGF) domains, the negative signal transduction andinvolved proteases®. ¢, Amino acid sequence and
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proteolytic processing at various cleavage sites (52-S4) until receptor disintegrin and metalloproteinase; ECR, extracellular region; ICR, intracellular

stimulation, and the ICR with sequencesinvolvedin nuclearimportofthe region; TM, transmembrane domain.
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a, Characterization of hybrid transmembrane sensors containing the ECR of
the human CD4 receptor fused to the Notch'™-LexA module (CD4-NRS-LexA)
inDrosophila Schneider-2 cells using aluciferase-based assay. Addition of the
CD4-ECRtothe NRS basis (CD4-NRS-LexA) suppresses NRS activity. When

the CD4-ECRissevered by secTEVp at cognate TEVp at TEVsinterposed
between CD4 and NRS-LexA components of the sensor (CD4-3TEVs-NRS-LexA,
CD4-6TEVs-NRS-LexA), itbecomes activated (magenta). Co-expression of
cleavable sensorsand intraTEVp does not resultin sensor activation (grey).
NAECE.Lex A/NAEN-LexA set, CD4-3TEVs-NRS-LexA set and CD4-6TEVs-NRS-LexA
set weretested inseparate assays butare displayed inthe same graph. Data
(n=10Dbiological replicates from three independent experiments for all
groups, except CD4-3TEVs-NRS-LexA group n =3 from one experiment) were
normalized and presented as multiples of control dataset in box-whisker plots
(all data points plotted; horizontal line represents median, boxes the 25

and 75" percentiles, whiskers minimum and maximum values). N*F-LexA/
N2EN-LexA groups were compared with two-tailed Mann-Whitney U test,
CD4-3TEVs-NRS-LexA dataset by ordinary one-way ANOVA with Tukey’s test,
CD4-6TEVs-NRS-LexA dataset with Kruskal-Wallis one-way ANOVA with Dunn’s
test (confidence interval =95 % for all comparisons). Pvalues are displayed
above data.Seealso Source Data. b, NRS-LexA activity of the same sensor set
asina, visualized through expression of a lexAop-DsRed reporter (CD4-3TEVs-
NRS-LexA not shown). Representative confocal images of Schneider-2 cell
cultures with NRS-LexA signals (magenta, arrows) counterstained with Hoechst
(blue).Scalebar =100 pm. Experiment was independently repeated 3x with
similar results. ¢, Protein sequence alignment of the JTS of Drosophila (Uniprot:
P07207) and human Notchl receptors (Uniprot: P46531). Positions of the TM
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helix (grey box) and S2,S3 and S4 protease cleavage sites are indicated. For
control sensorsinthisstudy the critical valine residue at the S3 cleavagessite
(light brown box) was point mutated (V1763K). Black boxes delineate highly
conservedresidues. d, Function of N**M-LexA and CD4-6TEVs-NRS-LexA
variants (grey circles) requires y-secretase activity as application of 10 uM
DAPT suppresses their activation (white circles). Data (n = 3 biological
replicates from one experiment for all groups) are presented as multiples of
control datasetin box-whisker plots (all data points plotted; horizontal line
represents median, whiskers minimum and maximum values). Datagroups
(-DAPT/+DAPT for each sensor) were compared with two-tailed unpaired t-test
(confidenceinterval =95 %). Pvalues are displayed above data. See also
Source Data. e, Surface and total expression quantified by ELISA shows that
Cirl-NRS-LexA variants asshowninbare delivered to the cell surface. Surface
(n=24biological replicates fromsix independent experiments for all groups,
except Cirl-NRS*$3-LexA group n =12 biological replicates from three
independent experiments) and total ELISA data (n =28 biological replicates
fromsevenindependent experiments for all groups, except Cirl-NRS*$*-LexA
group n=12biologicalreplicates from threeindependent experiments) were
normalized and presented as multiples of control dataset in box-whisker plots
(all data points plotted; horizontal line represents median, boxes the 25" and
75" percentiles, whiskers minimum and maximum values). Data were analysed
with Kruskal-Wallis one-way ANOVA with Dunn’s test (confidenceinterval =95
% for all comparisons). Pvalues are displayed above and below data. Surface/
total expressionratio (right panel) normalized to Cirl-NRS-LexA ratio indicates
degree of surface trafficking of each Cirl-NRS-LexA variant and Cirl. See also
Source Data.
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Extended DataFig. 4 | Comparison of Cirl-NRS activity with different QF2/QUAS binary expression systems. Top panels show Cirl-NRS activity in the

binary expression systemreadouts. a, Organization of the Cirllocus, Cir[-NRS ~ eyes (double chevrons), proboscis (chevrons), and the pedicel (white arrows)
alleles and their gene products. b-d, Cirl-NRS-LexA (b), Cirl-NRS-GAL4 (c) and and funiculus (grey arrows) of the antenna. Middle panels show Cirl-NRS

Cirl-NRS-QF2 (d) sensors display comparable activity in adults in neurons of activityintheleg, bottom panels show a close-up of the femorotibial joint with
the proboscis (chevron), eyes (double chevron) and leg joints (arrowheads). Cirl-NRS-positive mechanosensory neurons (white arrowheads). Scale
Reporter transgene are: 13xLexAop2-6xmCherry-HA (b), 20xUAS-6xmCherry- bars =250 um (heads and legs), 50 um (joints). Allexperimentsindependently
3xHA (c) and QUAS-mtdTomato-3xHA (d). Scale bars = 0.5 mm. e-g, Cirl-NRS repeated 3x with similar results.

dissociation signals reported using the (e) LexA/lexAop, (f) GAL4/UAS and (g)



Reporter control: lexAop-myr-mCherry/+

lexAop-myr-mCherry HRPE

lexAop2-mCherry

c Reporter control: UAS-RFP.nls/+

UAS-RFP

Reporter control: LexAop-2xhrGFP.nls/+

lexAop-2xhrGFP.nls HRP

Extended DataFig. 5|Binary expressionsystem controls. a, Expression
control of lexAop-myr-mCherry.b, Expression control of lexAop2-mCherry.
¢, Expression control of UAS-RFP.nls.d, Expression control of 2xhrGFP.nls.
Scalebars =50 pm.Same fly asin cexpressing both reporters.
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Extended DataFig. 6| Manipulation ofleg-joint movement. a, Position of The contralateralleg was allowed to move freely during all intervals of the
femorotibial jointin adult metathoracic leg. Adapted fromref. . b,c, Adult flies procedure. Dashed linesindicate axes of the femur and tibia, between which the
wereglued toasupportand videotaped before, duringand after the leg angle was determined for theimmobilized and mobile leg, respectively.d, The
immobilization procedure. Inthe photographstheflyis displayed only during motion range of the joint (Aa) was determined by measuring the difference
theimmobilizationinterval, when the experimental metathoraciclegis fixedin between the femoro-tibia axes angle during maximal extension (a,) and flexion

extensionwithatautrestraint during thelegextension (b) and flexion (c) phases.  (a;). For clarity axes of mobileleg as showninb,c were mirroredinthe
Thesupport plate fixation point of the restraintis not depicted in the images. illustration.



a Cirl-NRS-LexA > lexAop-nls.GFP

el

d HA-Cirl-NRS-LexA-V5

HA

V5

HA-Cirl-NRS**-LexA-V5

HA-Cirl*°"S-NRS-LexA-V5

Cirl-NRS-LexA > lexAop-nls.GFP
Cirlp-GAL4 > UAS-nls.RFP

Extended DataFig. 7| Colocalization of Cirl-NRS-LexA and Cirl proteins.
a-c, Comparisons of L3 larvae carrying wild-type (a), y-secretase-resistant

(b) or GAIN-domain cleavage-incompetent (c) Cirl-NRS-LexA variants showed
that Cirl dissociationis receptor autoproteolysis-dependentin all neurons
exceptinKenyon cells (chevron) and a few individual neurons throughout the
CNS (arrowheads). nls =nuclear localization sequence; Scale bars, 50 pm.
d-f,Schematicillustrations of tagged NRS sensor variants. g-i, Single planes of
central brain hemispheres from different NRS sensor variants immunostained
using anti-HA (in magenta) and anti-V5 (ingreen) antibodies to visualize the
ECRand Ctermini of NRS sensor variants (right panel). Scalebar =30 pm.

b cin-NrRsts-LexA > lexAop-nls.GFP

C  Cir*ePS-NRS-LexA > lexAop-nis.GFP

j-1,Insetsof merged hemisphereimages showning-i(dashed rectangles).
N-and C-terminal NRS termini colocalize in the membranein central brain
hemisphere cells of third instar larvae (arrowheads). Scalebar =10 pm.m, L3
larval brain expressing the transcriptional reporter Cirlp-GAL4 (green) and the
releasesensor Cirl-NRS-LexA (magenta).Scalebar =50 pm.n-p,Immunohistochemical
co-staining of RFP-Cirl (green) and different Cirl-NRS variants (magenta) show
colocalization of both proteinsinthe membranein central brain hemisphere
cellsof L3 larvae (arrowheads). Dashed rectanglesindicate position of areas
magnifiedintheinsets below. Scalebar =30 pm, inset =10 pm. All experiments
independently repeated 3x with similar results.
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Extended DataFig. 8| Loss of Tollo does not affect Cirl expression levels or
localization. a, Schematicillustration of the experimental set-up for
affinity-immunoprecipitation of Cirl ligands.b, Tollo-GAL4 and Cirl-NRS-LexA
co-labelling shows co-expression of Cirl-NRS-LexA" (magenta) and Tollo-GAL4"*
(green)inspecific areas of the brainhemispheres and VNC (inset). Strong
Cirl-NRS-LexA>lexAop-myr-mCherryactivity inthe central brainis foundinthe
mushroombody (asterisk) and inareticular patternin the cortex (arrows). Scale
bar, 25 um. Inset: some cellsin the VNC display Tollo-GAL4"/Cirl-NRS-LexA*
co-labelling (closed arrowheads) while others are either Tollo-GAL4" or
Cirl-NRS-LexA" (openarrowheads).Scale bar,10 um. Experimentindependently
repeated 6x with similar results. ¢, Principle of synapticinteraction screen
between Tollo-GAL4" and Cirl-NRS-LexA" cells through t-GRASP.d, e, t- GRASP
signalsin L3 brainhemispheres enhanced by an anti-GFP immunostaining;
neuroblasts visualized using anti-Mir antibody. Scale bar = 50 um. Representative
t-GRASP signals upon co-expression by Tollo-GAL4 and Cirl-NRS-LexA are
abundant (e), but hardly detectablein controlflies lacking the drivers
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(d). t-GRASP signals appear toline cellboundaries (arrowheads). Scale bar, 10 pm.
f, Quantification of tt GRASPsignalsin the brainindicates that Tollo-GAL4" and
Cirl-NRS-LexA cellsare contacting each other. (i) and (ii) relate toimages in
dand e, respectively. pre-t- GRASP/+; post-t- GRASP/+ (n =4 independent flies),
Tollo-GAL4>pre-t-GRASP; Cirl-NRS-LexA>post-t-GRASP (n=5independent flies).
Dataare presented inabox-whisker plot (all data points plotted; horizontal

line represents median, boxes the 25" and 75" percentiles, whiskers minimum
and maximum values). Datawere compared with atwo-tailed unpaired t-test
(confidenceinterval = 95 %). See also Source Data. g, Illustration of C-terminally
V5-tagged Cirl. h, Western blot analysis showing similar Cirl expressionlevels
inthe presence and absence of Tollo. a-tubulin served asloading control.
Experimentindependently repeated 2x with similar results. For gel source data,
see Supplementary Fig.1h. i, Confocalimages of Cirl expressioninlarval brains
appears unaltered in Tollo*°. Scale bar 100 pm. Experiment independently
repeated 3x with similar results.
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Extended DataFig. 9| Cirl-NTF release occursin glial cells and is sufficient
for maintaining the pool of neuroblasts. a, Single confocal plane showing
sparse co-labelling of Cirl-NRS-LexA and pan-glial repo-GAL4 marker in the

L3 CNS (arrowhead). Boxed region magnified ininset. Asterisk indicates
mushroombody. Scalebar, 50 pm; scale barinset, 10 um. b, Schematic of
Cirl-T2A-LexAreporter allele. ¢, Cirl-NRS-LexA is sufficient for neuroblast pool
size maintenance. Quantification of Mir* neuroblastsin L3 central brain (n=8
independent flies per genotype). Dataare presented in a box-whisker plot (all
data points plotted; horizontal line represents median, boxes the 25" and 75"
percentiles, whiskers minimum and maximum values). Following Shapiro-Wilk
normality testing data were analysed with ordinary one-way ANOVA with Tukey’s
test (confidenceinterval =95%). Pvalues are displayed above data. See also

SourceData.d, Cirlis only required in CG cells but not neuroblasts or GMCs to
maintainanormal neuroblast poolsize. Filled circle indicates presence of
transgene. Quantification of Mir* neuroblastsin L3 central brain ofindependent
flies with the genotype UAS-Cirl®™* (n = 8independent flies), Cirlp-GAL4 (n=11
independent flies), Cirlp-GAL4>UAS-Cirl*** (n = 9 independent flies), S5B12-GAL4
(n=8independentflies), 55B12-GAL4 (n=7 independent flies), Tollo-GAL4 (n=9
independent flies) and Tollo-GAL4>UAS-Cirl®™* (n =8 independent flies). Data
are presented in abox-whisker plot (all data points plotted; horizontal line
represents median, boxes the 25™and 75" percentiles, whiskers minimumand
maximum values). Datawere analysed with ordinary one-way ANOVA with
Tukey’s test (confidenceinterval = 95 %). Pvalues are displayed above data.
Seealso Source Data.
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Extended DataFig.10 | The aGPCR family in Drosophilamelanogaster.

a, Structural layout of allknown aGPCRs of Drosophila melanogaster. Domain
abbreviations: 7TM, heptahelical transmembrane; CA, cadherin; GAIN, GPCR
autoproteolysis-inducing; HRM, hormone-receptor motif; IG,immunoglobulin;
LAM, laminin; EGF, epidermal growth factor; LRR, leucinerichrepeat.

b, Phylogenetic comparison of GAIN domain amino acid sequences using the
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Jukes-Cantor algorithm. Human PKD1 GAIN domain was used as an outgroup.
¢, Amino acid sequence alignment of the GPS of all fly aGPCRs shows
conservation of the GPSsite in four of the five receptors. Dashed vertical line
indicates the site of GAIN-domain-mediated self-cleavage. NTF side boxed in
blue.d, Structure of Mayo-NRS and Ketchup-NRS.
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|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
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Software and code

Policy information about availability of computer code
Data collection  N/A

Data analysis The following software packages were used in this study: ImageJ2/Fiji v2-3-0/1.53q; Zeiss ZEN; Leica LAS X suite; Prism 9.3.1

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All datasets plotted in diagrams are available in Supplementary Table 1, interactome datasets on Cirl ligands are available via ProteomeXchange (http://
proteomecentral.proteomexchange.org/) with the unique identifier PXD033873. All other data are available upon request to the corresponding authors.
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were not predetermined by statistical methods. To enable statistical analyses of the in vitro datasets sample sizes of n=3 or more
were used. For all assay replicates were performed as indicated in the related figure captions. For imaging data, sample sizes were limited by
availability of animals of the respective genotype.

Data exclusions | No data were systematically excluded.

Replication Number of replicates and sample sizes of displayed results are indicated in the figure legends.

Randomization  Allocation of samples (cells, animals) for data collection and analyses was random. Covariates were not relevant in this study as experimental
and control experiments were performed in parallel, and flies/cells were maintained under identical rearing/culture conditions.

Blinding Fly genotypes for neuroblast counts were blinded during data analyses, fly genotypes for expession studies could not be blinded due to

regognisable specific expression patterns. Blinding for ELISA and luciferase analyses was not attempted as these are not subject to the
researchers' bias due to the automated quantative readout of the assays.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

[ 1IX Antibodies [ ] chip-seq

|:| Eukaryotic cell lines |:| Flow cytometry

g |:| Palaeontology and archaeology g |:| MRI-based neuroimaging

|:| |Z Animals and other organisms

X |[] clinical data S
|Z |:| Dual use research of concern =

Antibodies

Antibodies used Primary antibodies
rat-a-HA-Peroxidase (Roche, clone 3F10, #12013819001)
rat-a-Mir (Abcam, CD#5-7E9BG5AF4, ab197788)




Validation

rabbit-a-HA (#C29F4; RRID: AB_10693385)

mouse-a-tubulinB (DSHB e7, RRID: AB_528499)

mouse-a-Spectrina (DSHB 3A9; RRID: AB_528473)

rabbit-a-HA (Cell Signaling Technology, #C29F4; RRID:AB_1549585)

rabbit-a-RFP (Antibodies-Online, RRID:AB_10781500)

mouse-a-V5 (Invitrogen, RRID:AB_2556564)

rabbit-a-GFP (Invitrogen #G10362, RRID:AB_2536526)

a-Horseradish Peroxidase conjugated with Alexa Fluor-488 (Jackson Immuno Research, #123-545-021, RRID: 2338965) or Cy3
(Jackson Immuno Research #123-165-021, RRID: AB_2338959)

Secondary antibodies

Cy5-conjugated goat-a-rabbit (Jackson Immuno Research, #111-175-144, RRID: AB_2338013)
Cy3-conjugated goat-a-rat (Invitrogen #A10522; RRID: AB_2534031)

Cy3-conjugated goat-a-rabbit (#111-165-003; RRID: AB_2338000, Jackson ImmunoResearch)
Cy3-conjugated goat-a-mouse (#115-165-146; RRID: AB_2338690, Jackson ImmunoResearch)
IRDye 680RD goat-a-rabbit (RRID:AB_2721181)

800CW goat-a-mouse (RRID:AB_2687825)

goat-a-mouse (RRID:AB_2651128)

goat-a-rabbit (RRID:AB_2651127)

For all immunohistochemistry experiments we included genetic controls (negative controls) lacking the respective biochemical tag or
chromophore when engineered into the vectors by us.

We included ,no primary antibody control” (e.g. no primary mouse-V5 or rabbit-HA antibody added) for all immunohistochemistry
experiments. These controls did not show signals above background fluorescence.

In addition, primary antisera were valdiated as follows:

rat anti-HA-Peroxidase, by the vendor (This antibody was verified by relative expression to ensure that the antibody binds to the
antigen stated)

rat-a-Mir (Atwood and Prehoda, 2009; 10.1016/j.cub.2009.03.056)

mouse-a-tubulinB (Devambez et al., 2017; 10.1038/s41598-017-16586-w)

rabbit-a-HA, by the vendor (This antibody was verified by relative expression to ensure that the antibody binds to the antigen stated)
mouse-a-Spectrina (Dubreuil et al., 1987; 10.1083/jcb.105.5.2095)

rabbit-a-RFP, by the vendor (This antibody was verified by relative expression to ensure that the antibody binds to the antigen stated)
mouse-a-V5, by the vendor (This antibody was verified by relative expression to ensure that the antibody binds to the antigen stated)
rabbit-a-GFP, by the vendor (This antibody was verified by relative expression to ensure that the antibody binds to the antigen
stated)

a-Horseradish Peroxidase conjugated with Alexa Fluor-488, by the vendor (This antibody was verified by relative expression to ensure
that the antibody binds to the antigen stated)

To visualize neuronal membranes we used dye-conjugated-Horseradish Peroxidase (Jackson ImmunoReserach #123-545-021,
#123-165-021; Jan, LY, & Jan, Y N, 1982, https://doi.org/10.1073/pnas.79.8.2700). We used anti-miranda antibody to stain
neuroblasts (abcam ab197788). According to validation experiments by the manufacturer and in Yang Ching-Po et al., 2017 (doi:
https://doi.org/10.1242/dev.149500) this antibody specifically recognises neuroblasts. As loading controls for Westen Blot analyses
we used alpha-Sepctrin-alpha (#3A9, DSHB) and alpha-tubulin-beta antibodies (#E7, DSHB), which reliably indicate overall protein
quantity across lanes (specificity check not required for this purpose). Specificity of rabbit anti-HA-Peroxidase antibody used for ELISA
was ensured using negative control samples lacking HA-tagged Cirl-NRS sensor.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Drosophila Schneider 2 (S2) cells, ThermoFisher Scientific, #R69007
HEK293T, German Collection of Microorganisms and Cell Culture (Braunschweig, Germany), #ACC635

Cell lines were maintained and authenticated by the supplier, no additional authentication was performed by the authors of
this study.

Mycoplasma contamination Cell lines were regularly tested for mycoplasma contamination by the authors and tested negative.

Commonly misidentified lines No commonly misidentified cell line was used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Third instar larvae (L3), 2-day old pupae and freshly hatched adults of Drosophila melanogaster (w[1118] wildtype strain background)
were used for several experiments in this study. The complete annotated list of all fly strains used is provided in the Methods section.

w1118; CirlKO {pTL803[HA-Cirl-NRS-LexA-3xV5-attB]}attPCirl w- loxP/CyO;;
w1118; CirlKO {pTL804[HA-CirlAGPS(H>A)-NRS-LexA-3xV5-attB]fattPCirl w- loxP/CyO;;
w1118; CirlKO {pTL807[HA-Cirl-NRSAS3-LexA-3xV5-attB]}attPCirl w- loxP/CyO;;
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w1118; CirlKO {pTL803[HA-Cirl-NRS-LexA-3xV5-attB]}attPCirl w- loxP, 13xlexAop2-6xmCherry-HA w*/CyOGFPw-;;
w1118; CirlKO {pTL879[HA-Cirl-NRS-GAL4-3xV5-attB]}attPCirl w- loxP/Cy0O;;

w1118; CirlKO {pTL879[HA-Cirl-NRS-QF 2-3xV5-attB] }attPCirl w- loxP/CyO;;

w1118;; MayoKO {pTL914[HA-Mayo-NRS-LexA-3xV5-attB]JattPMayo DsRed- loxP/TM3,Sb;;

w1118;; MayoKO {pTL915[HA-MayoAGPS(H>A)-NRS-LexA-3xV5-attB]}attPMayo DsRed- loxP/TM3,Sb;;
w1118;; MayoKO {pTL917[HA-Mayo-NRSAS3-LexA-3xV5-attB]}attPMayo DsRed- loxP/TM3,Sh;;
w1118;; KetchupKO {pTL918[HA-Ketchup-NRS-LexA-3xV5-attB] fattPKetchup DsRed- loxP/TM3,Sb;;
w1118;; KetchupKO {pTL920[HA-KetchupAGPS(T>A)-NRS-LexA-3xV5-attB] JattPKetchup DsRed- loxP/TM3,Sb;;
w1118;; KetchupKO {pTL921[HA-Kecthup-NRSAS3-LexA-3xV5-attB]fattPKetchup DsRed- loxP/TM3,Sb;;
w1118; CirlKO {pTL803[HA-Cirl-NRS-LexA-3xV5-attB]}attPCirl w- loxP/CyoGFPw-;;
w1118;:Cirl[108/3A.2){attP+ loxP+}{w-] att{dCirl-NRS-lexA [w-]/CyoGFPw-;w[*]; P{w+mW.hs=GawB}MD806/TM6B,Th
w1118; CirlKO {w+mC=pNH191[Cirl7TM-2xV5 w-]}attPCirl/CyoGFPw-;;

w1118; CirlKO {w+mC=pNH189[RFP-Cirl7TM-2xV5 w-]}attPCirl;;

w1118; CirlKO {w+mC=pNH306[Cirl1TM-V5-T2A-Gal4, Cirl7TM-V5-T2A-LexA w-]}attPCirl; Kr-Gal4
w1118; Syb::RFP w+ attP40/CyO;

w1118; CirlKO {pTL804[HA-CirlAGPS(H>A)-NRS-LexA-3xV5-attB]fattPCirl w- loxP/CyoGFP w-;;

w1118; CirlKO {pTL807[HA-Cirl-NRSAS3-LexA-3xV5-attB]}attPCirl w- loxP/CyoGFP w-;;
13xLexAop2-6xmCherry::HA w+ [BDSC#52272]/CyoGFPw-; 20xUAS-6xGFP w+ [attP2][BDSC#52262]
w1118; dCirl-GAL4/CyoGFPw-; P{w+mC=UAS-RFP.W}3, P{w+m*=lexAop-2xhrGFP.nls}3a /TM6B, Tb
w1118;; Df(3L)BSC578/TM6C, cul Sbl

w*;; tolloC5/TM6C, Tb, Sb

y1 w*; wgSp-1/Cy0, P{w+mC=Dfd-EYFP}2; P{y+t7.7 w+mC=13XLexAop2-post-t-GRASP}attP2 PBac{y+mDint2 w+mC=20XUAS-pre-t-
GRASP}VK00027

w*; P{w+mW.hs=GawB}MD806/TM6EB, Th1

w1118; CirlKO attPCirl w- loxP/CyoGFP w-;;

w1118; Cirl[KO {pTL370[CirlRescue]}attPCirl w- loxP/CyoGFP w-;;

w1118; CirlKO {pMN44[Cirl[H>Al}attPCirl w- loxP/CyOGFP w-;;

w1118; CirlKO {pMN4[CirIN-RFP]}attPCirl w- loxP/CyOGFP w-;;

w1118;; {w+m=pTL471[20xUAS-IVS-Cirl::3xflag]}attP2/TM3, Sb, Kr-GAL4

w1118; dCirlKO {w+mC=pTL464[Cirl-p-Gal4]}attPdCirl loxP/CyOGFPw-;;

y1 w*; wgSp-1/Cy0, P{Wee-P.ph0}BaccWee-P20; P{y+t7.7 w+mC=20xUAS-6xmCherry-HA}attP2
y1w1118;;P{w+mC QUAS-mtdTomato::3xHA}26

w*;; UASt-Lifeact::GFP/TM6B, Th

w1118; P{GMR55B12-GAL4}attP2

w*;: P{ w+mW.hs GawB}MD806/TM6B, Tb1

w*;: P{w+m*=GAL4}repo/TM3, Sb1

yw; PBac{y+mDint2w+mC 13xlexAop2-6xmCherry::HA}NKO0018/CyO;

yw;; P{y+t7.72w+mC 20xUAS-6xGFP }attP2

yw;20xUAS-6xGFP; lexAop-myr::mCherry

w1118;;UAS-RFPnls/TM3, Sb1

w1118;; P{w+mC lexAop-2xhrGFP.nls}3a

; ok6-Gal4 w+;

w1118; P{w+m*=lexAop-2xhrGFP.nls}2a;;

w1118; +; MayoKO {pTL789 [Mayo-p-GAL4-attB]}attPMayo DsRed- loxP /TM3, Sb;;

v1; Krif-1/CyO; P{y+t7.7 v+t1.8=UAS-TransTimer.v+}attP2

w1118; phiC31{KK108383}v100749
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Wild animals No wild animals were used in this study.
Reporting on sex Sex of animals was not considered in this study.
Field-collected samples  No field-collected samples were used in this study.

Ethics oversight No ethical approval or guidance was required for this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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