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Notch activity is modulated by the aGPCR
Latrophilin binding the DSL ligand in C.
elegans

Willem Berend Post 1,10, Victoria Elisabeth Groß1,10, Daniel Matúš2,3,10,
IannisCharnay 1, Fabian Liessmann 4, FlorianSeufert 5, PeterHildebrand 5,
Jens Meiler4,6,7, Anette Kaiser 8, Torsten Schöneberg2,9 & Simone Prömel 1

The Notch pathway is a highly conserved signaling cascade across metazoans
that regulates numerous physiological processes, including cell proliferation,
differentiation, and fate determination. Given its fundamental roles, the
pathway is tightly regulated by diverse molecules through multiple mechan-
isms. Here, we identify the Adhesion GPCR latrophilin (LPHN/ADGRL) as a
positive modulator of Notch signaling, which increases Notch receptor acti-
vation and the translocation of its intracellular domain into the nucleus. Phy-
siologically, this latrophilin role is crucial for balancing the number of
proliferating cells in the gonadal stem cell niche of the nematode C. elegans. In
silico, in vitro, and in vivo analyses demonstrate that the C. elegans latrophilin
homolog LAT-1 directly interacts with the DSL protein/Notch ligand LAG-2 on
the same cell. This interaction is mediated by LAT-1’s conserved GAIN and the
RBL domain. Importantly, the modulatory effect depends solely on the
receptor’s N terminus and is independent of G protein signaling. Finally, we
explore the implications of this fine-tuning of Notch signaling by an aGPCR.

Adhesion G protein-coupled receptors (aGPCRs) are unique recep-
tors involved in various (patho-)physiological processes (summar-
ized in refs. 1–3). Beyond transmitting traditional G protein-mediated
signals4,5, their large N termini enable them to perform functions
independent of canonical signaling (often referred to as N terminus-
only, trans, or seven transmembrane domain (7TM)-independent
functions). These include facilitating cell-cell and cell-matrix
adhesion1,6, as well as influencing other signaling pathways. For
instance, some aGPCRs have been shown to modulate Wnt
signaling7–10. This versatility positions aGPCRs as key integrators of
diverse physiological signals.

In this study, we present evidence that the aGPCR latrophilin
(LAT/LPHN/ADGRL) interacts with the Notch pathway, modulating its
activity by enhancing the activation of the Notch receptor. The Notch
pathway is one of the most essential signaling cascades in many
organisms governing numerous physiological processes such as
development and tissue morphogenesis (summarized in refs. 11,12).
Due to its fundamental role, many components of the Notch pathway
and the underlying mechanisms are highly conserved across
species13–15. In the nematode C. elegans, the Notch pathway controls,
among others, germ cell division and the balance between germ cell
proliferation (self-renewal) in the gonadal stem cell niche and
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differentiation into germ cell progenitors (entry into meiosis).
Thereby, it promotes proliferation while suppressing meiotic
entry16–20. The signal originates from the distal tip cell (DTC), where
LAG-2, a membrane-bound Notch ligand of the Delta, Serrate, LAG-2
(DSL) family, interacts with the Notch receptorGLP-1 on adjacent germ
cells19–21 thereby activating it and initiating the Notch pathway.

Here, we show that LAT-1, the C. elegans homolog of the aGPCR
latrophilin, directly interacts with the Notch ligand LAG-2 and enhan-
ces Notch receptor activation. This interaction increasesNotch activity
solely via the aGPCR N terminus (N terminus-only/trans/7TM-inde-
pendent function) andmodulates cell proliferation within the gonadal
stem cell niche.

Results
LAT-1 modulates germ cell proliferation
Recently, we discovered that the 7TM-independent/N terminus-only/
trans function of LAT-1 in C. elegans regulates various processes,
including germ cell apoptosis, ovulation, and sperm guidance,

ultimately controlling reproduction22. In our analysis of hermaphro-
dites homozygous for the null allele lat-1(ok1465) (hereafter referred to
as lat-1), we also observed a reduced number of germ cells in the distal
region of the gonad (Fig. 1a, b). This reduction primarily affects the
progenitor zone but also extends to the transition zone and the
pachytene stage (Fig. 1a, c). Using mNeonGreen-fused REC-8 as a
marker for progenitor zone nuclei23, we confirmed that the size of the
progenitor zone of lat-1 mutants is indeed modestly yet significantly
smaller than in wild-type hermaphrodites (Fig. 1d, e). Time-course
analyses revealed that these phenotypes were most prominent in
worms aged L4 + 8 h (Supplementary Fig. 1a–c). Consequently, all
subsequent experiments were conducted on individuals at this stage.

To further characterize the effects of LAT-1 on distal germ cells,
cell proliferation was studied by assessing both mitotic (M) phase
(using an anti-phospho-histone H3 (Ser10) (PH3) antibody) and
synthesis (S) phase (using EdU staining) nuclei. These analyses
revealed a decrease in both mitotic (Fig. 1f–h) and DNA synthesis
(Fig. 1i–k) events in lat-1 mutants.

Fig. 1 | Nematodes lacking lat-1 display a reduction in germ cells. a Schematic
depiction of the adult C. elegans gonad. The nematode has two symmetrical
U-shaped gonads where oocytes are produced during adulthood. The most distal
part of each gonad arm, the progenitor zone, is encasedby the distal tip cell (DTC).
Within this zone, germ cells undergo continuous self-renewal through mitotic
divisions. Subsequently, they enter meiosis in the transition zone, where they
arrest in the pachytene before cellularizing, growing, and progressing further
through meiotic development. Eventually, the oocytes are pushed through the
spermatheca, where sperm, produced during the last larval stage, is stored. After
fertilization, the eggs move to the uterus and are laid. b Hermaphrodite gonads
lacking LAT-1 display altered germ cell zone sizes. Shown are two representative
images of gonads of L4 + 8 h-old hermaphrodites. Asterisks: DTC; dashed lines:
zones (c) Quantification of germ cell numbers in (b) reveals shorter zones in lat-1
worms. Wild-type: n = 33, lat-1: n = 19 in four independent experiments.
d Expression of mNeonGreen-fused rec-8 ceases in more distal germ cell rows in
lat-1 individuals compared to wild-type controls. Asterisks: DTC; dashed lines: end
of progenitor zone. e Quantification of REC-8-positive cells per cell row shown in
(d) confirms the shorter progenitor zone and thus, the earlier change in the tran-
sition from progenitor (REC-8-positive cells) to meiotic (REC-8-negative cells) fate

in lat-1 mutant germlines. Wild-type: n = 23, lat-1: n = 18 in four independent
experiments. Exact p values are provided in the Source Data. f Representative
images of PH3-stained gonads of 8 h-post-L4 lat−1 and wild-type individuals.
Asterisks: DTC; dashed lines: endof progenitor zone.gPH3-stainedgermlines from
(f) reveal a lower incidence of M phase nuclei in the progenitor zone of lat-1
compared to wild-type gonads. Wild-type: n = 44, lat-1: n = 38 in six independent
experiments. h lat-1mutant germlines have a decreasedM index (percentage PH3-
positive nuclei fromall progenitor zone nuclei).Wild-type: n = 44, lat-1: n = 38 in six
independent experiments. i EdU-stained gonads 8 h-post-L4 worms visualize S
phase nuclei. Asterisks: DTC; dashed lines: end of progenitor zone. jQuantification
of images from (i) demonstrates that the distal germline of lat-1 hermaphrodites
has more EdU-positive (S phase) nuclei than wild-type controls. Wild-type: n = 34,
lat-1: n = 26 in 6 independent experiments. k Quantification of S indices based on
images from (i). lat-1 germlines have a decreased S index (percentage of EdU-
positive nuclei fromall progenitor zone nuclei).Wild-type: n = 34, lat-1: n = 26 in six
independent experiments. Graph raw data are provided in the Source Data. Graph
details and statistics are: (c), (g), (h), (j), (k): Box plots with median (center),
interquartal range, 5th (lower whisker) and 95th (upper whisker) percentiles. e:
Mean ± SEM. Two-sided unpaired t-test without multiple comparison correction.
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Additionally, we calculated the M (Fig. 1h) and S (Fig. 1k) indices,
defined as the percentage of M phase (PH3-positive) (Fig. 1g, Source
data) or S phase (EdU-positive) (Fig. 1j, Source data) nuclei within the
total number of nuclei in theprogenitor zone. These indices, which can
account for potential zone size differences, were lower in lat-1mutant
compared to wild-type hermaphrodites. The observed effects in lat-1
mutants were persistent at different temperatures (Supplementary
Fig. 1d–f).

Taken together, our results indicate that LAT-1 plays a role in
controlling cell proliferation and/or regulating zone size during the
late L4/very early adult stage.

LAT-1 facilitates Notch signaling in the distal C. elegans germline
Various potentially coexistingmechanisms could lead to a reduction in
the size of the germline zones, such as a smaller pool ofmitotic cells or
an altered cell cycle (reviewed in24). It is possible that LAT-1 plays a role
in one or more of these processes. A key signaling cascade that pro-
motes germcell proliferationwhile suppressingmeiotic entry, thereby
regulating thebalancebetween the twoanddetermining the size of the
progenitor zone, is the Notch pathway. Some, albeit by far not all, of
the defects in lat-1 nematodes resemble phenotypes reported in
mutants of these Notch pathway components. For instance, a
decreased number of proliferating cells and an altered progenitor
zone size have been observed in glp-1 reduction-of-function
mutants16,25, leading us to investigate whether LAT-1 affects the
Notch pathway. In theC. elegans stem cell niche, the initial signal in this
highly conserved cascade originates from the DTC, which expresses
the DSL ligand lag-2. The interaction of this membrane-bound mole-
cule with the Notch receptor GLP-1 on adjacent germ cells triggers the
activation of GLP-1, which is cleaved twice with one cleavage by a γ
secretase yielding the release of theNotch intracellular domain (NICD).
This NICD acts as a transcription factor for the direct transcriptional
targets (lst-1/sygl-1), which in turn repress gld-1-3 and other mitosis-
inhibiting or meiosis-promoting factors (Fig. 2a) (summarized in26,27).

To examine a potential interplay of lat-1 with Notch, we first
analyzed its downstream target gld-1, which inhibits cell
proliferation26,28, in lat-1 mutants using a GLD-1::GFP reporter. In wild-
type hermaphrodites, gld-1 expression begins and intensifies as the
repressing effect of the Notch signal diminishes at a certain distance
from the DTC29. In contrast, lat-1 mutants showed a significant upre-
gulation of gld-1 in more distal germ cells, starting from germ cell row
~14 (Fig. 2b, c). This suggests that LAT-1 influences downstream
effectors of the Notch pathway. While GLD-1 is a known downstream
target of Notch signaling, research indicates that it can also be regu-
lated by other molecules, particularly those involved in cell cycle
control30.

To investigate whether LAT-1 operates within the Notch pathway,
we analyzed genetic interactions between lat-1 and the core Notch
pathway components lag-2 and glp-1. Similar to lat-1 mutants, her-
maphrodites carrying single reduction-of-function mutations in lag-2
(lag-2(q420)21) and glp-1 (glp-1(bn18)31) exhibit defects in germ cell
proliferation and meiotic entry, resulting in a shorter progenitor zone
(Fig. 2d) and concomitantly, reduced numbers of M phase nuclei
(Fig. 2e, Supplementary Fig. 2a)25,32,33. The respective lat-1; lag-2 and lat-
1; glp-1doublemutants didnot showanydifference in effect compared
to the respective Notch component single mutants (Fig. 2d, e). No
additive effects were observed suggesting that lat-1might act through
key Notch signaling components rather than via another, parallel
pathway. To further study the role of LAT-1, we examined a potential
direct impact of the aGPCR on the Notch pathway. Upon ligand acti-
vation, the Notch receptor undergoes proteolytic processing, allowing
for the translocation of its intracellular domain (NICD) to the nucleus,
where it promotes the transcription of target genes (see above). Notch
activation can be quantified by comparing the ratio of membrane-
bound GLP-1 to GLP-1 within germ cell nuclei34,35. In lat-1 nematodes, a

decrease in nuclear GLP-1 was observed (Fig. 2f, g), suggesting that the
aGPCR impacts Notch signaling. Meanwhile, overall expression levels
of both lag-2 and glp-1 were unaffected by the absence of lat-1 (Sup-
plementary Fig. 2b–e).

As many functions of LAT-1 in the germline have been shown to
depend solely on its N terminus (anchored to the membrane) rather
than on G protein signaling22, we tested whether this was also true for
its role in Notch activation. Indeed, expressing only the lat-1 N termi-
nus tethered to the membrane via its first transmembrane domain
(LNT) resulted in similar levels ofNotch activation to those observed in
wild-type worms (Fig. 2f, g). This confirms that the N terminus alone is
sufficient to mediate LAT-1’s effect on Notch activation.

Notch signaling is not only required in the germline, it is essential
for numerous other processes in the adult nematode. Thus, we asked
whether LAT-1 might also be involved in these contexts. As such,
during development, Notch signaling is (among others) essential for
the formation of the rectum/anus. lag-2 mutant nematodes do not
form a proper rectum/anus, a function that seems also dependent on
glp-1 and the other Notch receptor lin-1220. As lat-1 has been shown to
be expressedwidely during development36, we testedwhether itmight
interact with Notch signaling here. We observed that lat-1 mutant
animals show anus defects comparable to lag-2 mutants, albeit at a
lower frequency, while the lat-1; lag-2 double mutant was indis-
tinguishable from the lag-2 single mutant (Fig. 2h, i). Furthermore, we
elucidated apotential interactionof lat-1with theNotchpathway in the
nervous systemwhere Notch signals control chemosensory avoidance
of octanol37. As lat-1 is also expressed on neurons38, an interaction with
lag-2 in this context is also conceivable. Therefore, we assessed the
avoidance behavior of lat-1mutants and found that these animals have
a similarly delayed response in octanol avoidance compared to lag-2
mutants, with doublemutant animals showing no increased avoidance
compared to single mutants (Fig. 2j). Thus, in both contexts, lat-1
seems to interact with the Notch pathway hinting towards a wider
involvement of LAT-1 in Notch signaling within C. elegans physiology.

In summary, these results show that LAT-1 cross-talks with the
Notch pathway by modulating Notch receptor activity and regulating
gld-1 expression.

LAT-1 directly interacts with the Notch ligand LAG-2 via its RBL
and GAIN domains
We next asked how LAT-1 exerts its modulatory effects on Notch-
pathway activation. The primary source of the Notch signal controlling
cell proliferation in the progenitor region is theDTC (Figs. 1a, 2a)26, and
its integrity is crucial for proper signaling. To determine whether the
DTC morphology is affected in lat-1 mutants, we examined the struc-
ture of this cell in hermaphrodites 8 h post-L4 stage. Both the plexus
and cap length appeared similar to those in wild-type nematodes
(Supplementary Fig. 3) indicating that the effect of LAT-1 on the Notch
pathway is not caused by alterations in DTC morphology.

As the aGPCR is present on both the DTC and potentially germ
cells22, it is conceivable that it modulates Notch activity by directly
interacting with the Notch receptor or ligand. To test this hypothesis,
we predicted and analyzed in silico the potential interactions between
the extracellular domains of LAT-1 with GLP-1 and LAG-2, respectively,
using AlphaFold2 Multimer39. Based on the consistent domain-level
contacts observed across multiple predicted structures and various
domain combinations, the computational model supported a binding
hypothesis with interactions between LAT-1 and LAG-2, but no con-
vergence of binding interfaces between LAT-1 andGLP-1was observed.
The interaction with LAG-2 is mediated via the LAT-1 rhamnose-bind-
ing lectin (RBL) and GPCR autoproteolysis-inducing (GAIN) domains
(Fig. 3a, b, Supplementary Fig. 4). We analyzed the AlphaFold2
Multimer-predicted complex using Rosetta and its interface analysis
tools to further characterize the predicted LAT-1/LAG-2 binding
interface. The total buried surface area at the interface was
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Fig. 2 | LAT-1 modulates Notch signaling in the distal gonad. a In the distal
gonad, the Notch pathway controls cell proliferation and the switch between germ
cell division and differentiation. It is initiated by the Notch ligand LAG-2 on the
distal tip cell (DTC) binding to the Notch receptor GLP-1 present on germ cell
membranes. This causes theNotch intracellular domain (NICD) to be cleaved off to
translocate to the nucleus, initiating together with LAG-1 and LAG-3 the tran-
scription of downstreameffectors such as LST-1 andSYGL-1. In turn, these effectors
repress expression of e.g., gld-1-3.b Expression of gld-1 occursmoredistally in lat-1
mutant (bottom) than in wild-type (top) L4 + 8 h gonads. Asterisks: DTC, dashed
lines: end of the progenitor zone. c Quantification of gld-1::GFP expression/germ
cell row in lat-1 and wild-type gonads by measuring fluorescence intensity with
increasing distance from the distal tip cell based on images from (b). Loss of lat-1
leads to a reduced repression of gld-1. Wild-type: n = 17, lat-1: n = 22 in four inde-
pendent experiments. d, e Comparison of progenitor zones of Notch pathway
component single mutants (lag-2(q420), glp-1(bn18)) and respective double
mutants with lat-1(ok1465). Analyses are based on DAPI-/PH3-stained dissected
gonads to visualize all and specifically M phase nuclei (for images see Supple-
mentary Fig. 2a). Theprogenitor zone sizes in thedoublemutants differ fromthose
in lat-1 single mutants, but are similar to the respective Notch component single
mutants (d). Overall, no differences in PH3-positive germ cell number were
observed in single compared to doublemutants (e). Replicate values: wild-type: 44,

lat-1: 38, lag-2: 42, lat-1; lag-2: 36, glp-1: 41, lat-1; glp-1: 46 gonads in 6 independent
experiments. f Notch activation was visualized using the GLP-1 NICD::V5 reporter
glp-1(q1000[glp-1::4xV5]. In lat-1 germline nuclei of L4 + 8 h-old hermaphrodites,
less NICD is present than in thewild-type (red arrowheads) which is amelioratedby
the presence of the LNT. The lag-2(q420)mutant (positive control) shows severely
reduced NICD in cell nuclei. asterisks: DTC. g Quantification of the NICD fraction
located in germ cell nuclei based on images in (f) confirms the reduced activity of
Notch in lat-1 mutants. Replicate values (independent experiments): wild-type: 33
(5), lat-1: 33 (3), lag-2: 21 (4), LNT: 16 (3). h DIC images showing anus morphology
defects in L1 nematodes, which occurs both in lat-1 and lag-2 mutants.
i Quantification of the images from (h). Wild-type: 127, lag-2: 122, lat-1: 167, lat-1;
lag-2: 86 in three independent experiments. j lat-1 mutant nematodes exhibit a
similar delayed reversal upon exposure to octanol as lag-2 mutants. Replicate
values (independent experiments): wild-type: 75 (5), osm-11: 45 (3), lat-1: 75 (6), lag-
2: 45 (3), lat-1, lag-2: 45 (3). Graph raw data are provided in the Source Data. Graph
details and statistics are: (c): Mean gld-1::GFP expression/germ cell row ± SEM
(replicates and exact p values in the Source Data). Two-sided unpaired t-test
without multiple comparison correction. (d), (e), (g), (i), (j): Box plots withmedian
(center), interquartal range, 5th (lower whisker) and 95th (upper whisker) per-
centiles. One-way ANOVA with Bonferroni post-hoc test. (i): Mean ± SEM. One-way
ANOVA with Bonferroni post-hoc test.
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approximately 2768Å², involving contributions fromboth theRBL and
GAIN domain of LAT-1. Notably, the GAIN domain accounts for a larger
portion of this interface, contributing 2089Å². According to Rosetta
InterfaceAnalyzer calculations, the interface consists of ~42%polar and
58% hydrophobic contacts. Several predicted hydrogen bonds con-
tribute to complex stabilization, with six of these located within the
GAIN domain. These findings support a mixed-mode interaction in
which both specificity and stability are likely mediated by a combina-
tion of electrostatic and hydrophobic contacts.

To validate the AlphaFold2 Multimer-predicted complex and to
investigate its conformational stability, we carried out all-atom mole-
cular dynamics (MD) simulations. The structural integrity of the full
LAG-2/GAIN-RBL complex was retained in all three repeats of
1-microsecond MD simulations. Within the simulation time, besides
some thermalfluctuations of theGAINandRBLdomains against LAG-2,
we did not observe major structural re-arrangements, validating the
predicted complex (Supplementary Fig. 5).

Further analysis of these models and the per-residue energy
breakdownof the interaction identified five amino acids in theRBL and
seven in the GAIN domain to be crucial for the interaction (Fig. 3b,
Supplementary Fig. 4). An evolutionary analysis showed that residues
forming the binding interface are generally highly conserved among
Caenorhabditis Spp. (Supplementary Fig. 6) potentially indicating that
the interation is also conserved.

We next tested whether the predicted interaction between LAG-2
and LAT-1 indeed occurs in a cellular context. For this purpose, we
conducted Nano Bioluminescence Resonance Energy Transfer (Nano-
BRET) experiments in vitro. In this setup, LAG-2 fused to a Nanoluci-
ferase (Nluc::LAG-2) served as energydonorwhile Venus::LAT-1was the
acceptor. Both tags were in the extracellular N termini of the proteins.
Constructs were expressed heterologously in HEK293 cells (Supple-
mentary Fig. 7a). As negative control that does not interact with LAG-2,
the human glucagon-like peptide-1 receptor (hGLP1R) fused to a Venus
protein was employed. The NanoBRET analyses confirmed the

Fig. 3 | LAT-1 interacts with the Notch ligand LAG-2 in silico and in vitro.
a AlphaFold2 Multimer models suggest an interaction between the extracellular
region of LAG-2 (blue, surface representation) and both the RBL (yellow, cartoon
representation) and GAIN (cyan, cartoon representation) domains of LAT-1. The
interacting regions in LAT-1 include the main protruding loop of the RBL domain
and a stretch of the GAIN domain. The HRMdomain (gray, cartoon representation)
is not involved in binding. Interacting residues are shown as stick representation.
Details on energy breakdown values calculated using Rosetta’s per_residue_energies
application are given in Supplementary Fig. 4.b Location of the residueswithinRBL
and GAIN domain of LAT-1 identified by models and energetic breakdown analyses
(Supplementary Fig. 4) to be candidates to mediate the binding to LAG-2. c Nano

Bioluminescence Resonance Energy Transfer (NanoBRET) analyses show an inter-
actionof LAT-1 (Venus::LAT-1) with LAG-2 (Nluc::LAG-2) in HEK293 cells. The human
GLP1R fused to Venus served as negative control. Note that higher BRET50 values
correspond to low binding affinity. Introduction of distinct point mutations in
single domains predicted to be essential for the interaction (identified in (a–c)) do
not significantly reduce affinity of LAT-1 for LAG-2, however, affinity is decreased
when mutations in RBL and GAIN domain are combined. Mean ± SEM, n = 4 tech-
nical replicates in 11 (LAT-1), 8 (hGLP1R), 4 (LAT-1 (RBLmut)), 4 (LAT-1 (GAINmut)), 10
(LAT-1 (RBLmut GAINmut)) independent experiments. One-way ANOVA with Bonfer-
roni post-hoc test. Corresponding netBRET values and curves are shown in Sup-
plementary Fig. 7b.
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Fig. 4 | LAT-1 binds to LAG-2 in vivo. a, b, e Bimolecular fluorescence com-
plementation (BiFC) analyses using the two parts of a split Venus protein (VN/VC)
fused each to a protein of interest in C. elegans. Expression of these constructs is
driven by the heat-shock promoter hsp16.41p. Upon heat shock, the proteins are
produced, and a fluorescent signal occurs if they interact as the split Venus protein
parts get into proximity, reconstitute, and fluoresce. For signal monitoring, the
pharynx was chosen as the heat-shock promoter is highly active in pharyngeal
neurons43. a LAG-2 binds to GLP-1 yielding a clear fluorescence signal after heat
shock (I). Co-expression of VN::lat-1 and VC::glp-1 shows a veryminor fluorescence
signal, indicating that they do not interact (II). A strain harboring VN::lat-1 and
VC::lag-2 together shows fluorescence after heat shock, indicating binding of the
two (III). Shown are representative images of 22 (LAG-2; GLP-1), 35 (GLP-1; LAT-1)
and 75 (LAT-1; LAG-2) heat-shocked worms. bCompetition BiFC assay. In the strain
expressing VN::lat-1 and VC::lag-2 (employed in (a) III), varying amounts of a con-
struct containing an untagged lag-2 serving as a competitor were introduced.
Nematodes stably carrying all three constructs were heat-shocked, and fluores-
cence was measured. Hermaphrodites with 50-fold excess of untagged lag-2
competitor relative to VC::lag-2 (1 ng VC::lag-2/ 50ng untagged lag-2) displayed
severely less fluorescence. This indicates that LAT-1 interacts with the untagged
LAG-2, which competes with VC::LAG-2. Shown are exemplary images.
c Quantification of the competition BiFC assay from images shown in (b). Fluor-
escence significantly decreases with increasing amounts of untagged lag-2 asa
competitor. Four nematode lines carrying fixed amounts of VN::lat-1 (1 ng) and

VC::lag-2 (1 ng) togetherwith no competitor (same line as in (a) III), 5-fold (5 ng), 10-
fold (10 ng), and 50-fold (50 ng) competitor, respectively, were used. To always
maintain the same total amount of DNA, pBluescript was supplemented. Replicate
values (independent experiments): no competitor: 75 (8), 5-fold: 17 (3), 10-fold: 21
(3), 50-fold: 24 (3). d Western Blot analysis confirms the expression of lat-1 (V5-
tagged, 81 kDa (autocatalytically cleaved)), lag-2 (HA-tagged, 57 kDa), andmutated
lat-1(RBLmut GAINmut) (V5-tagged, 81 kDa (autocatalytically cleaved)) on protein level
in worm lines after heat shock and shows that the point mutations in LAT-1 do not
hamper expression. Black arrowheads indicate the lines studied further in (e), (f).
Actin served as a loading control. For fullWesternblots, see Supplementary Fig. 7e.
Western Blot was performed twice with 60-80 worms per sample. e Exemplary
images of BiFC using VC::LAG-2 and LAT-1(RBLmut GAINmut)::VN showing less
fluorescence than in combination with a wild-type VN::LAT-1. f BiFC analysis using
VC::LAG-2 in combination with VN::LAT-1 carrying the 12 point mutations of resi-
dueswithin theRBL/GAINdomains potentially essential for LAG-2binding (Fig. 3b).
Worm lines selected based on similar LAG-2, LAT-1, and LAT−1(RBLmut GAINmut)
protein levels (d, black arrowheads) were tested. The mutations lead to sig-
nificantly reduced fluorescence levels compared to wild-type LAT-1. Replicate
values (independent experiments): LAT-1: 26 (4), LAT-1 (RBLmut GAINmut): 17 (3).
Graph rawdata areprovided in the SourceData.Graphdetails and statistics are: (c),
(f): Boxplotswithmedian (center), interquartal range, 5th (lowerwhisker) and 95th
(upper whisker) percentiles. One-way ANOVA with Bonferroni post-hoc test (c).
Two-sided unpaired t-test without multiple comparison correction (f).
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proposed LAT-1/LAG-2 interaction, with BRET50 values showing a sig-
nificantly higher affinity of LAG-2 to LAT-1 than to the hGLP1R negative
control (Fig. 3c, Supplementary Fig. 7b).

To further investigate the observed LAT-1/LAG-2 interaction, the
amino acids in theRBLandGAINdomainof LAT-1 predicted tomediate
the contact interface to LAG-2 were mutated to alanine (Fig. 3b). We
verified that all mutated receptors remained intact and cell surface
expression was similar to the wild-type (Supplementary Fig. 7c).
Mutations in the GAIN domain alone did not affect protein-protein
affinity (BRET50) in the NanoBRET assay, while mutations in the RBL
caused a slight, yet insignificant reduction (Fig. 3c). However, com-
bining mutations in both the RBL and GAIN domains (LAT-1(RBLmut

GAINmut)) resulted in a significant two-fold decrease in affinity in the
NanoBRET assays compared to the wild-type receptor (Fig. 3c), sug-
gesting that LAT-1 indeed binds to LAG-2 via the RBL and the GAIN
domains. It should be noted that a LAT-1 interactionwithGLP-1was not
further investigated in this setting due to a lack in glp-1 expression
(see above).

InC. elegans, LAG-2 is onlyoneof several Notch ligands.Oneof the
other ligands, APX-1, is so closely related to LAG-2 that it can even
compensate for its function in some contexts40. Thus, we tested whe-
ther APX-1 could have a similar affinity to LAT-1 as LAG-2. Upon
expression of Nluc::apx-1 with Venus::lat-1, low BRET50 values showed
that LAT-1 also has an affinity for APX-1 (Supplementary Fig. 7d), sug-
gesting that LAT-1 may engage in a broader interaction mechanism
with several Notch ligands. Notably, the five amino acids within the
LAT-1 RBL domain and the seven within the GAIN domain, which are
critical for LAG-2 binding (Fig. 3), also appear to contribute to the
interaction with APX-1 (Supplementary Fig. 7d). This indicates that the
mechanism underlying the binding might be a general one.

LAT-1 binds the Notch ligand LAG-2 in vivo
To determine whether the observed LAT-1/LAG-2 interaction occurs
in vivo in C. elegans, Bimolecular Fluorescence Complementation
(BiFC)41,42 was conducted. For that purpose, the two parts of a split
Venus protein (VN/VC) were fused to one of the interaction partners,
each under the control of the heat-shock promoter hsp16.41p. Upon
heat shock, the proteins are produced, and a fluorescent signal occurs
if they are in close enough proximity to interact. As the heat-shock
promotor is particularly strong in pharyngeal neurons43, both proteins
express at levels sufficient to allow detection of even weak interac-
tions. Thus, we assessed the pharynx region to monitor potential BiFC
signals. As a positive control, GLP-1 and LAG-2 were used, showing a
clear signal upon heat shock (Fig. 4a I). Only very low signals were
detected when assessing GLP-1 and LAT-1 (Fig. 4a II), adding to the in
silicoprediction that theymight not interact. Distinct fluorescencewas
observed in strains carrying LAT-1 and LAG-2 (Fig. 4a III), suggesting
that their interaction also occurs in an in vivo context.

It is important to note that, while all other in vivo experiments
involving modified lat-1 in this study rely on genomic editing, this
particular assay used extrachromosomal arrays and heat-
shock–induced overexpression for two main reasons: (1) endogenous
LAT-1/LAG-2 interaction levels are likely too low to be detected, and (2)
the reconstitution of the split Venus protein is nearly irreversible44,
potentially leading to stabilized interactions with detrimental effects,
especially during development where both LAT-136 and Notch
molecules45–47 have important functions.

To ensure that the observed BiFC interaction was specific and not
due to a spontaneous reconstitution of the split Venus fluorophores
upon overexpression, competition BiFC was conducted48,49. In this
assay, VN::lat-1 and VC::lag-2 were co-expressed with increasing con-
centrations of an untagged lag-2 as competitor (5-fold, 10-fold, and 50-
fold compared to VC::lag-2). If the interaction was specific, the fluor-
escent signal would decrease since the unlabeled LAG-2 competed
with the labeled version. Indeed, a reduction in fluorescence was

detected starting at 5-fold amount of competitor (Fig. 4b, c), indicating
the specificity of the interaction.

Next, we tested whether the interaction is mediated via the RBL
and GAIN domains in vivo as revealed in silico and in cell culture (see
above). Therefore, the LAT-1 construct containing all residues pre-
dicted to be essential for LAG-2 binding mutated to alanine residues
(LAT-1(RBLmut GAINmut) was analyzed. First, the expression of this
construct was verified and found to be consistent, with similar levels
observed across several independently generated worm lines
(Fig. 4d). BiFC analyses were performed for one line containing LAT-
1(RBLmut GAINmut) and LAG-2 at comparable protein levels (Fig. 4e,
Supplementary Fig. 7e). Consistent with the in vitro results, LAT-
1(RBLmut GAINmut) showed a reduction in affinity to LAG-2 in vivo as
indicated by a decrease of BiFC fluorescence (Fig. 4e, f).

These data show that LAT-1 positively modulates Notch signaling
by directly interacting with the Notch ligand LAG-2 in vitro and in vivo.
This LAT-1/LAG-2 binding appears to occur via the RBL and the GAIN
domains.

LAT-1 functions from the DTC on neighboring germ cells
Our results indicate that LAT-1 increasesNotch activation bybinding to
the ligand LAG-2 and that only the extracellular N terminus is essential
for this, suggesting a trans functionof the receptor. As LAT-1 is present
on the DTC but also on germ cells22, this raises the question of whether
the LAT-1/LAG-2 interaction occurs in cis on the DTC or in trans with
LAT-1 on the germ cells. To address this, we separately expressed
Nluc::lag-2 andVenus::lat-1 in different populations ofHEK293 cells and
varied their ratio as well as the strength of Venus::lat-1 expression to
obtain a protein gradient similar to the experiments described above.
The subsequent NanoBRET analyses revealed that with an increasing
number of cells expressing lat-1::Venus, no NanoBRET window could
be established (Fig. 5a), suggesting that a cis rather than a trans
interaction occured. Similarly, increasing the protein expression in the
lat-1::Venus expressing cells failed to induce a BRET window (Fig. 5a),
further strengthening the hypothesis that the interaction forms in cis.

As these in vitro data suggest that the LAT-1/LAG-2 interaction
occurs on the same cell, this would mean that LAT-1 must be present
on the DTC rather than on germ cells in C. elegans. To investigate
whether this is the case in vivo, two different worm strains were cre-
ated: one with lat-1 expressed only in the DTC by using the DTC-
specific lag-2 promoter (lag-2p::lat-1) and another with the receptor
expressed exclusively in germ cells, driven by the germ cell promoter
of mex-5 (mex-5p::lat-1). Both strains were assessed for the size of the
progenitor zone and germ cell proliferation through PH3/DAPI stain-
ing.When LAT-1 was present in the DTC, progenitor zone size, number
of PH3-positive cells, andmitotic index were similar to those observed
inwild-type hermaphrodites (Fig. 5b–e). In contrast, when the receptor
was expressed in germ cells, zone sizes, PH3-positive cell counts, and
mitotic index resembled those found in lat-1 mutant gonads
(Fig. 5b–e). These data, taken together with the in vitro data, indicate
that LAT-1 located on the DTC fulfills the receptor’s role in germ cell
proliferation.

In summary, our findings suggest that LAT-1 interacts with LAG-2
on the same cell, and that LAT-1 must be localized to the DTC, not the
germ cells, to modulate Notch signaling and regulate germ cell pro-
liferation (Fig. 5f).

Discussion
The Notch pathway is a highly conserved signaling mechanism50 with
vital roles in numerousbiological processes, especially in development
(summarized in refs. 11,51). Unsurprisingly, dysregulated Notch sig-
naling is associated with various diseases, including cancer52–55. As
such, a tightly regulated network of components exists to control
Notch signals (summarized in refs. 56–58). In the present study, we
identify the aGPCR latrophilin-1 as a positive modulator of the Notch
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pathway (Fig. 5f). These highly versatile receptors not only transduceG
protein-mediated signals into cells like classical GPCR, but also med-
iate functions independent of G protein signals solely via their extra-
cellularN termini59–62. Our data show that the latrophilin homolog LAT-
1 inC. elegans enhances the activation/activity of Notch signaling in the
germline (Fig. 2). Specifically, the aGPCR increases the translocation of
theNotch receptorGLP-1 intracellular domain (NICD) into the nuclei of

distal germ cells, without affecting the overall GLP-1 levels. Once in the
nucleus, the NICD functions as a transcription factor, promoting the
expression of target genes, thereby regulating the balance between
cell proliferation and differentiation into germ cell progenitors (i.e.,
entry into meiosis) in the distal germline (summarized in ref. 26). In C.
elegans, twodirect target genes ofNotchare sygl-1 and lst-163, which act
in conjunction with the RNA-binding proteins FBF-1 and FBF-2 to
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suppress the mRNAs of downstream targets like gld-164 (Fig. 2a).
Consequently, the reduced Notch activation observed in lat-1mutants
likely accounts for the detected increase in GLD-1 protein levels and its
presence in more distal germ cells (Fig. 2b, c), a phenotype similar to
that in glp-1 reduction-of-function mutants (allele bn18)65.

Through this signaling mechanism, Notch activity regulates the
balance between cell proliferation and differentiation into germ cell
progenitors (i.e., entry intomeiosis) in the distal germline of C. elegans
(summarized in ref. 26). As germ cells move away from the DTC and
thus, from the ligandLAG-2 locatedon this cell,Notch activity declines,
leading tomeiotic differentiation (summarized in ref. 26).Worms with
reduced GLP-1 function exhibit a smaller progenitor zone and fewer
proliferating cells25,27, a phenotype also observed in the absence of
LAT-1 (Fig. 1).

Beyond Notch signaling, there are indications that LAT-1 may also
play roles in cell cycle regulation in the germline. This is suggested by
the alteredMandSphase indices in lat-1mutants, implying a faster cell
cycle. While altered Notch signaling does not typically affect the
mitotic index25,32, a cross-talk between Notch and cell cycle regulation
components has been reported66,67. lat-1 expression in both the DTC
and germ cells hints at further roles that warrant investigation.

Notably, although Notch activity is required throughout the
reproductive lifespan, time-course analyses indicate that LAT-1 plays a
specific role in young adult nematodes (8–12 h post-L4 stage) (Sup-
plementary Fig. 1a), when their reproductive capacity starts to build
up27. This suggests that LAT-1 enhances Notch signaling during this
critical period, interacting with LAG-2, one of two conserved DSL
homologs in C. elegans21,68.

In multiple distinct lines of evidence, we show the interaction
between LAT-1 and LAG-2 through their extracellular regions. Our
AlphaFold2Multimer-generatedmodels suggest that both the LAT-1 RBL
and GAIN domains form the interaction interface with the GAIN domain
contributing the larger area. Thesedomains have beenpreviously shown
to be crucial for both receptor 7TM-dependent and 7TM-independent/N
terminus-only/trans functions62. Further support for this interaction is
provided by BRET and BiFC analyses in both cells and live nematodes
identifying the key amino acids involved (Figs. 3, 4). It needs to be noted
that a larger interface does not necessarily imply a greater functional
contribution and/or physiological effect. Indeed, our mutational ana-
lyses (Fig. 3c) reveal that only the combined mutations of both RBL and
GAIN domains significantly impairs binding affinity, whereas mutations
in either domain alone have little to no effect. This suggest that the two
domains function cooperatively to establish a stable and specific
interaction.

Further investigation into additional proteins potentially involved
in the LAT-1/LAG-2 interaction could provide a deeper understanding,
as latrophilin homologs in mice neurons function within large protein
super-complexes69. For instance, while we could not detect a direct
interaction between LAT-1 and GLP-1, it remains possible that LAT-1

forms a complex with LAG-2 and GLP-1 when all three proteins are
present.

We provide physiological andmechanistic evidence that only the N
terminus of LAT-1 is sufficient tomodulate Notch activity indicating that
the full-length receptor is not required for this function. Reduced Notch
signaling was ameliorated by expression of the N terminus tethered to
themembrane (LNT), indicating that the LAT-1 function is indeed able to
modulate Notch pathway activity in a non-cell autonomous manner.
This is consistent with previous findings showing thatmany functions of
the aGPCR in the germline, such as sperm guidance and germ cell
apoptosis, rely solely on its N terminus22. These data raised the question
ofwhether the interaction between LAT-1 and LAG-2 occurs in cis (on the
same cell) or in trans (on different cells). Both in vitro and in vivo ana-
lyses (Fig. 5) support a cis interaction, implying that LAT-1 binds to LAG-2
on the same cell and that the N terminus-only/7TM-independent func-
tion of the aGPCR is basedon a cis interaction in theDTC, but it exerts an
effect in trans on neighboring germ cells.

In summary, our results propose a model in which LAT-1, via its N
terminus, interacts with LAG-2 on the somatic DTC, directly modulat-
ing the Notch ligand-receptor complex to regulate the expansion of
the germline stem cell pool in C. elegans (Fig. 5f). This role might
complement the previously identified functions of LAT-1 in regulating
brood size, as the latter was partly rescued by LNT expression in the
DTC22. Interestingly, our data indicate that LAT-1 may also engage in
cross-talk with the Notch pathway in additional contexts, such as anus
development and chemosensory regulation (Fig. 2), potentially
pointing to a general underlying mechanism.

The question remains how the interaction of latrophilin with the
Notch ligand promotes increased Notch activation. Several modulators
of theNotch pathway have been identified in the past, acting at different
sites, for example regulating expression of key Notch components70 or
influencing their degradation via ubiquitination71. LAT-1 does not alter
the overall expression of lag-2 or glp-1 (Supplementary Fig. 2). However,
it may stabilize LAG-2 on the membrane, elevating signal intensity.
Alternatively, LAT-1 could increase the effect of LAG-2 on GLP-1. It is well
established that for the activation of the Notch pathway, the Notch
ligand binds to the Notch receptor on opposing cells (summarized in
refs. 58,72). Subsequently, a certain level of force exerted from the
Notch ligand is required to activate the receptor, which leads to the
exposure of protease recognition sites and receptor cleavage at two
sites, one extracellularly and one in the transmembrane domain that
releases the NICD (summarized in refs. 58,72). In Drosophila melanoga-
ster and vertebrates, this mechanical force needs to be quite strong and
is generated by ligand endocytosis, promoting a conformational change
within the Notch receptor. InC.elegans, much lower force thresholds are
in place, tethering the ligand to the membrane is sufficient73. A
hypothesis could be that LAT-1 acts as an allosteric modulator, enhan-
cing the conformational changes in the LAG-2/GLP-1 complex required
for signaling.

Fig. 5 | LAT-1 elicits its effect on germ cells from the DTC. a BRET analysis
indicates that LAT-1 andLAG-2 establish their interactionon the samecell (cis) (blue
line), whereas expression on opposite cells (trans) results in no measurable BRET
window (red and yellow lines). n = 4 technical replicates in 2 (setup 1), 2 (setup 2)
and 11 (LAT-1 cis) independent experiments. Note that the cis BRET curve is the
same as in Supplementary Fig. 7b. b Representative images of gonads from L4+ 8
h-old hermaphrodites with tissue-specific expression of lat-1 in the DTC and germ
cells, respectively. Only lat-1 expression in the DTC but not the germ cells resulted
in a higher PH3-positive germ cell number and progenitor zone size than in lat-1
mutants, comparable to the wild-type. As a positive control, lat-1 promoter-driven
LNT was used that ameliorates the reproductive defects in lat-1 mutants to wild-
type levels. Asterisks: DTC, dashed lines: end of the progenitor zone.
c Quantification of the progenitor zone (from images shown in (b)). Replicate
values (independent experiments): wild-type: 71 (9), lat-1: 53 (12), LNT: 37 (7), lag-

2p::lat-1: 46 (7),mex-5p::lat-1: 30 (8). d Quantification of PH3-positive germ cells of
images shown in (b). Wild-type 71 (9), lat-1: 53 (12), LNT: 37 (7), lag-2p::lat-1: 46 (7),
mex-5p::lat−1: 31 (8). eM index (percentage PH3-positive nuclei from all progenitor
zone nuclei). Wild-type 71 (9), lat-1: 53 (12), LNT: 37 (7), lag-2p::lat-1: 46 (7),mex-
5p::lat-1: 30 (8). Raw data of PH3-positive cell counts and the denominators for
index calculations are given in the Source data. f Proposedmodel of LAT-1 function.
LAT-1 interacts with LAG-2 on the DTC to boost GLP-1 activation in germ cells. This
interaction leads to the modulation of gld-1 expression and subsequently, an
increase in germ cell proliferation and the regulation of progenitor zone size. Red
arrows and lines highlight steps investigated in this study. Graph raw data are
provided in the SourceData. Graph details and statistics are: (a):Mean ± SD. (c), (d),
(e): Boxplotswithmedian (center), interquartal range, 5th (lowerwhisker) and 95th
(upper whisker) percentiles. One-way ANOVA with Bonferroni post-hoc test.

Article https://doi.org/10.1038/s41467-025-61730-0

Nature Communications |         (2025) 16:6461 9

www.nature.com/naturecommunications


This newly discoveredmechanismof LAT-1 interacting with LAG-2
could be generalizable and may also be present in other contexts
within C. elegans or even in other species. Our analyses hint towards a
broader involvement of the two at least in the nematode, since in anus
development and neurological contexts such as octanol avoidance an
interaction is conceivable (Fig. 2). In addition, a cross-talk could occur
in embryonic development. Notch signals are required for specifying
cell fates in the embryo and for mediating correct embryonic axis
formation45–47 with LAG-2 acting as a key signal in certain embryonic
cells74,75. As LAT-1 is also present in the early embryo36, an interaction in
this context is plausible.

In mammals, none of the three latrophilin homologs has been
directly linked to Notch signaling. However, a cross-talk between
aGPCRs and Notch components has been hypothesized. For example,
overexpression of human ADGRL4/ELTD1 leads to a downregulation of
the Notch ligand DLL4 and an upregulation of ligand JAG176. Con-
versely, it was shown in mice that expression of DLL4 increased
ADGRG6/GPR126 expression77. However, a direct interlink was lacking
to date. Ourwork uncoversfirstmechanistic insights onhow an aGPCR
interacts with the Notch pathway in amulticellular setting in vivo. This
is particularly relevant given the essential role of Notch in develop-
ment, tissue homeostasis, and pathologies such as cancer52–55, which
makes new potential regulators of the Notch pathway highly relevant
for pharmacological and medical research.

Methods
Materials and reagents
All standard chemicals were from Sigma Aldrich, ThermoFisher Sci-
entific orCarl Roth unless stated otherwise. All enzymeswereobtained
fromNew England Biolabs unless stated otherwise. Details are given in
Supplementary Table 1.

Generation of constructs and plasmids
Constructs were generated using standard restriction-ligation or HiFi
assembly (New England Biolabs) (see Supplementary Methods for
details). Oligonucleotide sequences are given in Supplementary
Table 2 and generated constructs in Supplementary Table 3.

C. elegans maintenance and strains
C. elegans strains were maintained according to standard protocols78

on E. coliOP50 at 15 °C unless stated otherwise. A complete list of used
strains is given in Supplementary Table 4. Assays were performed with
worms at L4 + 8 h kept at 15 °C unless stated otherwise.

Generation of transgenic C. elegans lines
For BiFC experiments, transgenic strains with stably transmitting
extrachromosomal arrays were generated employing standard injec-
tion techniques into C. elegans N279. Nematodes were injected with
BiFC plasmids (Supplementary Table 4). Co-injection markers were
either pRF480 (100 ng/µL), pCFJ90 (2.5 ng/µL)81 (gift from Erik Jorgen-
sen, Addgene plasmid #19327), pCFJ104 (5 ng/µL)81 (gift from Erik Jor-
gensen, Addgene plasmid #19328), or IR98 (30 ng/µL)82. pBluescript II
SK+ vector DNA (Stratagene) was added as stuffer DNA to achieve a
final concentration of 120 ng/μl.

For competition BiFC, plasmid pSP234 was injected in various
concentrations (5, 10, 50 ng/µL) into N2 nematodes with IR98
(Hygromycin resistance) as co-injection marker, and crossed into
respective BiFC lines, thereby retaining its original extrachromosomal
array composition. Transgenic progeny was isolated and stably trans-
mitting lines were selected.

For rescue experiments, strains were generated by CRISPR-Cas9
genome editing. This was accomplished using either a Cas9-RNP
complex83–86, or via a plasmid-based approach87–90. For detailed
descriptions of modifications see SupplementaryMethods, for a list of
genetically modified/transgenic strains see Supplementary Table 4.

Antibody and DAPI staining
Antibody and DAPI stainings were performed on extruded germlines.
For this purpose, germlines were dissected in PBS and fixed. For anti-
phosphohistoneH3 (anti-PH3) staining,fixationwasperformed in 3.7%
(v/v) formaldehyde in PBS containing 0,1% (v/v) Tween 20 (PBS-T).
Gonads were post-fixed in methanol at −20 °C for 5min. No blocking
was required. For staining the NICD::V5, which followed the protocol
described in ref. 34, gonads were fixed with 4% (w/v) paraformalde-
hyde for 10min. Permeabilization was performed using 0.1% (v/v)
TritonX-100 in PBS (PBS-T) for 30min followedbyblocking in0.5% (w/
v) BSA in PBS-T for 20min. Intermittent washing was done thrice using
PBS-T for 5min per wash. All centrifugation steps were performed at
3000 x g for 1min.

Thereafter, gonads were incubated with the primary antibody
overnight at 4 °C (anti-PH3: rabbit anti-phospho histone H3 (Ser10))
1:200 in PBS-T/0.1% BSA; anti-V5: mouse anti-V5 SV5-Pk1 1:1000 in
PBS-T/0.5% BSA) while rotating. After washing three times in PBS-T,
gonads were incubated with the secondary antibody (anti-PH3: goat
anti-rabbit IRDye 680RD-conjugated 1:1000 in PBS-T/0.1% BSA sup-
plemented with 10 ng/µL DAPI; anti-V5: goat anti-mouse IgG (H + L),
F(ab’)2 fragment CF 568 1:1000 in PBS-T/0.5% BSA supplemented
with 10 ng/µL DAPI) at room temperature for 1 h. Gonads were
mounted in Fluoromount Gmountingmedia on 2% agarose pads. For
details regarding antibodies or reagents, please refer to Supple-
mentary Table 1.

EdU labeling
5-ethynyl-2´-deoxyuridine (EdU) staining of worms was conducted as
previously described91,92. For incorporation of EdU into bacteria, an
overnight culture of MG1693 bacteria (E. coli genetic stock center) was
diluted 1:50 in M9 containing 1% glucose, 1.25 µg/mL thiamine, 0.5 µM
thymidine, 1mMMgSO4 and 20 µM EdU (Click-iT EdU Alexa Fluor 647
Imaging Kit, ThermoFisher) and grown for 24 h at 37 °C. Staged adult
hermaphrodites (8 h post L4) were transferred to NGM plates seeded
with these bacteria and incubated for 30min in the dark at room
temperature. Subsequently, worms were washed off the plates and
gonadswere extruded and fixed as described for the PH3 staining. EdU
staining was completed using the Click-iT EdU Alexa Fluor 488 or 647
Imaging Kit (ThermoFisher) according to themanufacturer’s protocol.

Microscopy
Microscopy of nematodes was performed using a Leica TCS SP8 con-
focal microscope equipped with LAS X software. Z stacks were taken
with spatial spacing of0.5–2μm,depending on the specimen (2μmfor
whole worms, 0.5μm for gonads) using either 40x or 93x magnifica-
tion objectives. Microscopic images were evaluated using Fiji93. Scor-
ing of anus phenotypes was performed using a Zeiss AXIO Imager.A2
using 63x magnification and DIC.

Notch activation assay
GLP-1 activation was monitored in worms carrying the allele glp-
1(q1000[glp-1::4xV5]) that has a 4x V5 tag located in the GLP-1 intra-
cellular domain (NICD)34. These were stained with an anti-V5 antibody
as described above, mounted, and subjected to microscopy. Fiji93 was
used to quantify Notch activation as the fraction of NICD present in
nuclei in a central Z slice. For this purpose, a central slice was selected,
and nuclei in the first five rows were annotated as ROI based on DAPI
staining. The fluorescent signal of the V5 staining in these areas was
quantified. NICD ratio was calculated as: sum [V5 signal in DAPI-
annotated ROIs] / total V5 signal in slice.

Assessing DTC morphology
The DTC morphology was quantified in worms carrying allele
qIs153[lag-2p::MYR::GFP + ttx-3p::DsRed] V, which encodes a myr-
istylated GFP marking the DTC membrane. Gonads were extruded,
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fixed, stained with DAPI, mounted, and imaged using confocal
microscopy as described above. Quantification of DTC structures was
performed according to ref. 94. In brief, the DTC cap was defined as
fromdistal to themostproximal extent of signal covering the germcell
surface, whereas the plexus was defending from the most distal signal
to the most proximal signal of intercalating processes.

Quantification of GLD-1 levels
Gonads of 8 h post-L4 worms containing ozIs5[gld-1::gfp + unc-119(+ )] 95

were extruded, fixed, stained with DAPI, and mounted as described
above. To compare expression in different strains images were acquired
with same exposure and detection settings. Z projections of the image
stacks were analyzed as previously described20 with the “Plot Profile”
function in Fiji93 to generate expression profiles of the distal germ cell
rows (ROI: a 5 µm-wide square spanning 35 germ cell rows). Fluores-
cence intensities of each germ cell row were obtained by dividing the
plot profile into 35 equal sections, respectively. For each germ cell row, a
mean fluorescence value was calculated by pooling fluorescence inten-
sities of multiple germlines.

Anus absence quantification
Adult nematodes were bleach-synchronized as per standard proce-
dure and hatched overnight at room temperature. L1-arrested nema-
todes were immobilized using 300mM levamisole inM9 andmounted
on 2% agarose pads. Nematodes were subjected to microscopy, and
the absence of the anus was scored based on tail morphology.

Octanol avoidance assay
Nematodes were raised at 25 °C (restrictive temperature for lag-2 and
lat-1; lag-2 mutants). At 1-day-old adult stage, they were assessed for
their chemosensory response as described in ref. 96. Briefly, freshly
diluted octanol (70% in ethanol) was soaked into an eyelash andplaced
in front of a forward-moving animal on an NGM agar plate without
food. As a negative control, 100% ethanol was used. The time required
to initiate reversing was recorded.

BiFC analysis
Adult nematodes expressing BiFC constructs were heat-shocked for
3 h at 33 °C and recovered for 5 h at 22 °C prior to anesthetizing in
300 µM levamisole in M9.

Z stacks of nematode heads were acquired using confocal
microscopy using 2 µm spacing. Images were evaluated using Fiji93.
Quantification was performed using the ‘‘sum slices’’ function and
quantifying the fluorescence using the anterior end of the head until
the posterior end of the pharynx. Gut autofluorescence signal recor-
ded fromnon-heat-shockednematodeswas subtracted to compensate
for background signal.

Western blot analysis
60-80 1-day-old adult nematodes were heat-shocked for 3 h at 33 °C,
recovered for 5 h at 22 °C, and snap frozen at −80 °C in 20 µL M9.
Samples were boiled for 10min at 95 °C in 1x Laemmli buffer and spun
down. 20 µL of supernatant were subjected to PAGE on a 10% SDS
polyacrylamide gel and transferred on a nitrocellulose membrane.
After blocking with EveryBlot buffer (BioRad) for 5min at room tem-
perature, the membrane was incubated with a mix of the two primary
antibodies mouse anti-V5 SV5-Pk1 (BioRad, MCA1360) and rabbit anti-
HA (Abcam, ab236632) (each 1:1000 in EveryBlot buffer) overnight at
4 °C. Unbound antibody was washed off using TBS-T (0.1%) in three
washes. Secondary antibody incubation was performed using the anti-
rabbit IgG, HRP-conjugated antibody (Cell Signaling Technology,
7074) (1:2500 in EveryBlot buffer) and the goat anti-mouse IgG (H+ L)-
HRP conjugate (BioRad, 1721011) (1:5000 in EveryBlot buffer)with anti-
actin hFAB-rhodamine (Biorad, 12004164) (1:2500 in EveryBlot buffer)
as loading control. Incubation with the secondary antibodies was

performed for 1 h at room temperature followed by washing as stated
above, followed by detection of HRP-conjugated antibodies using
SuperSignal West Pico PLUS (Thermo Fisher, 34577) as well as fluor-
escent detectionof actin by exciting at 519 nmanddetecting at 605 nm
using a UVP Chemstudio (Analytik Jena).

Molecular modeling of LAT-1 and LAG-2
The models of the extracellular regions of LAT-1 and LAG-2 were
constructed using AlphaFold2 Multimer39,97. The software was down-
loaded from Github (https://github.com/deepmind/AlphaFold) and
installed on the local computing cluster of Leipzig University
Rechenzentrum (10/2022, v2.2.2). Sequences of the extracellular
domains and combinations thereof were obtained from Uniprot98 and
used as input for various complex combinations of LAG-2 and LAT-1.
Here,modelsof the entireextracellular regionof LAG-2with a)only the
GAIN domain, b) GAIN and HRM domain, c) only the RBL domain, d)
LAT-1 with an extended linker sequence between RBL domain and
GAIN domain and e) the entire extracellular region of LAT-1 were
predicted. Input multiple sequence alignment (MSA) features were
generated by the AlphaFold2 Multimer pipeline described in ref. 97.
For each interaction combination, 50 models were generated, ener-
getically minimized, and ranked. Obtained structures were analyzed
and visually inspected in PyMOL (version 2.5.4). Initial root-mean
square deviation RMSD calculations were conducted using PyMOL
alignment calculation. Each interaction complex combination was
analyzed, and common interaction faces inspected. The most pro-
mising models, defined by the highest ipTM and pTM as
AlphaFold2 scores and with the most commonly observed interac-
tions, were energetically minimized (Rosetta relax) using Rosetta3
(version 3.13)99. For each model, 300 minimized structures were gen-
erated, and the interface was analyzed. Here, the Rosetta Inter-
faceAnalzyer was used, and the top-scoring model was selected for
further analysis. The quality of the structural model and its interaction
were assessed with MD simulations.

To study the energetics of the interaction, a per-residue energy
analysis (energy breakdown) was carried out using Rosetta’s per_resi-
due_energies application. Based on the individual energies for residue-
residue interactions between the different protein domains, a residue
contact map (hotspot analysis) was made and plotted with Python
(version 3.7). Based on a hotspot analysis and after visual inspection
using PyMOL, relevant interactions were analyzed by mutagenesis
experiments. In an additional refinement step, the investigated muta-
tions were modeled with AlphaFold2 Multimer and compared to the
initial models. The structural model of the mutations was analyzed
similarly. A protocol capture can be found in the Supplementary
Methods.

To investigate the complex of LAT-1 and GLP-1, the aforemen-
tioned computational pipeline was utilized, but in both cases, the
predicted complexes had lower in silico scores and lacked a con-
vergence with highlight variable binding interfaces.

MD simulations
The best-scoring complex model containing LAG-2 and the RBL and
GAIN domains of LAT-1 was used as the basis for the MD system. Dis-
ordered non-contacting regions were truncated, leaving residues LAT-1
32-137 (RBL) and 182-539 (GAIN) as well as residues 16-273 for LAG-2 in
the system. The termini were capped via N-terminal amidation and C-
terminal acetylation except for the N-terminus of LAG-2, putatively C-
terminal of signal peptide cleavage, which was left as a charged amino
group. Disulfide bridges were added according to the respective Uni-
ProtKB database entries (lag-2: P45442; lat-1: G5EDW2)100. The truncated
complex was processed for residue hetero states and side chain flips by
maestro 2024.2. CHARMM-GUI101,102 was used to normalize bond lengths
and generate minimization and equilibration inputs using the
CHARMM36 forcefield for GROMACS (version 2024.2). Water boxes
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using theTIP3Pwatermodel103 were generatedwithCHARMM-GUI using
a large cubic box size of 150Å edge length to accommodate expected
large-scale rigid body movements and charge-neutralized with 0.15M
NaCl. After minimization using the steepest-descent method for
5000 steps, a 50ns equilibration with 1 fs time step was performed with
backbone restraints of 400kJ/mol/nm² and side-chain restraints of
40kJ/mol/nm² to yield the equilibrated model and extensively accom-
modate equilibration of the predicted structure. After equilibration,
triplicate unbiased MD simulations for 1000ns using the CHARMM36
force field104 in GROMACS105,106 were performed at 295K using the
c-rescale barostat, the v-rescale thermostat and a 2 fs time step. MD
analysis was carried out with GROMACS 2024.2 within a python3
environment and by using VMD107. For a summary of data reliability and
reproducibility, see Supplementary Table 5.

Cell culture
HEK293 and HEK293T cells were maintained in Dulbecco’s minimum
essential medium (DMEM, high glucose, + L-Glutamine)/F12 (1:1, v/v)
supplemented with 15% heat inactivated fetal bovine serum (FBS) in
humidified atmosphere at 37 °C and 5% CO2.

Cell surface ELISA
Cell surface expression of receptors carrying an N-terminal HA tag was
determined by an indirect enzyme-linked immunosorbent assay
(ELISA). HEK293T cells were split into 48-well plates (1.2 × 105 cells/
well) that had been pre-coated with 0.0002% poly-L-lysine (Merck) in
PBS (30min at 37 °C). After 24 h, the cells were transfectedwith 500ng
of receptor-encoding plasmid DNA per well using Lipofectamine 2000
(ThermoFisher), following the manufacturer’s instructions. Cells were
fixed with 4% formaldehyde for 20min and blocked with media + 10%
FBS for 1 h at 37 °C. After washing with PBS once cells were incubated
with an anti-HA peroxidase conjugated antibody (1:1000) (Sigma-
Aldrich, 54193500) and detection was performed as previously
described108. Briefly, after extensive washing, H2O2 and ο-
phenylenediamine were added to the wells (2.5mM each in 0.1M
phosphate-citrate buffer (pH 5.0). The color debelopment was stop-
ped after 15min by addition of 1M H2SO4 and cell surface expression
was measured at 492 and 620nm in a Spark plate reader (Tecan).

BRET analyses
HEK293 cells were seeded into 6-well plates (1.25 × 106 cells/well) and
transiently transfected with a DNA gradient of Venus::lat-1 (or its var-
iants; 0-3970 ng DNA/well, six conditions) over a constant amount of
Nluc::lag-2 (30 ng DNA/well) using 3 µl MetafectenePro (Biontex)/ µg
DNA (for BRET plasmids see Supplementary Table 3). The total DNA
per well was 4000ng and was balanced out by empty vector. 16 h post
transfection, the cells were detached and re-seeded into poly-D-lysine-
coated solid white 96-well plates (BRET reading) or clear bottom black
96-well plates (direct fluorescence excitation) (150.000 cells/well)
using phenol-red free medium. One day later, the medium was chan-
ged to 200 µl Hank’s balanced salt solution ( + Ca2+/Mg2+) supple-
mented with 25mM HEPES (pH 7.4; BRET-buffer). Protein expression
of Venus::lat-1 and Venus::hGLP1Rwas quantified in the black plates by
direct excitation at 485 ± 20nm, and fluorescence emission was
recorded at 544 ± 25 nm (Fex). For the BRET reading, the luciferase
substrate coelenterazineH (Nanolight Prolume)was freshly added into
theBRETbuffer (final concentration5 µM)and the cellswere incubated
for 5min at 37 °C before measuring dual-color luminescence with fil-
ters 400–470nm (L) and 535–650 nm (F) in a Spark plate reader
(Tecan) using the well-wise mode and 500ms signal integration time.

BRET ratios were calculated as (F/L) and subsequently corrected
by the BRET ratio observed in donor-only cells (0 ng Venus::lat-1 var-
iant) to retrieve the netBRET. For anyVenus::lat-1 variant, the change in
netBRETwas plotted against the protein expression ratio of Venus::lat-

1 over Nluc::lag-2 luminescence in the donor-only state (Fex /L0).
Results from four independent experiments were combined and fit to
a one site total binding hyperbola function (Y=Bmax*X/Kd+X) +NS*X)
using GraphPadPrism 10, where Y is the netBRET and X is Fex/L0,
treating the nonspecific component of the binding hyperbola (NS) as a
shared optimization parameter due to randomcollision. Differences in
Kd (equivalent to BRET50) reflect changed affinity of the specific
binding between LAG-2 or APX-1 and the respective LAT-1 variant.

To evaluate whether the proteins interact in trans, i.e., between
neighboring cells rather thanon the samecell, twodistinctHEK293 cell
populations were transfected with either Nluc-lag-2 (200ng plasmid
DNA/T25 flask) or Venus-lat-1 (4000ng/T25 flask). One day after
transfection, the cells were re-seeded into poly-D-lysine coated white
and black 96-well plates in technical quadruplicate using phenol red-
free medium, shaping a gradient by increasing the cell number of
Venus::lat-1-transfected cells and balancing the total number of cells by
filling up with untransfected HEK293 (150.000 cells/well in total; 3 cell
populations). In an alternative approach, different amounts of
Venus::lat-1 DNA were transfected (0–4000ng DNA/well in 6-well-
plates), and thefluorescent gradientwas shapedbyusing 130.000cells
of these different Venus::lat-1 expressing cell populations, combined
with 20.000 Nluc::lag-2 expressing cells (150.000 cells/well in total; 2
cell populations). 24 h after re-seeding, the fluorescent gradient was
confirmed by direct excitation in black plates and the BRET was mea-
sured as described above.

Statistics
Statistical and graphical analyses (except for the molecular modeling
data) were performed using Prism version 10.0 (GraphPad Software).
When comparing two groups, statistical significance was analyzed
using the two-sided unpaired Student’s t test.When comparing several
groups, a one-way ANOVA was applied with Bonferroni post-hoc tests
to correct for multiple comparisons unless stated otherwise. Data are
presented as box plots unless stated otherwise. Details are given in the
figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data and supplementary information are provided with this
paper. All other data and worm strains generated in this study are
available upon request to the corresponding author.

Code availability
Data from in silico predictions and MD simulations are stored in
Zenodo repository under https://doi.org/10.5281/zenodo.
15228753. Source data are provided with this paper.

References
1. Hamann, J. et al. International union of basic and clinical phar-

macology. XCIV. Adhesion G protein–coupled receptors. Phar-
macol. Rev. 67, 338–367 (2015).

2. Rosa, M., Noel, T., Harris, M. & Ladds, G. Emerging roles of adhe-
sion G protein-coupled receptors. Biochem. Soc. Trans. 49,
1695–1709 (2021).

3. Einspahr, J. M. & Tilley, D. G. Pathophysiological impact of the
adhesion G protein-coupled receptor family. Am. J. Physiol. Cell
Physiol. 323, C640–C647 (2022).

4. Bohnekamp, J. & Schöneberg, T. Cell adhesion receptor GPR133
couples to Gs protein. J. Biol. Chem. 286, 41912–41916 (2011).

5. Gupte, J. et al. Signaling property study of adhesion G-protein-
coupled receptors. FEBS Lett. 586, 1214–1219 (2012).

Article https://doi.org/10.1038/s41467-025-61730-0

Nature Communications |         (2025) 16:6461 12

https://doi.org/10.5281/zenodo.15228753
https://doi.org/10.5281/zenodo.15228753
www.nature.com/naturecommunications


6. Yona, S., Lin, H.-H., Siu, W. O., Gordon, S. & Stacey, M. Adhesion-
GPCRs: emerging roles for novel receptors. Trends Biochem. Sci.
33, 491–500 (2008).

7. Cho, C., Smallwood, P. M. & Nathans, J. Reck and Gpr124 are
essential receptor cofactors forWnt7a/Wnt7b-specific signaling in
mammalian CNS angiogenesis and blood-brain barrier regulation.
Neuron 95, 1056–1073.e5 (2017).

8. Posokhova, E. et al. GPR124 functions as a WNT7-specific coacti-
vator of canonical β-catenin signaling. Cell Rep. 10,
123–130 (2015).

9. Wu, Y. et al. Elevated G-Protein Receptor 125 (GPR125) Expression
predicts good outcomes in colorectal cancer and inhibits Wnt/β-
catenin signaling pathway.Med. Sci.Monit. 24, 6608–6616 (2018).

10. Vallon, M. et al. A RECK-WNT7 receptor-ligand interaction enables
isoform-specific regulation of WNT BIOAvailability. Cell Rep. 25,
339–349.e9 (2018).

11. Sachan, N., Sharma, V., Mutsuddi, M. & Mukherjee, A. Notch sig-
nalling: multifaceted role in development and disease. FEBS J.
291, 3030–3059 (2024).

12. Artavanis-Tsakonas, S., Rand,M. D. & Lake, R. J. NotchSIGNALING:
CELL FATE CONTROL AND SIGNAL INTEGRATION IN DEVELop-
ment. Science 284, 770–776 (1999).

13. Fleming, R. J. Structural conservation of Notch receptors and
ligands. Semin. Cell Dev. Biol. 9, 599–607 (1998).

14. Mizutani, T., Taniguchi, Y., Aoki, T., Hashimoto, N. & Honjo, T.
Conservation of the biochemical mechanisms of signal trans-
duction among mammalian Notch family members. Proc. Natl.
Acad. Sci. USA 98, 9026–9031 (2001).

15. He, X., Wu, F., Zhang, L., Li, L. & Zhang, G. Comparative and evo-
lutionary analyses reveal conservation and divergence of the
notch pathway in lophotrochozoa. Sci. Rep. 11, 11378 (2021).

16. Austin, J. & Kimble, J. glp-1 Is required in the germ line for reg-
ulation of the decision betweenmitosis andmeiosis in C. elegans.
Cell 51, 589–599 (1987).

17. Berry, L. W., Westlund, B. & Schedl, T. Germ-line tumor formation
causedby activation of glp-1, a caenorhabditis elegansmember of
the Notch family of receptors. Development 124, 925–936
(1997).

18. Fitzgerald, K. & Greenwald, I. Interchangeability of caenorhabditis
elegans DSL proteins and intrinsic signalling activity of their
extracellular domains in vivo.Development 121, 4275–4282 (1995).

19. Henderson, S. T., Gao, D., Christensen, S. & Kimble, J. Functional
domains of LAG-2, a putative signaling ligand for LIN-12 and GLP-1
receptors in Caenorhabditis elegans. Mol. Biol. Cell 8,
1751–1762 (1997).

20. Lambie, E. J. & Kimble, J. Two homologous regulatory genes, lin-12
and glp-1, have overlapping functions. Development 112,
231–240 (1991).

21. Henderson, S. T., Gao, D., Lambie, E. J. & Kimble, J. lag-2 may
encode a signaling ligand for the GLP-1 and LIN-12 receptors of C.
elegans. Dev. Camb. Engl. 120, 2913–2924 (1994).

22. Matúš, D. et al. The N terminus-only (trans) function of the adhe-
sion G protein-coupled receptor latrophilin-1 controls multiple
processes in reproduction of Caenorhabditis elegans. G3 Genes
Genomes Genet. 14, jkae206 (2024).

23. Hansen, D., Albert Hubbard, E. J. & Schedl, T. Multi-pathway control
of the proliferation versus meiotic development decision in the
Caenorhabditis elegans germline. Dev. Biol. 268, 342–357 (2004).

24. Vanden Broek, K., Han, X. & Hansen, D. Redundant mechanisms
regulating the proliferation vs. differentiation balance in the C.
elegans germline. Front. Cell Dev. Biol. 10, 960999 (2022).

25. Fox, P. M. & Schedl, T. Analysis of Germline Stem Cell Differ-
entiation Following Loss of GLP-1 Notch Activity in Caenorhabditis
elegans. Genetics 201, 167–184 (2015).

26. Kimble, J. Germline proliferation and its control. WormBook
(WormBook, 2005).

27. Albert Hubbard, E. J. & Schedl, T. Biology of the Caenorhabditis
elegans germline stem cell system. Genetics 213,
1145–1188 (2019).

28. Francis, R., Barton, M. K., Kimble, J. & Schedl, T. gld-1, a tumor
suppressor gene required for oocyte development in Cae-
norhabditis elegans. Genetics 139, 579–606 (1995).

29. Schumacher, B. et al. Translational repression of C. elegans p53
by GLD-1 regulates DNA damage-induced apoptosis. Cell 120,
357–368 (2005).

30. Jeong, J., Verheyden, J. M. & Kimble, J. Cyclin E and Cdk2 control
GLD-1, the mitosis/meiosis decision, and germline stem cells in
Caenorhabditis elegans. PLoS Genet. 7, e1001348 (2011).

31. Kodoyianni, V., Maine, E. M. & Kimble, J. Molecular basis of loss-of-
function mutations in the glp-1 gene of Caenorhabditis elegans.
Mol. Biol. Cell 3, 1199–1213 (1992).

32. Michaelson, D., Korta, D. Z., Capua, Y. & Hubbard, E. J. A. Insulin
signaling promotes germline proliferation in C. elegans. Dev.
Camb. Engl. 137, 671–680 (2010).

33. Fausett, S. R., Sandjak, A., Billard, B. & Braendle, C. Higher-order
epistasis shapes natural variation in germ stem cell niche activity.
Nat. Commun. 14, 2824 (2023).

34. Sorensen, E. B., Seidel, H. S., Crittenden, S. L., Ballard, J. H. &
Kimble, J. A toolkit of tagged glp-1 alleles reveals strong glp-1
expression in the germline, embryo, and spermatheca. Micro-
Publication Biol. 2020, 271 (2020).

35. Gutnik, S. et al. PRP-19, a conserved pre-mRNA processing factor
and E3 ubiquitin ligase, inhibits the nuclear accumulation of GLP-
1/Notch intracellular domain. Biol. Open 7, 034066 (2018).

36. Langenhan, T. et al. Latrophilin signaling links anterior-posterior
tissue polarity and oriented cell divisions in the C. elegans
embryo. Dev. Cell 17, 494–504 (2009).

37. Singh, K. et al. C. elegans notch signaling regulates adult che-
mosensory response and larvalmolting quiescence.Curr. Biol. 21,
825–834 (2011).

38. Matúš, D., Post, W. B., Horn, S., Schöneberg, T. & Prömel, S.
Latrophilin-1 drives neuron morphogenesis and shapes chemo-
and mechanosensation-dependent behavior in C. elegans via a
trans function. Biochem. Biophys. Res. Commun. 589, 152–158
(2022).

39. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583–589 (2021).

40. Gao, D. & Kimble, J. APX-1 can substitute for its homolog LAG-2 to
direct cell interactions throughout Caenorhabditis elegans
development. Proc. Natl. Acad. Sci. USA 92, 9839–9842 (1995).

41. Shyu, Y. J. et al. Visualization of protein interactions in living
Caenorhabditis elegans using bimolecular fluorescence com-
plementation analysis. Nat. Protoc. 3, 588–596 (2008).

42. Hiatt, S. M., Shyu, Y. J., Duren, H. M. & Hu, C.-D. Bimolecular
fluorescence complementation (BiFC) analysis of protein
interactions in Caenorhabditis elegans. Methods 45, 185–191
(2008).

43. Stringham, E. G., Dixon, D. K., Jones, D. & Candido, E. P. Temporal
and spatial expression patterns of the small heat shock (hsp16)
genes in transgenic Caenorhabditis elegans. Mol. Biol. Cell 3,
221–233 (1992).

44. Hu, C.-D., Chinenov, Y. & Kerppola, T. K. Visualization of interac-
tions among bZIP and Rel family proteins in living cells using
bimolecular fluorescence complementation. Mol. Cell 9,
789–798 (2002).

45. Hutter, H. & Schnabel, R. glp-1 and inductions establishing
embryonic axes in C. elegans. Dev. Camb. Engl. 120,
2051–2064 (1994).

Article https://doi.org/10.1038/s41467-025-61730-0

Nature Communications |         (2025) 16:6461 13

www.nature.com/naturecommunications


46. Mello, C. C., Draper, B. W. & Priess, J. R. The maternal genes apx-1
and glp-1 and establishment of dorsal-ventral polarity in the early
C. elegans embryo. Cell 77, 95–106 (1994).

47. Moskowitz, I. P., Gendreau, S. B. & Rothman, J. H. Combinatorial
specification of blastomere identity by glp-1-dependent cellular
interactions in the nematode Caenorhabditis elegans.Dev. Camb.
Engl. 120, 3325–3338 (1994).

48. Don, E. K. et al. In vivo Validation of Bimolecular Fluorescence
Complementation (BiFC) to Investigate Aggregate Formation in
Amyotrophic Lateral Sclerosis (ALS). Mol. Neurobiol. 58,
2061–2074 (2021).

49. Kodama, Y. & Hu, C.-D. Bimolecular fluorescence complementa-
tion (BiFC): a 5-year update and future perspectives. BioTechni-
ques 53, 285–298 (2012).

50. Gazave, E. et al. Origin and evolution of the Notch signalling
pathway: anoverview fromeukaryotic genomes.BMCEvol. Biol.9,
249 (2009).

51. Siebel, C. & Lendahl, U. Notch signaling in development, tissue
homeostasis, and disease. Physiol. Rev. 97, 1235–1294 (2017).

52. Joutel, A. et al. Notch3 mutations in CADASIL, a hereditary adult-
onset condition causing stroke and dementia. Nature 383,
707–710 (1996).

53. Guest, R. V. et al. Notch3 drives development and progression of
cholangiocarcinoma. Proc. Natl. Acad. Sci. USA 113,
12250–12255 (2016).

54. Iascone, M. et al. Identification of de novo mutations and rare
variants in hypoplastic left heart syndrome. Clin. Genet. 81,
542–554 (2012).

55. Isidor, B. et al. Truncating mutations in the last exon of NOTCH2
cause a rare skeletal disorder with osteoporosis. Nat. Genet. 43,
306–308 (2011).

56. Zhou, B. et al. Notch signaling pathway: architecture, disease, and
therapeutics. Signal Transduct. Target. Ther. 7, 95 (2022).

57. Henrique, D. & Schweisguth, F. Mechanisms of Notch signaling: a
simple logic deployed in time and space. Dev. Camb. Engl. 146,
dev172148 (2019).

58. Kopan, R. & Ilagan, M. X. G. The canonical Notch signaling path-
way: unfolding the activation mechanism. Cell 137,
216–233 (2009).

59. Patra, C. et al. Organ-specific function of adhesion G protein-
coupled receptor GPR126 is domain-dependent. Proc. Natl Acad.
Sci. Usa. 110, 16898–16903 (2013).

60. Tu, Y.-K., Duman, J. G. & Tolias, K. F. The Adhesion-GPCR BAI1
promotes excitatory synaptogenesis by coordinating bidirectional
trans-synaptic signaling. J. Neurosci. 38, 8388–8406 (2018).

61. Ward, Y. et al. Platelets promote metastasis via binding tumor
CD97 leading to bidirectional signaling that coordinates transen-
dothelial migration. Cell Rep. 23, 808–822 (2018).

62. Prömel, S. et al. The GPS motif is a molecular switch for bimodal
activities of adhesion class G protein-coupled receptors.Cell Rep.
2, 321–331 (2012).

63. Kershner, A.M., Shin,H., Hansen, T. J. & Kimble, J. Discoveryof two
GLP-1/Notch target genes that account for the role of GLP-1/Notch
signaling in stem cell maintenance. Proc. Natl Acad. Sci. Usa. 111,
3739–3744 (2014).

64. Shin, H. et al. SYGL-1 and LST-1 link niche signaling to PUF RNA
repression for stem cell maintenance in Caenorhabditis elegans.
PLoS Genet. 13, e1007121 (2017).

65. Brenner, J. L. &Schedl, T.Germline stemcell differentiation entails
regional control of cell fate regulator GLD-1 in caenorhabditis
elegans. Genetics 202, 1085–1103 (2016).

66. Ambros, V. Cell cycle-dependent sequencing of cell fate deci-
sions in Caenorhabditis elegans vulva precursor cells.Dev. Camb.
Engl. 126, 1947–1956 (1999).

67. Nusser-Stein, S. et al. Cell-cycle regulation of NOTCH signaling
during C. elegans vulval development. Mol. Syst. Biol. 8,
618 (2012).

68. Tax, F. E., Yeargers, J. J. & Thomas, J. H. Sequence of C. elegans
lag-2 reveals a cell-signalling domain shared with Delta and Ser-
rate of Drosophila. Nature 368, 150–154 (1994).

69. Jackson, V. A. et al. Super-complexes of adhesion GPCRs and
neural guidance receptors. Nat. Commun. 7, 11184 (2016).

70. Gopal, S., Amran, A., Elton, A., Ng, L. & Pocock, R. A somatic
proteoglycan controls Notch-directed germ cell fate. Nat. Com-
mun. 12, 6708 (2021).

71. Chen, Y. & Greenwald, I. hecd-1 modulates notch activity in Cae-
norhabditis elegans. G3 Bethesda Md. 5, 353–359 (2014).

72. Suarez Rodriguez, F., Sanlidag, S. & Sahlgren, C. Mechanical
regulation of the Notch signaling pathway. Curr. Opin. Cell Biol.
85, 102244 (2023).

73. Langridge, P. D., Garcia Diaz, A., Chan, J. Y., Greenwald, I. & Struhl,
G. Evolutionary plasticity in the requirement for force exerted by
ligand endocytosis to activate C. elegans Notch proteins. Curr.
Biol. CB 32, 2263–2271.e6 (2022).

74. Hutter, H. & Schnabel, R. Establishment of left-right asymmetry in
theCaenorhabditis elegans embryo: amultistepprocess involving
a series of inductive events. Dev. Camb. Engl. 121,
3417–3424 (1995).

75. Moskowitz, I. P. & Rothman, J. H. lin-12 and glp-1 are required
zygotically for early embryonic cellular interactions and are
regulated by maternal GLP-1 signaling in Caenorhabditis elegans.
Dev. Camb. Engl. 122, 4105–4117 (1996).

76. Favara, D. M. et al. Elevated expression of the adhesion GPCR
ADGRL4/ELTD1 promotes endothelial sprouting angiogenesis
without activating canonical GPCR signalling. Sci. Rep. 11,
8870 (2021).

77. D’Amato, G. et al. Sequential Notch activation regulates ven-
tricular chamber development. Nat. Cell Biol. 18, 7–20 (2016).

78. Brenner, S. The genetics of Caenorhabditis elegans. Genetics 77,
71–94 (1974).

79. Mello, C. & Fire, A. Chapter 19 DNA transformation. in Methods in
Cell Biology vol. 48 451–482 (Elsevier, 1995).

80. Mello, C. C., Kramer, J. M., Stinchcomb, D. & Ambros, V. Efficient
gene transfer in C.elegans: extrachromosomal maintenance and
integration of transforming sequences. EMBO J. 10,
3959–3970 (1991).

81. Frøkjaer-Jensen, C. et al. Single-copy insertion of transgenes in
Caenorhabditis elegans. Nat. Genet. 40, 1375–1383 (2008).

82. Radman, I., Greiss, S. & Chin, J. W. Efficient and Rapid C. elegans
Transgenesis by Bombardment and Hygromycin B Selection.
PLOS ONE 8, e76019 (2013).

83. Prior, H., MacConnachie, L., Martinez, J. L., Nicholl, G. C. B. & Beg,
A. A. A rapid and facile pipeline for generating genomic point
mutants in C. elegans Using CRISPR/Cas9 ribonucleoproteins. J.
Vis. Exp. JoVE 134, 57518 (2018).

84. Eroglu, M., Yu, B. & Derry, W. B. Efficient CRISPR/Cas9 mediated
large insertions using long single-stranded oligonucleotide
donors in C. elegans. FEBS J. 290, 4429–4439 (2023).

85. Ghanta, K. S., Ishidate, T. &Mello, C.C.Microinjection forprecision
genome editing in Caenorhabditis elegans. STAR Protoc. 2,
100748 (2021).

86. Ghanta, K. S. & Mello, C. C. Melting dsDNA donor molecules
greatly improves precision genome editing in caenorhabditis
elegans. Genetics 216, 643–650 (2020).

87. Dickinson, D. J., Ward, J. D., Reiner, D. J. & Goldstein, B. Engi-
neering the Caenorhabditis elegans genome using Cas9-
triggered homologous recombination. Nat. Methods 10,
1028–1034 (2013).

Article https://doi.org/10.1038/s41467-025-61730-0

Nature Communications |         (2025) 16:6461 14

www.nature.com/naturecommunications


88. Dickinson, D. J., Pani, A. M., Heppert, J. K., Higgins, C. D. & Gold-
stein, B. Streamlined genome engineering with a self-excising
drug selection cassette. Genetics 200, 1035–1049 (2015).

89. Chen, C., Fenk, L. A. & Bono, M. Efficient genome editing in Cae-
norhabditis elegans by CRISPR-targeted homologous recombi-
nation. Nucleic Acids Res. 41, e193 (2013).

90. Huang, G. et al. ImprovedCRISPR/Cas9 knock-in efficiency via the
self-excising cassette (SEC) selection method in C. elegans.
MicroPublication Biol. 2021, (2021).

91. Kocsisova, Z., Mohammad, A., Kornfeld, K. & Schedl, T. Cell cycle
analysis in theC. elegans germlinewith the thymidine analog EdU.
J. Vis. Exp. JoVE 140, 58339 (2018).

92. Fox, P. M. et al. Cyclin E and CDK-2 regulate proliferative cell fate
and cell cycle progression in the C. elegans germline.Dev. Camb.
Engl. 138, 2223–2234 (2011).

93. Schindelin, J. et al. Fiji: an open-source platform for biological-
image analysis. Nat. Methods 9, 676–682 (2012).

94. Byrd, D. T., Knobel, K., Affeldt, K., Crittenden, S. L. & Kimble, J. A
DTC niche plexus surrounds the germline stem cell pool in Cae-
norhabditis elegans. PloS One 9, e88372 (2014).

95. Voronina, E., Paix, A. &Seydoux,G. The Pgranule component PGL-
1 promotes the localization and silencing activity of the PUF pro-
tein FBF-2 in germline stem cells. Dev. Camb. Engl. 139,
3732–3740 (2012).

96. Chao, M. Y., Komatsu, H., Fukuto, H. S., Dionne, H. M. & Hart, A. C.
Feeding status and serotonin rapidly and reversibly modulate a
Caenorhabditis elegans chemosensory circuit. Proc. Natl. Acad.
Sci. USA101, 15512–15517 (2004).

97. Evans, R. et al. Protein Complex Prediction with AlphaFold-
Multimer. Preprint at bioRxiv https://doi.org/10.1101/2021.10.04.
463034 (2021).

98. Zaru, R. & Orchard, S. UniProt Tools: BLAST, align, peptide search,
and ID mapping. Curr. Protoc. 3, e697 (2023).

99. Leman, J. K. et al. Macromolecularmodeling and design in Rosetta:
recentmethodsand frameworks.Nat.Methods 17, 665–680 (2020).

100. UniProt ConsortiumUniProt: the universal protein knowledgebase
in 2023. Nucleic Acids Res. 51, D523–D531 (2023).

101. Lee, J. et al. CHARMM-GUI Input Generator for NAMD, GROMACS,
AMBER, OpenMM, and CHARMM/OpenMM Simulations Using the
CHARMM36 Additive Force Field. J. Chem. Theory Comput. 12,
405–413 (2016).

102. Jo, S., Kim, T., Iyer, V. G. & Im, W. CHARMM-GUI: a web-based
graphical user interface for CHARMM. J. Comput. Chem. 29,
1859–1865 (2008).

103. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. &
Klein, M. L. Comparison of simple potential functions for simu-
lating liquid water. J. Chem. Phys. 79, 926–935 (1983).

104. Huang, J. & MacKerell, A. D. CHARMM36 all-atom additive protein
force field: Validation based on comparison to NMR data. J.
Comput. Chem. 34, 2135–2145 (2013).

105. Van Der Spoel, D. et al. GROMACS: Fast, flexible, and free. J.
Comput. Chem. 26, 1701–1718 (2005).

106. Abraham, M. J. et al. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to
supercomputers. SoftwareX 1–2, 19–25 (2015).

107. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular
dynamics. J. Mol. Graph. 14, 27–28 (1996). 33–38.

108. Stäubert, C., Broom,O. J. & Nordström, A. Hydroxycarboxylic acid
receptors are essential for breast cancer cells to control their
lipid/fatty acid metabolism. Oncotarget 6, 19706–19720 (2015).

Acknowledgements
We thank Franziska Fiedler, Niko Fleischer, and Anna Tisnikar for help
with generating constructs and establishing phenotyping assays,

Hannah Mönch and Daniel Fox for support with data analysis, and
Claudia Binder, Diane Schmiegelt, Barbara Klüver, and Ronald Wei-
chelt for technical assistance. We are very grateful to Mike Boxem,
JohnCalarco, Oliver Hobert, Erik Jorgensen, Ralf Schnabel, and Allison
Woollard for kindly providing plasmids, W. Brent Derry and the Cae-
norhabditis Genetics Center (CGC) (which is funded by the NIH Office
of Research Infrastructure Programs (P40 OD010440)) for generously
sharing C. elegans strains. We would further like to acknowledge the
Center for Advanced Imaging (CAi) at the Heinrich Heine University
Düsseldorf for providing access to the Leica TCS SP8 STED 3X and the
Abberior Facility Line, and especially Sebastian Hänsch for general
support with imaging and analysis. This work was supported by a
scholarship to D.M. from the Medical Faculty, Leipzig University, and
by a Humboldt Professorship to J.M. from the Alexander vonHumboldt
Foundation. The authors acknowledge grants from the Deutsche For-
schungsgemeinschaft (DFG, German Research Foundation) through
CRC 1423/2 (project number 421152132; B03 (A.K.), C04 (S.P., T.S.),
Z04 (P.W.H., J.M.)), FOR 2149 (project number 246212759; P02 (S.P.)
and P04 (T.S.)), and SPP2363 (project number 460865652 (J.M.)).
Funding for instrumentation: Leica TCS SP8 STED 3X: DFG INST 208/
665-1 FUGG; Abberior Facility Line: DFG INST 208/805-1 FUGG.
Financial support was also provided by the Federal Ministry of Edu-
cation and Research of Germany and by the Sächsische Staatsminis-
terium für Wissenschaft, Kultur und Tourismus in the program Center
of Excellence for AI Research, Center for Scalable Data Analytics and
Artificial Intelligence Dresden/Leipzig (project identification number
SCADS24B (F.L., J.M.)).

Author contributions
S.P. conceived and designed the study. W.B.P.: cloning, transgene
generation, genetic modification, worm genetics, PH3 assays, anus
phenotyping, Notch activation assays, Western Blot, BiFC assays, and
data analysis. V.E.G.: worm genetics, DAPI, PH3, REC-8, EdU, and GLD-1
assays, data analysis. D.M.: worm genetics, design of DAPI, PH3, REC-8,
EdU, GLD-1, and DTC morphology assays, data analysis. I.C.: ELISA
experiments, octanol reversion assays. F.L. and J.M.: molecular model-
ing. F.S. and P.W.H.: MD simulations. A.K.: BRET assays. T.S.: data ana-
lysis. W.B.P., V.E.G., D.M., and S.P. wrote the manuscript with the
consent of all co-authors. All authors agreed to the final version of the
manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-61730-0.

Correspondence and requests for materials should be addressed to
Simone Prömel.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-025-61730-0

Nature Communications |         (2025) 16:6461 15

https://doi.org/10.1101/2021.10.04.463034
https://doi.org/10.1101/2021.10.04.463034
https://doi.org/10.1038/s41467-025-61730-0
http://www.nature.com/reprints
www.nature.com/naturecommunications


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Article https://doi.org/10.1038/s41467-025-61730-0

Nature Communications |         (2025) 16:6461 16

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Titelblatt_Prömel_final
	Prömel_Notch
	Notch activity is modulated by the aGPCR Latrophilin binding the DSL ligand in C. elegans
	Results
	LAT-1 modulates germ cell proliferation
	LAT-1 facilitates Notch signaling in the distal C. elegans germline
	LAT-1 directly interacts with the Notch ligand LAG-2 via its RBL and GAIN domains
	LAT-1 binds the Notch ligand LAG-2 in vivo
	LAT-1 functions from the DTC on neighboring germ cells

	Discussion
	Methods
	Materials and reagents
	Generation of constructs and plasmids
	C. elegans maintenance and strains
	Generation of transgenic C. elegans lines
	Antibody and DAPI staining
	EdU labeling
	Microscopy
	Notch activation assay
	Assessing DTC morphology
	Quantification of GLD-1 levels
	Anus absence quantification
	Octanol avoidance assay
	BiFC analysis
	Western blot analysis
	Molecular modeling of LAT-1 and LAG-2
	MD simulations
	Cell culture
	Cell surface ELISA
	BRET analyses
	Statistics
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information





