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Summary 

Proper cell-cell communication is key for all multicellular organisms, with severe cellular 

and organismal consequences upon disruption. Among the molecules most essential to realize 

this communication are G protein-coupled receptors, of which adhesion GPCRs (aGPCRs) are 

one class. They possess unusually long N-terminal regions that enable the receptors to 

mediate cell-cell and cell-matrix adhesion as well as classical G protein-mediated signals. 

Additionally, and maybe most intriguingly, the N termini can act as “signal/information giver” 

for pathways on opposing cells, a function that is called trans/N terminus-only/7TM-

independent. Due to this complexity, aGPCRs remain highly enigmatic, in particular regarding 

the ways they mediate their molecular mechanisms. Delineating these requires informative 

analyses in vivo, which is often complicated and costly, in particular in higher animals. 

Therefore, in this thesis, the adhesive and signaling functions of aGPCRs are explored using 

the simple model organism Caenorhabditis elegans, focusing on the conserved aGPCR group 

Latrophilins. Two homologs, lat-1 and lat-2, exist in the nematode. While for LAT-2 not much 

is known yet, LAT-1 mediates G protein signals to orient cell division plane orientations in the 

early embryos. Additionally, it mediates N terminus-only functions in several, not well-defined 

contexts. 

This thesis first clarified the contexts in which the LAT-1 N terminus-only function is 

required. Broad expression of lat-1 was found in several gonadal tissues of C. elegans. lat-1 

null mutants displayed reduced sperm guidance, slower ovulation rates, and poorer oocyte 

quality as well as increase in germ cell apoptosis. These defects could largely be rescued by 

the sole receptor N terminus, highlighting that the N-terminus-only function of LAT-1 is crucial 

for the regulation of nematode fertility and reproduction. Transcriptome analyses revealed 

numerous lat-1 variants with some only containing the N terminus giving rise to the hypothesis 

that N terminus-only functions might be modulated by alternatively spliced lat-1 transcripts.  

To understand the molecular mechanisms underlying the N terminus-only LAT-1 function, 

the progenitor zone of the C. elegans gonad was further investigated. This region is key for 
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germ cell self-renewal and differentiation and is under tight control by the Notch pathway. 

lat-1 mutant nematodes display a reduced progenitor zone, which could also lead to a reduced 

brood size. A potential interplay between LAT-1 and the Notch pathway was observed as in 

lat-1 mutants, a reduction of Notch activity was observed. Using a variety of methods, it was 

shown that the LAT-1 N terminus can interact with the Notch ligand LAG-2 on the distal tip cell 

of the gonad and thus, modulate Notch activity, affecting germ cell maintenance in this manner. 

Key residues in the N terminus of LAT-1 responsible for this interaction were identified and 

confirmed. Given the strong conservation of Notch and Latrophilins, these findings raise the 

question of whether aGPCRs may modulate Notch signaling across cellular contexts. 

To broaden the study, the Latrophilin homolog LAT-2 was characterized. Similar to LAT-1, 

a prerequisite for investigating molecular functions of LAT-2 is a thorough understanding of its 

biological impact. Thus, in this thesis, lat-2 null mutant nematodes were phenotypically 

analyzed. It was found that LAT-2 affects oxidative stress resistance in C. elegans. lat-2 null 

mutants were shown to have increased levels of reactive oxygen species, a reduced lifespan 

and an upregulation of stress-related genes. These results form a basis for further analyses 

addressing the question of whether an N terminus-only mechanism is underlying this LAT-2 

function. 

Taken together, the findings presented in this thesis indicate that aGPCRs can modulate 

Notch activity via their N terminus-only function, thereby underlining the importance and 

diversity of ways that aGPCRs can integrate and transduce signals beyond canonical G protein 

signaling. They open up valuable avenues for additional research to grasp a more 

comprehensive picture how these receptors can fulfill such a large variety of roles.   
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1 Introduction 

1.1 Adhesion G Protein-Coupled Receptors 

1.1.1 G Protein-Coupled Receptors (GPCR) 

Eukaryotic organisms require intricate mechanisms to receive and respond to extracellular 

stimuli, elicited either via other cells, or by their larger environment. Sensing and transmitting 

these signals is essential for proper functioning of organisms. One of the largest groups of 

molecules responsible for this signal transduction are G Protein-Coupled Receptors (GPCR, 

7TM receptors, serpentine receptors), with over 800 GPCRs encoded by the human genome. 

These receptors are located on the cell surface and have some key characteristics. All GPCRs 

consist of seven transmembrane helices spanning the cell membrane, interconnected through 

extracellular and intracellular loops, with an extracellular N terminus and an intracellular 

C terminus (Figure 1). Their name stems from their capacity to signal via heterotrimeric 

G proteins. These G proteins allow a GPCR to transduce extracellular stimuli into cells, 

ultimately resulting in a cellular response. 

The extracellular ligands that are able to interact with GPCRs are diverse, and contain 

compounds such as neurotransmitters, peptides, lipids, olfactory molecules, and light. Binding 

of these compounds to the GPCR leads to conformational changes, causing a shift from 

inactive to active state. The heterotrimeric G protein complex consists of a Gα, Gβ and Gγ 

subunit. Receptor activation results in the dissociation of the G protein from the receptor, 

affecting four main signaling pathways, mediated by distinct subclasses of G proteins, which 

are defined according to the Gα subunit (summarized in Figure 1). All lead to distinct cellular 

responses, highlighting how GPCRs can affect cellular functioning on many different levels. 

This variety in responses also explains why GPCRs are seen as promising drug targets. This 

is underlined by two additional reasons. The first one being that GPCR mutations can cause 

diseases, for example retinitis pigmentosa 1–3 and Usher Syndrome type IIC 4,5. More 

prominent, however, is the fact that GPCRs are easily druggable, due to their accessibility on 
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the cell surface, affecting their downstream pathways in this manner. Additionally, their wide 

involvement in virtually all physiological processes makes them highly relevant as drug target. 

Within the superfamily of GPCRs, several classes can be identified. GPCRs are commonly 

classified using the GRAFS system, grouping GPCRs based on their sequence homology to 

either Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2 or Secretin 6. This thesis focuses 

specifically on the class of adhesion GPCRs. 

1.1.2 Adhesion G Protein-Coupled Receptors and their physiological relevance 

The second largest class of GPCRs according to the GRAFS system are the 

Adhesion G Protein-Coupled Receptors (Adhesion GPCRs, aGPCRs), containing 33 genes in 

humans 7. Although the adhesion class is not as large as the Rhodopsin class, which contains 

over 700 GPCRs, Adhesion GPCRs are very enigmatic, with many members still considered 

as orphan receptors and sparse knowledge on their signaling mechanisms and functions. 

Within the class of aGPCRs, nine subfamilies can be distinguished, based on their conserved 

seven transmembrane (7TM) region 8.  

Adhesion GPCRs are broadly expressed in virtually all organs, fulfilling numerous 

functions (reviewed by 9,10). For example, GPR126/ADGRG6 is involved in brain 

Figure 1: GPCR structure, activation and downstream signaling. Upon binding of a ligand to the GPCR, a 

conformational change takes place, leading to the recruitment of GTP by the Gα subunit, as well as dissociation of 

the bound GDP. This exchange triggers dissociation of the G protein complex from the GPCR, as well as 

dissociation of the Gα and Gβγ subunits. Eventually, this results in, cAMP levels raised or lowered via Gs and Gi, 

respectively, or IP3 production (Gq), leading to an increase of cytosolic Ca2+, or cytoskeletal remodeling takes place 

via Rho kinase (G12/13). 
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vascularization, angiogenesis as well as cardiac development, and is additionally key for 

myelination of glial cells, impacting signal propagation in the nervous system.  

Involvement of aGPCRs in the nervous system has long been established, for example 

for CELSRs/ADGRC, which affect axon guidance and synaptogenesis (reviewed by 9,10). 

Additionally, Latrophilins/ADGRL are essential for synapse formation. Many more functions 

exist for aGPCRs, but these examples underline the functional diversity of them in a variety of 

contexts. 

A strong link between aGPCRs and diseases exist, with three receptors showing 

monogenic pathologies (reviewed by 10). VLGR1/ADGRV1 mutations have been shown to 

cause Usher syndrome type II, GPR56/ADGRG1 mutants can cause bilateral frontoparietal 

polymicrogyria (BFPP) 11 and EMR2/ADGRE2 mutants can give rise to vibratory urticaria 12. 

Additionally, many other aGPCRs have been implicated in other pathologies, such as severe 

neurodevelopmental defects (for example neural tube defects and spina bifida) that are often 

embryonically lethal (reviewed by 9). Lastly, members of all aGPCR subfamilies are associated 

with cancer, making them potential future therapeutic targets.  

1.1.3 Structure of Adhesion GPCRs 

As the name suggests, aGPCRs are known for their role in cell-cell and cell-matrix 

adhesion. To achieve this, aGPCRs have an extensive extracellular region (ECR), which is 

considered their key characteristic (Figure 2). The ECR can contain a plethora of domains that 

aid in fulfilling their roles as receptors as well as adhesion-mediating modules. Examples of 

these domains are diverse types of lectin domains, leucine rich repeats (LRRs), diverse types 

of laminin domains, etc. A key domain present in all aGPCRs except ADGRA1 is the GPCR-

Autoproteolysis Inducing Domain (GAIN), located immediately upstream the 7TM 13. The GAIN 

domain of most but not all aGPCRs has the intrinsic capability to autoproteolytically cleave the 

receptor into an N terminal and a C terminal fragment (coined NTF and CTF, respectively), 

which occurs at a conserved site of ~50 residues within the GAIN domain named GPCR 

Proteolytic Site (GPS). This cleavage occurs immediately after receptor biosynthesis in the 
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endoplasmic reticulum (ER) 14. Upon cleavage, NTF and CTF remain non-covalently attached, 

consisting as one entity. Although highly conserved, the function of receptor autoproteolysis 

remains enigmatic, with contrasting evidence. Some studies indicate that it is important for 

receptor trafficking and folding 15 while other studies suggest that the presence of the GPS 

motif and not the proteolysis is the key importance for receptor functionality 16,17. There is also 

a line of evidence that suggests NTF / CTF dissociation is a necessary step in activation for 

some of the receptors, which will be further outlined below (chapter 1.1.4). Importantly, for 

some aGPCRs, GPS cleavage does not occur, or abolishing cleavage does not affect receptor 

functionality, highlighting a varied mechanism that to date is not fully understood.  

1.1.4 Molecular functions of Adhesion GPCRs 

Adhesion GPCRs can mediate functions through multiple mechanisms. In addition to 

canonical G protein–dependent/cis signaling, a largely uncharacterized yet intriguing mode of 

functioning, referred to as trans/N terminus-only/7TM-independent signaling, has been 

described for aGPCRs. Furthermore, cell-cell and cell-matrix adhesion play key roles in 

shaping aGPCR function. 

Figure 2: Typical structure of Adhesion GPCRs. aGPCRs consist of an ECR that contains a number of 

adhesion-related domains in variable composition. Just upstream the 7TM domain, the receptor contains the GAIN 

domain, which induces autoproteolytic cleavage at the GPS. All domains upstream of the GPS are referred to as 

NTF whereas the remaining GAIN domain fragment (Stachel/tethered agonist/tethered internal agonist), 7TM and 

C terminus are referred to as CTF.   
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Cis signaling 

As described, canonical (cis) signaling of GPCRs uses G proteins to mediate receptor 

activation and thus induce downstream signaling cascades. aGPCRs can couple G proteins, 

generally having a preference for G12/13 18 (Figure 3). Fascinatingly, aGPCRs contain an 

embedded agonistic sequence embedded in the GAIN domain, immediately upstream the 

7TM. This highly hydrophobic ß-sheet, referred to as Stachel, tethered agonist (TA) or, as 

recently suggested, tethered internal agonist (TIA) can activate the receptor 19,20, leading to 

canonical G protein dependent downstream signaling. This was initially shown for 

GPR126/ADGRG6, GPR133/ADGRD1, GPR56/ADGRG1 and GPR110/ADGRF1, but has 

been shown for other aGPCRs as well, and is currently considered the key activation 

mechanism of aGPCRs 18,21–24. This in vitro discovery has been supported by a number of in 

vivo evidences, such as from the Latrophilin/ADGRL homolog Cirl (Calcium independent 

receptor for Latrotoxin/ADGRL)  in Drosophila melanogaster (D. melanogaster) 25 and LAT-1 

in Caenorhabditis elegans (C. elegans) 26.  

Initially, it was hypothesized that ligand binding could cause NTF-CTF dissociation, 

leading to exposure of the tethered agonist (referred to as the dissociation or one-and-done 20 

model), leading to receptor activation, however, uncleavable receptor variants are often still 

functional, indicating N-C dissociation is not a strict requirement (reviewed by 27,28). Recent 

research has shown that for some aGPCRs, there is potential for tethered agonist exposure in 

an NTF-CTF heterodimer, suggesting a mode of aGPCR activation that does not require 

dissociation (referred to as non-dissociation, displacement or tunable model 20) 29. Structural 

elucidations of ADGRL3 have shown that small movements of the ECR are also able to 

activate the receptor 30. Since not all aGPCRs are autoproteolytically cleaved, this method 

would allow also those receptors to be activated by the TA. Separation or movement of the 

NTF can be elicited through binding of the NTF with other cell surface proteins, or extracellular 

matrix (ECM) components. The multiplicity of receptor activation mechanisms highlights the 

diversity and complexity of aGPCR signaling and likely do not yet fully cover modes of cis 

signaling.   
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Trans function 

To date, it has been shown for seven of the 33 aGPCRs that they are able to engage in 

G protein-independent / N terminus-only / 7TM independent / trans functions (reviewed by 31). 

This is a highly intriguing mode distinctive from cis signaling due to its independence from 

7TM, C terminus as well as G protein coupling, therefore differing distinctly (Figure 3). Due to 

the lack of a comprehensive set of second messengers such as for cis, it is a much more 

enigmatic mode, often requiring researchers to step away from in vitro methodologies. 

Importantly, N terminus-only functions are distinct from cell-cell or cell-matrix adhesion, which 

can also be elicited by aGPCRs. N terminus-only functions result in an effect on opposing cells, 

for example by acting as a ligand. This is in contrast to adhesion, which is considered as 

structural, not eliciting a molecular signal. Below, several examples will be elaborated, 

showcasing the large variety of cellular processes that can be affected by N terminus-only 

functions. 

A key example of a N terminus-only function is ADGRA2/GPR124. Although G protein 

coupling has not been shown for ADGRA2, it has been shown that it interacts with the 

Wnt pathway in the blood-brain barrier (BBB) 32–35. Canonically, the extracellular molecule 

Figure 3: Signaling and functions of aGPCRs. Canonical (cis) activation of aGPCRs involves G protein and 

classical second messengers, and can occur by movement or dissociation of the NTF, exposing the TIA. This 

movement or dissociation can occur due to ligand binding or mechanical stimuli. Additionally, many aGPCRs display 

N terminus-only functions which are solely mediated by the NTF, eliciting a response on opposite cells.  
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Wnt7 binds to Frizzled (Fz) and Lrp5/6, in turn leading to ß-catenin signaling via disheveled 

(Dvl) . Alternatively, Wnt7 can be bound by R membrane-bound Reck (reversion-inducing 

cysteine-rich protein with kazal motifs), therefore making Wnt7 unavailable for Fz and Lrp5/6. 

However, when ADGRA2 interacts with the Reck/Wnt7 complex, it facilitates the assembly of 

a larger complex of ADGRA2, Reck, Fz and Lrp5/6. This in turn enhances ß-catenin signaling, 

controlling angiogenesis. This highlights how aGPCRs can be deeply integrated into signaling 

networks that do not rely on G protein signaling.  

Another prominent aGPCR, ADGRG6/GPR126 has shown both cis and N terminus-only 

functionality. Primarily, ADGRG6 NTF secretion by endocardial cell has been shown, as well 

as binding of the NTF to cardiomyocytes and pericardial cells 36. More details remain enigmatic, 

but it is hypothesized that the NTF acts as ligand or coreceptor, triggering an unknown 

signaling pathway in cardiomyocytes. Additionally, ADGRG6 is involved in radial axon sorting 

by Schwann cells 37. The current hypothesis is that the N terminus-only function is mediated 

by laminin-211 and ß1-integrin, eventually affecting radial sorting 38. Simultaneously, the CTF 

is activated by NTF dissociation, triggering Schwann cell differentiation, thus coupling both 

N terminus-only function and G protein-coupling together into a single biological process. 

 Lastly, ADGRB1/BAI1 has been quite extensively characterized for its N terminus-only 

function as part of its antiangiogenic function in the brain (reviewed by 31). Fascinatingly, 

ADGRB1 can produce two NTF’s, one via GPS cleavage, called vasculostatin-120 (Vstat-120) 

39,40 as well as a smaller N terminus, Vstat-40, which is produced via cleavage by matrix 

metalloproteinase 14 (MMP-14) 41. Both these soluble proteins can interact with CD36 on 

endothelial cells, affecting angiogenesis 39,41. The exact reason why both fragments are 

produced, remains unclear, however, it has been suggested that the ratio between Vstat-40 

and Vstat-120 may be of importance 41.  

These examples show the conservation as well as diversity of N terminus-only functions 

across aGPCRs, playing roles in various cellular roles. However, this diversity makes 

N terminus-only functions complicated to study. Without confined cellular outcomes such as 

cyclic adenosine monophosphate (cAMP), it is essential to study these functions in their native 
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contexts as much as possible, requiring model organisms. Some of the pressing open 

questions regarding N terminus-only functioning are: do receptors fulfil both cis and trans 

function simultaneously, as well as: how is trans function realized in vivo? Many of these 

questions are as of yet unanswered in the current body of research, and the N terminus-only 

function will be a key concept under investigation in this thesis.  

1.1.5 Latrophilins  

A highly conserved subfamily within aGPCRs are the Latrophilins/ADGRLs which, in 

humans, consist of four members (LPHN1-3 and ELTD1, ADGRL1-4). This subfamily is among 

the oldest and most conserved, encompassing all the typical features of aGPCRs, such as the 

long N terminus, containing the GAIN domain as well as G protein signaling capability 

(reviewed by 10). Latrophilins are conserved in a plethora of organisms, ranging from humans 

and mice to the zebrafish Danio rerio and invertebrate models such as 

Drosophila melanogaster and, as mentioned C. elegans, making it a key subfamily of aGPCRs 

for fundamental and structural research, allowing researchers to leverage advantages from 

these model organisms. The name Latrophilin is derived from its original identification as a 

receptor for α-Latrotoxin, a potent neurotoxin which is a key component in the black widow 

spider venom 42–45. Latrophilins are most well-known for their key role in neurogenesis 

(reviewed by 46), yet have functions in other organs as well, such as for example the 

pancreas 47. Furthermore, expression of ADGRLs in several other tissues hypothesizes 

further, undiscovered functions (reviewed by 10).  

1.2 C. elegans  

1.2.1 C. elegans as model organism to study adhesion GPCRs in vivo 

Adhesion GPCR signaling is extremely varied and diverse, making it essential to study 

them in their native context as much as possible. However, classical murine animal models 

are often too complex to efficiently delineate signaling mechanisms from. Conversely, in vitro 

systems are often based on overexpression and heterologous expression, thereby introducing 
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a certain level of artificiality. Optimally, a simple model organism that endogenously expresses 

conserved aGPCR homologs can be utilized.  

In the last century, the soil-dwelling roundworm Caenorhabditis elegans has been 

gradually established as a well-known model organism for a wide variety of topics, varying 

from epigenetics to ecology. In the late 20th century, technological advancements allowed for 

mapping the nematode’s genome 48 as well as defining its invariant post-embryonic cell 

lineage 49. Strikingly, it was the first multicellular organism to have its whole genome 

sequenced 50. C. elegans is seen as a particularly useful model organism due to its small size 

(~1 mm), limited, defined cell number and lineage (~1000 somatic cells in adult nematodes), 

short life span as well as transparency and genetic amenability, making it a key model 

organism for fundamental biological questions. Despite its small size and cell number, the 

nematode contains a diversity of cell types and organs such as a pharynx, gonad, gut as well 

as an elaborate nervous system (Figure 4a). 

The nematode commonly exists as hermaphrodite, which is a benefit for laboratory 

maintenance. Additionally, males do exist, albeit at low frequencies (approximately 0.1%), 

allowing for genetic variability. Additionally, the high number of offspring (200-300 eggs per 

hermaphrodite) is seen as a key advantage, allowing researchers to cultivate large amounts 

of worms in a short period of time. This can be further manipulated using temperature, which 

is commonly kept between 15 °C – 25 °C. Wild-type nematodes can grow from egg to self-

fertilizing adult in approximately 3 days at 20 °C. All these features make C. elegans a very 

powerful model organism.  

Additionally, C. elegans expresses three conserved homologs to aGPCRs named lat-1, lat-2, 

and fmi-1. lat-1 and lat-2 will be addressed in more detail in chapter 1.2.4.  

1.2.2 The C. elegans gonad as a test tube for probing cellular division and 

development 

In this thesis, the major focus will be on the C. elegans gonad. These large, tubular 

structures exist in duplicate and are responsible for production of oocytes, which is a tightly 
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regulated process (Figure 4b). The gonad can be divided into a somatic part and the germline. 

At the distal end of the gonad, a capping cell named Distal Tip Cell (DTC) is present, which is 

a key somatic cell playing a major role in promoting the proliferative germ cell fate 51. This cell 

is highly elaborated, containing very thin processes extending into the germ cell pool, creating 

a microenvironment in which germ cells undergo a stem-cell like mitotic renewal process 52. 

The microenvironment is often referred to as the proliferative zone or progenitor zone and is 

mainly controlled via the highly conserved Notch pathway 53–55, which will be described in more 

detail in chapter 1.2.3.  

Proximal to the DTC, the germ cells are covered by pairs of gonadal sheath cells, which 

promote several factors in germ line development, as well as germ cell engulfment following 

apoptosis. The proximal sheath cells are also responsible for oocyte maturation, ovulation and 

pass on yolk protein to the developing oocytes (reviewed by 56). Additionally, they are 

responsible for contraction, which pulls the spermatheca over the most proximal oocyte for 

fertilization.  

In the germline, sperm is produced during the L4 stage, in which each gonad arm commits 

approximately 37 diploid germ cells to sperm production (reviewed by 57). They form primary 

Figure 4: Anatomy of an adult C. elegans hermaphrodite and its gonad. a) General anatomy of C. elegans. 

Despite its small size, the nematode features several distinct organs such as a pharynx, gut and anus as well as 

an elaborate hermaphroditic gonad. b) The gonad can be divided into several zones, in which germ cells divide, 

grow and eventually get fertilized by sperm produced in earlier stages.  

17



 
 

spermatocytes, attached to the central canal connecting the gonad, called rachis. Following 

migration of the primary spermatocytes past the pachytene, they detach from the rachis and 

complete meiosis, generating a total of approximately 250 haploid spermatids per nematode. 

These spermatids are then pushed into the spermatheca for storage. Upon sperm activation, 

the spermatids develop a pseudopod which provides motility, and they can subsequently 

locate and fertilize oocytes pushed through the spermatheca.   

Contrary to the sperm, the number of oocytes produced outnumbers the set amount of 

sperm, making the sperm the limiting factor for the number of offspring generated. Oocyte 

production is a continuous process starting at adulthood. At the distal end, germ cells undergo 

a mitotic self-renewal process under control of the DTC. Upon mitotic division, bulk flow makes 

germ cells migrate out of the DTC influence into the pachytene region of the gonad, 

transitioning from a mitotic to a meiotic fate. At this stage, crossover recombination takes place. 

In the late pachytene, it is estimated that about half of the germ cells undergo apoptosis as 

part of a natural process 58, leading to corpse engulfment by the gonadal sheath cells. The 

leading theory for this major germ cell apoptosis is that the apoptotic germ cells provide a 

nutrient source for the developing oocytes. This maintains a high quality of the oocytes and 

regulates their number. As germ cells migrate further, they grow in size, taking up additional 

nutrients, and finally form into fully cellularized oocytes. These then get fertilized by sperm 

stored in the spermatheca and get excreted by the nematode, for further ex utero development 

and eventual hatching.  

1.2.3 The Notch pathway is essential for metazoan functioning 

One key pathway responsible for proper germ cell division and differentiation in the C. 

elegans germline is the Notch pathway. This pathway is highly conserved among metazoa and 

malfunctioning of key Notch components can have severe consequences. Notch is involved in 

a large variety of processes, often being responsible for self-renewal of stem cells, cell fate 

determination and tissue homeostasis (reviewed by 59). Examples of physiological processes 

that involve Notch are for example the regulation of osteoblasts, chondrocytes and osteoclasts 
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in bone tissue. In heart tissue, Notch regulates the ratio of cardiomyocytes to non-

cardiomyocytes.  

The typical highly conserved Notch pathway consists of the Notch receptor in conjunction 

with a Notch ligand (Figure 5). During production, the Notch receptor undergoes cleavage in 

the Golgi (S1 cleavage) and exists as a heterodimer on the cell surface. It can bind to DSL 

(Delta, Serrate, LAG-2) ligands, which are located on opposite cells. Upon interaction the 

ligand undergoes endocytosis, taking with it the extracellular part of the Notch receptor. This 

opens the negative regulatory region (NRR), exposing a cleavage site located within Notch, 

making it accessible for A Disintegrin And Metalloprotease domain (ADAM) proteases, which 

cleaves the receptor, releasing the Notch extracellular domain (S2 cleavage). Following S2 

cleavage, the receptor undergoes S3 cleavage by γ-secretase, in turn liberating the Notch 

intracellular domain (NICD). The NICD translocates to the nucleus of the receiver cell and 

initiates target gene transcription with the transcription factor CBF-1/Suppressor of 

hairless/LAG-1 (CSL) and the coactivator Mastermind-like protein (MAML). All key Notch 

components are well conserved within mammalians as well as invertebrate models such as 

Drosophila and C. elegans, making them valuable model organisms to study Notch signaling 

in vivo.  

In C. elegans, there are two Notch ligands (LAG-2 and APX-1) as well as two Notch 

receptors (GLP-1 and LIN-12), playing diverse roles in a number of tissues. In the germline, 

Notch is initiated by LAG-2, which is expressed on the DTC, interacting with GLP-1 which is 

expressed in the germline (reviewed by 60). Activation of GLP-1 promotes meiotic entry while 

simultaneously blocking mitotic self-renewal. Failure to activate GLP-1 results in smaller 

germlines with few to no offspring, making it an essential process for nematode reproduction.   

Other cells in the nematode where Notch plays highly conserved roles are the vulval 

precursor cells (VPCs) (reviewed by 61). In the early nematode, VPC specification is essential 

for proper vulval development, with three different fates (1° - 3°) possible. These fates follow 

a set pattern, controlled by Ras-mediated inductive signaling mediated from the anchor cell 

(AC) and Notch-mediated lateral signaling. In this scenario, LIN-12 acts as the Notch ligand, 
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expressed on cells that eventually specify the 2° fate. Nematodes that fail proper VPC 

specification can be vulvaless or display multiple vulvas.  

Additionally, Notch plays various roles throughout C. elegans embryogenesis (reviewed 

by 62). One example is pharyngeal development, which depends on two separate occasions 

where Notch is induced, once in the four-cell stage embryo and later in 12-cell stage. Contrary 

to the gonad, APX-1 is considered the dominant ligand in this tissue. The two interactions are 

critical to define which AB descendants will become pharyngeal cells. Following these two 

interactions, a third interaction is necessary to form the symmetrical nematode head. Failure 

to induce this interaction is causative for a so-called twisted nose phenotype. Interestingly, this 

interaction is again dependent on LAG-2 as ligand. Lastly, a fourth interaction specifies the 

development of the excretory cell.  

These various examples highlight both the conservation and the widespread involvement 

of Notch signaling within C. elegans development.  

Figure 5: Core Notch signaling pathway. Notch ligand and receptor interact (1), exposing a cleavage site 

allowing for cleavage by ADAM (2). This in turn allows for intracellular cleavage by γ-secretase (3), releasing the 

NICD as a soluble fraction (4). The NICD locates to the nucleus and, together with coactivators, induces target 

gene transcription (5).  
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1.2.4 The C. elegans ADGRL homolog LAT-1 is essential for several physiological 

functions 

All three adhesion GPCRs in C. elegans contain the canonical 7TM and GAIN domain as 

well as Hormone Binding Domain (HormR, HBD, HRM) (Figure 6a). Upstream of these 

domains, the composition varies, with the latrophilin homologs containing the Rhamnose 

Binding Lectin (RBL) domain, and LAT-2 additionally containing a C-type Lectin. FMI-1 has a 

large NTF consisting of multiple cadherin, laminin type G and epidermal growth factor-like 

(EGF) domain.  

LAT-1 has been studied thoroughly in the past and has been implicated in a myriad of 

nematode functions, which revolve around two major phenotypes in null-mutants, requiring 

different kinds of receptor architecture to be ameliorated.  

Cis-dependent receptor functionality 

Previous research showed that the null mutant lat-1(ok1465) (hereafter referred to as lat-1 

mutant) shows severe embryonic and larval arrest, due to disturbed cell division planes in the 

early embryo 16. From this global phenotype, it was delineated that LAT-1 is responsible for 

alignment of division axes in the early embryo. Later research showed that these defects are 

dependent of cAMP increase, hence, signals via Gs which was shown using Forskolin 

stimulation as well as by activating the receptor using peptides encoding the TA 26.  

 N terminus-only functions  

A second observed phenotype is a reduction in the amount of produced embryos, reducing 

from ~228 eggs in wild-type nematodes to ~117 in lat-1 mutants 17 (Figure 6b). Strikingly, this 

phenotype can be ameliorated back to wild-type levels by solely expressing a 

membrane-tethered NTF, indicating that, contrary to the polarity defect described above, this 

loss of fertility is due to distinctly different receptor functions, where G protein signaling is 

irrelevant, yet the receptor needs to be membrane tethered. Additionally, GAIN and RBL 

domain are deemed essential. These findings indicate an N terminus-only function of LAT-1, 

establishing brood size in C. elegans. Fascinatingly, enforcing N terminus-only functions by 
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truncating the receptor, effectively removing six of seven TM’s, still retains significant receptor 

functionality, ameliorating observed fertility defects. However, the exact way in which fertility is 

affected by N terminus-only functions is still unknown. Resolving these molecular details would 

greatly advance our knowledge of the diversity of endogenous aGPCR functionality. 

Additionally, several minor functions have been identified. The involvement of LAT-1 in 

the copulation machinery of the male nematode has been shown 63. In lat-1 mutants, several 

morphological changes in neurons have been observed, and copulation efficiency is severely 

reduced. This furthermore emphasizes the diversity of biological processes that involve LAT-1, 

as well as the wider involvement of N terminus-only functions in receptor activity. 

Figure 6: aGPCR homologs in C. elegans. a) C. elegans has three conserved aGPCR homologs, LAT-1, LAT-2 

(ADGRL/LPHNs) and FMI-1 (ADGRC/CELSR). b) LAT-1 has two distinct functions, defined as 7TM / cis signaling 

and 7TM independent / trans / N terminus-only function. Cis signaling plays a dominant role in cell polarity in the 

developing embryo whereas N terminus-only functions have a major effect on the establishment of brood size. 

However, it’s exact mode of action is unknown 
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1.2.5 LAT-2 remains poorly characterized  

Contrary to LAT-1, lat-2 loss-of-function mutants are superficially phenotypically 

wild-typical and therefore its functions remain largely unknown 16,64,65. Expression analyses 

showed that lat-2 expression is mostly confined to the pharynx as well as the excretory cell 16. 

A partial overlap in functionality with LAT-1 has however, been shown, with double lat-1, lat-2 

mutants displaying increased lethality 16. Additionally, the GPS of LAT-2 is able to restore 

fertility defects of LAT-1, however, not the tissue polarity defect in embryonic development 17. 

To date, distinct phenotypes are still lacking. By finding LAT-2 specific phenotypes, a valuable 

contribution could be provided in providing a broader understanding of the diversity of aGPCR 

signaling.  

In summary, previous research on LAT-1 has shown that the receptor is able to perform a 

variety of functions, either in cis, or as N terminus-only function. The latter is poorly understood, 

but due to distinct phenotypes, C. elegans allows us to study N terminus-only function in great 

detail. Additionally, due to its conservation, LAT-1 acts as a prototypical receptor for studying 

N terminus-only functions in aGPCRs. Therefore, delineating how LAT-1 can integrate this 

large variety of signaling capacities would give valuable insights in aGPCR functioning. 

Additionally, LAT-2 has been shown as enigmatic receptor, with no clearly defined function. 

Pinpointing processes in which LAT-2 can play a role would aid in generating a clearer 

understanding of the broad functionality that aGPCRs can exhibit.  
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2 Aims of this thesis 

Adhesion GPCRs are essential molecules in cellular contexts with highly varied functions 

in physiology, being able to mediate a plethora of signals in a variety of environments. This 

wide involvement makes them promising drug targets. Both 7TM-dependent and -independent 

functions show the complexity at which these receptors function, yet particularly the 

trans/7TM-independent/N terminus-only function remains poorly understood, with limited 

knowledge on mechanistics, interaction partners and affected pathways. These limitations 

preclude utilizing aGPCRs as drug targets. 

As mentioned, N terminus-only functions substantially broaden the functional repertoire of 

aGPCRs, potentially involving interactions on opposing cells or the extracellular matrix that 

necessitate the use of an in vivo model for accurate characterization. Additionally, in order to 

understand the signaling behind N terminus-only functions, a detailed knowledge in the 

processes in which these functions are involved is crucial. Therefore, in this thesis, C. elegans 

is utilized as a model organism. Previously, the N terminus-only function of LAT-1 has been 

characterized as an essential modulator of brood size, therefore providing an ideal starting 

point for further characterization of this highly unusual and enigmatic mode of aGPCR 

functioning.  

In chapter 3, the N terminus-only function will be dissected in detail, providing high 

resolution insight in expression pattern and functional diversity of the receptor throughout the 

C. elegans gonad. This will provide valuable entry points and cellular context on which follow-

up research can be conducted on signaling and mechanistics. 

The knowledge acquired in chapter 3 will be utilized as a starting point for chapter 4. To 

come to a more complete understanding of aGPCR function, specifically their N terminus-only 

function, it is essential to understand how they can be integrated into various pathways and 

molecular networks. In this subsequent chapter, the mechanistic basis of N terminus-only 

functions will be examined, with a focus on identifying the molecular interactions and clarifying 

how aGPCRs are integrated in signaling cascades.  
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For comprehensive understanding of aGPCR signaling, it is essential to understand the 

functional diversity of this receptor family. In this context, the limited knowledge on signaling, 

and physiological roles of LAT-2 presents a large research gap. In chapter 5, functions of 

LAT-2 in C. elegans will be investigated, expanding our knowledge of ADGRL functioning in 

various contexts, thereby providing a foundation to understand signaling of LAT-2 in more 

detail.  

Summarized, the various chapters presented in this thesis will aid significantly in our 

understanding of the functional diversity of aGPCRs and their integration in various cellular 

processes. Additionally, the signaling cascades that are affected by N terminus-only functions 

will be addressed, providing a deeper understanding in how aGPCR can affect a plethora of 

cellular functions and probing into their potential as pharmaceutical targets.   

25



 
 

3 The N terminus-only (trans) function of the Adhesion 
GPCR Latrophilin-1 controls multiple processes in 
reproduction of C. elegans 

Authors: Daniel Matúš#, Willem Berend Post#, Victoria Elisabeth Groß, Alexander Bernd 

Knierim, Christina Katharina Kuhn, Franziska Fiedler, Darian Benno Tietgen, Johanna Lena 

Schön, Torsten Schöneberg and Simone Prömel 

#These authors contributed equally to this work 

Journal:   G3 Genes | Genomes | Genetics 

Publisher:   Oxford Academic  

Impact Factor:  2.2  

Submitted:   24 July 2024 

Accepted:   16 August 2024 

Published:   07 September 2024 

Keywords:  Adhesion GPCR, Latrophilin, trans function, germ cells, sperm 

guidance, ovulation, apoptosis 

DOI:  10.1093/g3journal/jkae206, previously online as pre-print on BioRxiv 

(DOI: 10.1101/2023.02.18.529090) 

PubMed ID:   39243387 

 

  

  

26



G3, 2024, 14(11), jkae206 

https://doi.org/10.1093/g3journal/jkae206 
Advance Access Publication Date: 7 September 2024 

Investigation

The N terminus-only (trans) function of the adhesion 
G protein-coupled receptor latrophilin-1 controls multiple 
processes in reproduction of Caenorhabditis elegans
Daniel Matúš,1,2,† Willem Berend Post,3,† Victoria Elisabeth Groß  ,3 Alexander Bernd Knierim,1,4

Christina Katharina Kuhn,1,5 Franziska Fiedler,1 Darian Benno Tietgen,3 Johanna Lena Schön,1,6 Torsten Schöneberg,1,7

Simone Prömel  3,*

1Medical Faculty, Rudolf Schönheimer Institute of Biochemistry, Leipzig University, 04103 Leipzig, Germany
2Department of Molecular and Cellular Physiology, Stanford University, Stanford, CA 94305, USA
3Department of Biology, Institute of Cell Biology, Heinrich Heine University Düsseldorf, 40225 Düsseldorf, Germany
4IFB Adiposity Diseases, Leipzig University Medical Center, 04103 Leipzig, Germany
5Department of Diagnostics, Fraunhofer Institute for Cell Therapy and Immunology (IZI), 04103 Leipzig, Germany
6Department of Dermatology, Venereology and Allergology, Leipzig University Medical Center, Leipzig University, 04103 Leipzig, Germany
7School of Medicine, University of Global Health Equity, Kigali 6955, Rwanda

*Corresponding author: Department of Biology, Institute of Cell Biology, Heinrich Heine University Düsseldorf, Universitätsstr. 1, 40225 Düsseldorf, Germany.
Email: proemel@uni-duesseldorf.de
†These authors contributed equally to this work.

Adhesion G protein-coupled receptors are unique molecules. They are able to transmit classical signals via G protein activation as well as 
mediate functions solely through their extracellular N termini, completely independently of the seven transmembrane helices domain 
and the C terminus. This dual mode of action is highly unusual for G protein-coupled receptors and allows for a plethora of possible 
cellular consequences. However, the physiological implications and molecular details of this N terminus-mediated signaling are poorly 
understood. Here, we show that several distinct seven transmembrane helices domain-independent/trans functions of the adhesion G 
protein-coupled receptor latrophilin homolog latrophilin-1 in the nematode Caenorhabditis elegans together regulate reproduction: 
sperm guidance, ovulation, and germ cell apoptosis. In these contexts, the receptor elicits its functions in a noncell autonomous manner. 
The functions might be realized through alternative splicing of the receptor specifically generating N terminus-only variants. Thus, our 
findings shed light on the versatility of seven transmembrane helices domain-independent/N terminus-only/trans functions of adhesion 
G protein-coupled receptor and discuss possible molecular details.
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Introduction
Cellular communication mediated by G protein-coupled receptors 
(GPCR) typically involves the transduction of extracellular signals 
into a cell, primarily realized through intracellular activation of G 
proteins via the receptor’s seven transmembrane helices domain 
(7TM). This concept has also been confirmed for most members of 
the class of adhesion GPCR (aGPCR) (Bohnekamp and Schöneberg 
2011; Gupte et al. 2012). Like other GPCR, these receptors play es
sential roles in various physiological and pathophysiological pro
cesses (summarized in Hamann et al. 2015; Rosa et al. 2021; 
Einspahr and Tilley 2022). However, they harbor structural fea
tures that distinguish them as a separate class within the GPCR 
superfamily (summarized in Hamann et al. 2015; Liebscher et al. 
2022; Seufert et al. 2023). One of these features is their extraor
dinarily long extracellular N terminus comprising various do
mains. This structure enables the receptors to mediate signals 
and participate in cell–cell or cell–matrix adhesion (summarized 
in Hamann et al. 2015).

Remarkably and in contrast to other GPCR, members of the 
class of aGPCR are capable of transmitting functions solely via 
these complex N termini, indicating noncanonical signaling me
chanisms completely independent of their 7TM and C terminus 
(N terminus-only/7TM-independent/trans function). This intri
guing mode of function is in stark contrast to the canonical 
7TM-dependent/cis signaling employed by all GPCR, which re
quires the entire receptor molecule and is limited to transmitting 
signals into the cell the receptor is expressed on. Conversely, 
7TM-independent/trans functions have the potential to affect ad
jacent cells (potentially noncell autonomously) by mediating ad
hesion or even activation of other surface receptors. This dual 
mode of action is highly uncommon for GPCR. Our work and 
that of others suggest that several aGPCR, such as latrophilins/ 
LPHN/ADGRL (Prömel et al. 2012; Matus et al. 2022), BAI1/ 
ADGRB1 (Tu et al. 2018), GPR126/ADGRG6 (Patra et al. 2013), and 
CD97/ADGRE5 (Ward et al. 2018), harbor the ability to act in 
such bidirectional manner, with evidence for more (Okajima 
et al. 2010; Steimel et al. 2010; Patat et al. 2016). These cases imply 
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that the unique dual mode of function is a common feature of this 
receptor class, and data from several studies indicate that the sole 
N terminus independent of the 7TM and C terminus is always suf
ficient to mediate effects (Prömel et al. 2012; Patra et al. 2013; Tu 
et al. 2018; Ward et al. 2018; Matus et al. 2022). However, while evi
dence for the existence of N terminus-only/7TM-independent/ 
trans functions is growing and models of their possible cellular 
consequences are beginning to take shape, essential questions re
garding the molecular framework of this concept remain un
answered. For instance, while it was observed that this mode of 
function affects cells surrounding the aGPCR-expressing cells, it 
is not shown whether the receptor is activating signaling cascades 
in these cells or whether its noncell autonomous effect is mediated, 
for example, via adhesion. Furthermore, it is unclear whether the 
whole receptor molecule is intact at all times or whether the N 
terminus could be released or produced independently of the 
C-terminal parts to mediate its function. Autocatalytic cleavage
at the G protein-coupled receptor proteolysis site (GPS) (Lin et al.
2004) yielding an N-terminal fragment and a C-terminal fragment 
occurs in many aGPCR and might offer a possible mechanism for 
realizing the N terminus-only/7TM-independent/trans function. 
However, our previous work showed that this cleavage is not abso
lutely vital for the 7TM-independent receptor mode of latrophilin-1 
(LAT-1), a latrophilin homolog in the nematode Caenorhabditis 
elegans (Prömel et al. 2012), thus indicating that other mechanisms 
exist. More attempts to understand the mechanistic details of the 
N terminus-only/7TM-independent/trans aGPCR functions have 
been made in vitro and ex vivo (Okajima et al. 2010; Tu et al. 2018; 
Ward et al. 2018). However, these systems are not too well equipped 
to address the noncell autonomous roles of aGPCR, how they act in 
diverse multicellular settings, and how they are connected to and 
integrated with the classical G protein-mediated receptor functions. 
In vivo studies are more suitable to grasp the integration of the clas
sical G protein-mediated and the 7TM-independent function and 
their physiological consequences.

Here, we provide evidence that the N terminus-only/7TM- 
independent/trans function of the aGPCR LAT-1 in C. elegans is vi
tally involved in a wide spectrum of physiological processes with
in the nematode. Previous studies have shown that the receptor 
controls anterior–posterior cell division plane orientation in the 
early C. elegans embryo (Langenhan et al. 2009) via cis signaling 
(Prömel et al. 2012) through a Gs protein cascade (Müller et al. 
2015). Furthermore, an N terminus-only/7TM-independent/trans 
function has been described in neuron morphogenesis (Matus 
et al. 2022) and in reproduction (Prömel et al. 2012). In the current 
study, we show that LAT-1 regulates sperm guidance, ovulation, 
germline apoptosis, and potentially the quality of germ cells. All 
these functions together cumulate in contributing to reproduction 
and brood size control. At first glance, lat-1 expression in both the 
affected germ cells and the surrounding somatic cells of the gonad 
does not necessarily imply a noncell autonomous mechanism. 
However, we show that sole lat-1 expression in the cells of the som
atic gonad is sufficient for many of its functions in the reproductive 
system. Additionally, we discuss the possibility of realizing isolated 
trans functions through alternative splicing of the receptor specific
ally generating N terminus-only variants.

Materials and methods
Materials and reagents
All standard chemicals were from Sigma-Aldrich, Thermo Fisher 
Scientific, or Carl Roth unless stated otherwise. All enzymes 
were obtained from New England Biolabs.

Caenorhabditis elegans maintenance and strains
C. elegans strains were maintained according to standard protocols
(Brenner 1974) on Escherichia coli OP50 at 22°C unless stated other
wise. Strains carrying nIs13 [pie-1p::vab-1::GFP + unc-119(+)]; ltIs44
[pie-1p::mCherry::PH(PLC1delta1) + unc-119(+)] were kept at 25°C.

Wild-type worms were C. elegans var. Bristol strain N2 (Brenner 
1974). The following alleles were obtained from the Caenorhabditis 
Genetics Center (CGC), which is funded by the NIH Office 
of Research Infrastructure Programs (P40 OD010440): lat- 
1(ok1465) (generated by the C. elegans gene knockout consor
tium), qIs153[lag-2p::MYR::GFP; ttx-3p::DsRed] (Byrd et al. 2014), 
nIs13[pie-1p::vab-1::GFP; unc-119(+)]; ltIs44[pie-1p::mCherry:: 
PH(PLC1delta1); unc-119(+)] (Cheng et al. 2008), tnIs6[lim-7p::GFP; 
rol-6(su1006)] (Hall et al. 1999), and bcIs39[lim-7p::ced-1::GFP; lin- 
15(+)] (Zhou et al. 2001). The following strains containing extra
chromosomal or integrated arrays were generated in this 
study: lat-1(ok1465) aprEx192[pTL20; myo-2::mCherry; pBSK], lat- 
1(ok1465) aprEx193[pJL13; myo-2p::mCherry; pBSK], lat-1(ok1465) 
aprEx194[pJL14; myo-2::mCherry; pBSK], lat-1(ok1465) aprEx216[pDM3; 
myo-2::mCherry; pBSK]. Strains lat-1(knu846[lat-1 KO/KI mCherry in
tronic loxP::hygR::loxP]) [NemaMetrix Inc. (Eugene, OR, USA)] and 
lat-1(apr1[lat-1(1-581)::GFPhygR]) were generated using CRISPR/Cas9 
genome editing. The following combinations of transgenes/alleles 
were obtained using standard genetic techniques (Brenner 1974): 
lat-1(knu846 [lat-1 KO/KI mCherry intronic loxP::hygR::loxP]); 
tnIs6[lim-7p::GFP; rol-6(su1006)], lat-1(knu846[lat-1 KO/KI mCherry 
intronic loxP::hygR::loxP]); qIs153[lag-2p::myr::GFP; ttx-3p::DsRed], 
lat-1(ok1465); nIs13[pie-1p::vab-1::GFP; unc-119(+)]; ltIs44[pie-1p:: 
mCherry::PH(PLC1delta1); unc-119(+)], lat-1(ok1465); nIs13[pie-1p:: 
vab-1::GFP; unc-119(+)]; ltIs44[pie-1p::mCherry::PH(PLC1delta1); 
unc-119(+)]; aprEx192[pTL20 myo-2::mCherry pBSK], and bcIs39[lim-7p:: 
ced-1::GFP; lin-15(+)]; lat-1(ok1465).

Generation of transgenic C. elegans lines
All transgenic strains with stably transmitting extrachromosomal 
arrays were generated using DNA microinjection. Plasmids were in
jected at a concentration of 1 ng/μl together with the coinjection 
marker, a modified pPD118.33 containing myo-2p::mCherry (kind gift 
of Ralf Schnabel (Technical University Braunschweig, Germany) 
(30 ng/μl), and pBluescript II SK + vector DNA (Stratagene) as stuffer 
DNA to achieve a final concentration of 120 ng/μl. DNA was injected 
into the syncytial gonad of hermaphrodites. Transgenic progeny 
were isolated, and stable lines were selected. Multiple independent 
transgenic lines were established for each transgene tested.

For the CRISPR/Cas9-mediated genetic modifications, the injec
tion cocktail consisted of Peft-3::cas9-SV40_NLS::tbb-2 3′UTR, respect
ive sgRNA plasmids, a respective repair template plasmid (injected 
at 50 ng/µl each), pCFJ104 (5 ng/µl), pCFJ90 (2.5 ng/µl), and pMA122 
(10 ng/µl). pCFJ104, pCFJ90, and pMA122 were kind gifts from Erik 
Jorgensen (Addgene plasmids #19328, #19327, and #34873, respect
ively. The Cas9 expression plasmid was a kind gift from John 
Calarco (Addgene plasmid #46168). Correctly modified worms 
were selected based on hygromycin resistance after heat shock.

Brood size and lethality assay
Hermaphrodite L4 larvae were individually placed on NGM plates 
containing E. coli OP50 to lay eggs at 22°C and transferred onto a 
fresh plate every 24 h. Each day, progeny was counted until egg 
laying ceased. For the lethality assay, offspring were incubated 
at 22°C and the number of adult/L4 animals was scored 48 h after 
the mother was removed. Sterile and semi-sterile (< 25 eggs) 
mothers were excluded from the assay.
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Larval development assay
To assess the time of development, ∼800 synchronized wild-type 
and lat-1 L1 larvae were placed on E. coli OP50-seeded NGM plates 
and incubated at 22°C. After 8, 16, 24, 36, and 48 h, the number of 
larvae in different developmental stages (L1, L2, L3, L4, and adult) 
was scored.

Ovulation rate assay
Ovulation rates were determined in hermaphrodites 24 and 96 h 
post-L4, respectively. Hermaphrodites were placed separately on 
E. coli OP50-seeded NGM plates, and eggs and oocytes inside the 
uterus were counted. After 4 h at 22°C, eggs/oocytes on the plate 
and inside the uterus of the mother were counted. The ovulation 
rate per gonad was calculated as ([eggs + oocytes in and out of 
uterus after 4 h] −  [initial eggs + oocytes inside uterus])/(2 × 4 h).

MitoTracker Red staining
To assess sperm movement in vivo, sperm was labeled using 
MitoTracker Red (Kubagawa et al. 2006). L4 males were kept iso
lated overnight to ensure sperm accumulation. The following 
day, young adult males were stained with 10 µM MitoTracker 
Red CM-H2XRos (Thermo Fisher) in M9 for 2 h in the dark at 
room temperature and then left overnight to recover on plates 
seeded with E. coli OP50. The next day, 25 stained males and 25 
young adult hermaphrodites, which were first anesthetized using 
300 µM levamisole (AppliChem), were mated on a 5-µl spot of over
night grown E. coli OP50. Copulation was monitored. Successfully 
inseminated hermaphrodites (indicated by transfer of fluorescent 
sperm into the uterus) were transferred separately into the wells of 
a 72-well plate containing 1.5 mM levamisole. Thereafter, her
maphrodites were mounted on 2% agarose pads and microscopy 
was conducted 1 h postinsemination. The resulting stack images 
of MitoTracker Red-stained sperm in the hermaphrodite uterus 
were evaluated as average intensity Z-projections. Correct local
ization of sperm was defined as proximal of the first egg next to 
the spermatheca, including all sperm around this egg. The per
centage of correctly localized sperm was calculated as (mean 
fluorescence intensity of correctly localized sperm/mean fluores
cence intensity of all sperm inside uterus).

Sperm activation assay
Sperm activation was studied as previously described (Hammerquist 
et al. 2021) with minor modifications. L4 male nematodes were 
placed on separate NGM plates with E. coli OP50 and kept isolated 
to avoid premature sperm activation. The following day, nema
todes were dissected in Sperm Medium buffer containing BSA 
and treated with 200 ng/µL pronase (Sigma) for 15 min. Following 
stimulation, differential interference contrast (DIC) microscopy 
was conducted within 5 min and sperm was scored as activated 
(with full pseudopod) or not activated (spherical, lobed, and 
spiked). At least 100 spermatids were scored per replicate.

SYTO staining
Adult hermaphrodites (24 h post-L4) were washed off NGM plates 
with NGM lacking phosphate buffer and incubated overnight in 
the dark at room temperature with 33 µM SYTO 12 green fluores
cent nucleic acid stain (Thermo Fisher) in NGM and a small 
amount of E. coli OP50. To remove the stained bacteria, worms 
were washed 3 times with NGM and transferred to NGM plates 
with fresh E. coli OP50 for 1 h. Subsequently, stained worms 
were anesthetized with 300 µM levamisole (AppliChem) in M9 
and mounted on 2% agarose pads for microscopy.

CED-1::GFP imaging
Adult bcIs39[lim-7p::ced-1::GFP; lin-15(+)] and bcIs39[lim-7p::ced-1:: 
GFP; lin-15(+)]; lat-1(ok1465) hermaphrodites were anesthetized 
with 300 µM levamisole (AppliChem) in M9 and mounted on 2% 
agarose pads for microscopy. CED-1::GFP was scored per gonad.

Antibody and DAPI staining
Antibody and DAPI stainings were performed on extruded germ
lines. For this purpose, germlines of precisely synchronized her
maphrodites were dissected, fixed, and stained as previously 
described (Francis et al. 1995; Jones et al. 1996). Adult hermaphro
dites (24 h post-L4) were transferred into 300 µM levamisole 
(AppliChem) in 0.1% Tween in PBS (PBST) for immobilization, and 
gonad arms were exposed by cutting off the heads/tails with a 
scalpel blade. Gonads were either fixed in 4% formaldehyde/PBST 
solution for 15 min (DAPI only) or 10 min (antibody staining). 
After washing with PBST, the specimens were postfixed in 100% 
ice-cold methanol at -20°C for 5 min (DAPI only).

To boost the expression signals of genome-edited LNT::GFP 
(strain lat-1(apr1[lat-1(1-581)::GFPhygR])), antibody staining was 
performed following permeabilization in PBST + 0.1% Triton 
X-100 for 30 min and blocking with PBST + 1% BSA for 1 h at 
room temperature. Samples were subsequently incubated in rab
bit anti-GFP antibody (Invitrogen, G10362) (1:100 in PBST + 1% 
BSA) overnight at 4°C. Goat anti-rabbit StarRED (Aberrior, 1:500 
in PBST + 1% BSA with 1 ng/µl DAPI) (for overview gonad and 
spermatheca stainings) or goat anti-rabbit Alexa 568 (Invitrogen, 
1:1,000 in PBST + 1% BSA with 1 ng/µl DAPI) [for distal tip cell 
(DTC) and gonadal sheath cell stainings] were used as secondary 
antibodies for 1 h at room temperature. After three brief wash 
steps in PBST, the gonads were mounted on 2% agarose pads in 
Fluoromount-G (Thermo Fisher) for microscopy. To stain gonads 
exclusively with DAPI, formaldehyde/methanol-fixed gonads 
were incubated for 2 h at 4°C in the dark with 1 ng/µl DAPI. 
Gonads were washed 3 times with M9 and mounted as described 
above. Because of the faint mCherry expression of lat-1(knu846
[lat-1 KO/KI mCherry intronic loxP::hygR::loxP]), strains carrying this 
marker were not fixed and gonads were mounted in their native 
form for microscopy.

Microscopy
All specimens were imaged using confocal imaging techniques. 
DIC and fluorescence imaging were performed using a Leica SP8 
microscope and an Olympus FluoView FV1000 microscope. 
Z-stacks were taken with a spacing of 0.5–2 μm, depending on 
the specimen (2 μm for whole worms, 0.5–1 μm for germlines, 
and 0.5 μm for sperm). Microscopic images were evaluated using 
Fiji (Schindelin et al. 2012) and ImageJ (Schneider et al. 2012).

Oocyte size and area measurements
To asses oocyte size, strains of different genotypes expres
sing tnIs13[pie-1p::vab-1::GFP; unc-119(+)], ltIs44[pie-1p::mCherry:: 
PH(PLC1delta1); unc-119(+)] containing a cell membrane as well 
as a cytoplasmic marker were utilized. Worms were grown at 
25°C to induce marker expression, anesthetized at young adult 
stage with 300 µM levamisole (AppliChem) in M9, and mounted 
on 2% agarose pads for microscopy. Stack images of oocytes 
were acquired with stack borders set on the last visible part of oo
cyte membrane, visualized by mCherry fluorescence. Every 2 ad
jacent images were used to reconstruct part of the oocyte 
modeled as a truncated pyramid with the volume V = 1/3 × (slice 
spacing) × [A1 + A2 + sqrt(A1 × A2)], with A1 and A2 being the 
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area enclosed by the oocyte membrane in both respective 
images. The full oocyte volume was determined by summing 
the volumes of all truncated pyramids.

For determining oocyte area, oocytes of L4 + 1-day-old hermaph
rodites were anesthetized using 300 µM levamisole (AppliChem) in 
M9 and mounted on 2% agarose pads. Images of the middle section 
of an oocyte were taken using a microscope with DIC, and the area 
was measured using Fiji (Schindelin et al. 2012).

Generation of transgenes
To obtain the constructs used in this study, recombineering was 
conducted. Existing protocols (Dolphin and Hope 2006; Tursun 
et al. 2009) were modified as previously described (Langenhan 
et al. 2009; Prömel et al. 2012) to generate LAT-1 transgenes using 
cosmids, PCR-amplified targeting cassettes, and positive anti
biotic selection. All transgenes are based on a construct compris
ing the genomic locus of lat-1 containing lat-1p::lat-1(1-581)::GFP 
(pTL20) (Prömel et al. 2012). To replace the promoter with 
tissue-specific promoters, a recombineering targeting cassette 
consisting of two parts, a spectinomycin selection cassette and 
the promoter sequence, was generated. For generating CRISPR/ 
Cas9-based integrations, a plasmid-based approach was used 
as described previously (Chen et al. 2013; Dickinson et al. 2013; 
Friedland et al. 2013). For primer sequences, see Supplementary 
Table 1 in Supplementary File 1.

lag-2p::lat-1(1-581)::GFP (lag-2p::LNT::GFP, pJL13)
A 2-kb promoter region of lag-2 was amplified with primers 
lat1_1088F/lat1_1089R from genomic DNA of a mixed population 
of N2 and ligated into vector pCR2.1 using the TOPO TA Cloning 
Kit (Thermo Fisher). From this vector, the promoter was again 
amplified with primers lat1_1090F/lat1_1091R with the forward 
primer introducing a PstI site and the reverse primer containing 
an overhang with a homology to the vector pTL20. In parallel, 
the spectinomycin resistance gene was amplified from the 
Gateway cloning vector backbone pDON223 (Invitrogen) with pri
mers lat1_1080F (introducing an overhang with a homology to 
pTL20) and lat1_1081R (containing a PstI site). Both fragments 
were digested by PstI and ligated together using a T4 DNA ligase. 
The ligated cassette was subsequently recombineered into 
pTL20 (lat-1p::lat-1(1-581)::GFP) replacing the lat-1 promoter using 
electrocompetent E. coli SW105 cells with a heat-induced recom
binase of the λ-Red recombinase system (Warming et al. 2005).

plc-1p::lat-1(1-581)::GFP (plc-1p::LNT::GFP, pJL14)
The promoter region of plc-1 (2 kb) was obtained by amplification 
from genomic DNA of a mixed N2 population using primers 
lat1_1084F/lat1_1085R. Following ligation into vector pCR2.1 using 
the TOPO TA Cloning Kit (Thermo Fisher), the promoter was amp
lified with primers lat1_1086F/lat1_1087R. While the forward pri
mer introduced a PstI site, the reverse primer contained an 
overhang with a homology to the vector pTL20. In parallel, the se
quence of the spectinomycin resistance gene was amplified from 
the Gateway cloning vector backbone pDON223 (Invitrogen) with 
primers lat1_1080F (containing an overhang with a homology 
to pTL20) and lat1_1081R (introducing a PstI site). Both frag
ments were digested by PstI and ligated with a T4 DNA ligase, 
and the resulting fragment was recombineered into pTL20 
(lat-1p::lat-1(1-581)::GFP) replacing the lat-1 promoter using elec
trocompetent E. coli SW105 cells with heat-induced recombinase 
of the λ-Red recombinase system (Warming et al. 2005).

lim-7p::lat-1(1-581)::GFP (lim-7p::LNT::GFP, pDM3)
The promoter region of lim-7 (2 kb) was retrieved by PCR with pri
mers lat1_1082F (containing a PstI site) and lat1_1083R (harboring 
a homology sequence to pTL20) from vector pOH323, which was a 
kind gift from Oliver Hobert (Columbia University, New York, NY, 
USA) (Hall et al. 1999). In parallel, primers lat1_1080F (containing 
an overhang with homologies to pTL20) and lat1_1081R (introdu
cing a PstI site) were used to amplify the spectinomycin resistance 
gene from the Gateway cloning vector pDON223 (Invitrogen). Both 
PCR products were digested with PstI (NEB) and ligated using a T4 
DNA ligase. The resulting fragment was recombineered into 
pTL20 (lat-1p::lat-1(1-581)::GFP) replacing the lat-1 promoter using 
electrocompetent E. coli SW105 cells with heat-induced recombin
ase of the λ-Red recombinase system (Warming et al. 2005).

Repair template for lat-1(1-581)::GFPHygR  

(LNT::GFP, pSP231)
A 1.5-kb fragment of lat-1(1-581) fused to GFP was amplified from 
pTL20 (lat-1p::lat-1(1-581)::GFP) (Langenhan et al. 2009) as 5′ flank
ing site using primers lat1_1896F/lat1_1897R. A fragment encoding 
the hygromycin resistance gene was amplified from plasmid IR98 
(Radman et al. 2013) using primers lat1_1898F/lat1_1921R. 1.5 kb 
of the 3′ UTR and downstream sequence of lat-1 was amplified 
from plasmid pTL2 (Langenhan et al. 2009) (encoding the lat-1 gen
omic locus) using primers lat1_1900F/lat1_1901R. The fragments 
were inserted into IR98 by Gibson assembly (Gibson et al. 2009) 
using primers lat1_1902F/lat1_1903R. This was performed using 
NEBuilder HiFi assembly (New England Biolabs) according to man
ufacturer’s instructions, followed by transformation into chem
ically competent E. coli DH5α.

sgRNA plasmids
For CRISPR–Cas9 engineering of endogenous loci, sgRNA was cloned 
into vector pJJR50 as described by Waaijers et al. (2016). pJJR50 was a 
kind gift from Mike Boxem (Addgene plasmid #75026). gRNA was 
cloned into BbsI-digested pJJR50 using annealed oligonucleotides 
5′-ggactggctccagtggacga-3′/5′-tcactcatctttgagctcgg-3′ with primer 
pairs lat1_1904F/lat1_1905R and lat1_1906F, lat1_1907R, respective
ly. Ligation was performed using a T4 ligase (Thermo Fisher) accord
ing to the manufacturer’s instruction, followed by transformation 
into chemically competent E. coli DH5α cells.

RNA extraction and rapid amplification  
of 5′ cDNA-ends with PCR
Total RNA was extracted from a mixed population of wild-type 
hermaphrodites using TRI Reagent (Sigma) according to the 
manufacturer’s protocol and transcribed into cDNA with the 
second-generation 5′/3′ RACE Kit (Roche) in combination with 
the Expand High Fidelity PCR System (Roche) as described in 
the supplier’s instructions using 2 different gene-specific pri
mers (lat-1_1772R and lat-1_1772R). Before the PCR, the 3′ end 
of the cDNA was tailed with dATP and TdT. The cDNA mix 
was directly utilized as a template for the 5′ rapid amplification 
of cDNA-ends with PCR (RACE-PCR). Amplification was run with 
an Oligo-d(T) anchor primer and the gene-specific primers 
above, respectively. PCR products were separated via gel elec
trophoresis, cut out, purified with the Wizard SV Gel and PCR 
Clean-Up System (Promega), and cloned into the vector 
pCR2.1 using the TOPO TA Cloning Kit (Thermo Fisher) for fur
ther analysis. For primer sequences, see Supplementary Table 1
in Supplementary File 1.
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Transcript variant analyses
Publicly available RNA-seq datasets from adult wild-type herm
aphrodite C. elegans var. Bristol N2 were downloaded via the 
Sequence Read Archive (Leinonen et al. 2011; Kodama et al. 2012), 
and paired-end reads with an average length of 101 bases were 
aligned to the WBcel235 genome (Howe et al. 2017) using STAR 
(Dobin and Gingeras 2015) The mapped reads were assembled 
into transcripts and quantified by StringTie (version v2.1.3b) 
(Pertea et al. 2015) using the genome annotation as initial set of tran
script variants. Full-length transcripts and newly identified tran
scripts were inspected (Supplementary Table 2 in Supplementary 
File 1), and further analyses including visualization were con
ducted with the Integrated Genomics Viewer (Robinson et al. 
2011). Accession numbers and mapping statistics are given in 
Supplementary Table 3 in Supplementary File 1.

Statistical analysis
Numerical assay data were analyzed with GraphPad Prism version 
9.2.0 (GraphPad Software). If not stated otherwise, the data are 
presented in box plots with 90% confidence interval. Statistical 
analyses were performed using a two-tailed Student’s t-test for 
comparing two groups and a one-way ANOVA in combination 
with a Bonferroni post hoc test for comparing multiple groups, re
spectively. P values of P ≤ 0.05 were considered statistically signifi
cant. All details are given in the respective figure legends.

Results
LAT-1 controls sperm guidance 
in hermaphrodites
Previously, we showed that the LAT-1 N terminus (LNT) tethered to 
the membrane by its first transmembrane helix (aa 1-581, termed 
LNT) is sufficient to ameliorate the fertility defects in C. elegans
homozygous for the null allele lat-1(ok1465) (hereafter referred to 
as lat-1), which are overall characterized by a reduced brood size 
(wild type: 228.2 ± 3.6; lat-1: 117.4 ± 4.0) (Langenhan et al. 2009; 
Prömel et al. 2012). These findings indicate that the unusual 
7TM-independent/trans function of the receptor is involved in con
trolling aspects of reproduction of the self-fertilizing C. elegans
hermaphrodite. The hermaphrodite gonad produces a fixed num
ber of sperm during larval development, which are subsequently 
stored in the spermatheca, and variable amounts of oocytes are 
generated during adulthood (Fig. 1). We therefore asked whether 
the LAT-1 function affects only one or possibly several cellular pro
cesses or cell types culminating in the regulation of reproduction. 
To address this question, we dissected the defects of the lat-1 mu
tants in greater detail.

We first analyzed lat-1 mutant sperm as previously obtained 
data led to the hypothesis that LAT-1 plays some role in sperm 
function (Prömel et al. 2012). Mutant hermaphrodites produced 
approximately the same amount of sperm as wild-type indivi
duals (Fig. 2a and b), and the number of anucleate residual bodies 
generated during sperm production appeared to be constant 
(Fig. 2c and d). During larval stages, the germ cells that enter mei
osis I proximally of the transition zone are called primary sperma
tocytes. Cytokinesis of meiosis I can be incomplete, i.e. the 
cytoplasm of the resulting secondary spermatocytes is still con
nected. During meiosis II, the secondary spermatocytes divide 
into spermatids and bud off the common cytoplasm to form indi
vidual haploid cells. The remaining anucleate cytoplasm is called 
a residual body and is eventually resorbed. Spermatids are acti
vated to functional spermatozoa just before fertilization in the 
spermatheca (summarized in L’Hernault 2006). Our data indicate 

largely intact sperm development and the correct timing of the 
sperm–oocyte switch during the transition of the last larval stage 
into adulthood.

When crossing lat-1 males with wild-type feminized hermaph
rodites, we previously observed a reduced number of progeny 
compared to wild-type males (Prömel et al. 2012), suggesting either 
a reduced sperm function or decreased sperm transfer. As lat-1
males also display a defective mating behavior (Matus et al. 
2022), the observed reduced progeny of lat-1 males could be attrib
uted to sperm transfer during mating rather than sperm function. 
To exclude a defect in functionality of lat-1 sperm, we treated 
spermatids from unmated males with pronase, which should ac
tivate them. As no difference was observed between wild-type and 
lat-1 spermatid activation (Fig. 2e), we hypothesized that lat-1
sperm was grossly functional.

As lat-1 nematodes lay overall fewer fertilized eggs (Prömel et al. 
2012) and thus use less sperm than wild-type worms in a given 
time period, this should result in an accumulation of residual 
sperm over time. To assess a possible change in the amount of 
sperm during the fertilization period, we examined sperm in the 
spermatheca 48 h after the first ovulation (Fig. 2f) together with 
the course of egg laying (Fig. 2g). Sperm amounts in the sperma
theca 48 h after the first ovulation were not elevated, but slightly, 
albeit not significantly reduced compared to the amount in wild 
types. At the same time, significantly less sperm was used for fer
tilization indicating a loss of sperm during adulthood. This sperm 
loss was evaluated by subtracting the number of laid eggs and re
sidual sperm within the spermatheca from the initial sperm count 
(Fig. 2f). As sperm loss can be caused by impaired motility or de
fective directed locomotion of sperm, which leads to them being 
flushed out during egg laying (summarized in Han et al. 2010), 
our data suggest that LAT-1 could play a role in sperm movement. 
Consistent with this hypothesis, the ovulation rate in lat-1 mu
tants, which was initially similar to the one of wild-type worms, 
declined more rapidly over time (Fig. 2h). This is plausible as in 
C. elegans, ovulation is stimulated by signals produced in spermato
zoa (reviewed in Han et al. 2010). Both phenotypes were rescued by 
the transgenic LNT (Fig. 2f and h), showing that the role in sperm 
movement is mediated by the 7TM-independent function of LAT- 
1. It should be noted that worms were precisely staged in all experi
ments, also to account for the fact that some lat-1 mutants are de
velopmentally slower than wild-type controls (Langenhan et al. 
2009) (Supplementary Fig. 1 in Supplementary File 1).

To further assess the hypothesis that LAT-1 is essential for 
sperm movement, we monitored MitoTracker Red-labelled sperm 
after mating of males and hermaphrodites of different genotypes. 
Sperm of lat-1 mutant males did not show impaired movement to
ward the spermatheca of wild-type hermaphrodites, indicating 
largely intact sperm motility (Fig. 2i and j). In contrast, wild-type 
sperm inside lat-1 hermaphrodites did not localize near the 
spermatheca to the same extent as in the respective wild-type 
control. This defect was ameliorated by transgenic expression of 
the LNT in the hermaphrodite. Thus, our data indicate a defect 
in sperm guidance originating from lat-1 hermaphrodites rather 
than impaired sperm function.

LAT-1 modulates germ cell apoptosis and affects 
oocyte quality
Besides the effect on sperm movement, we found that the 
7TM-independent mode of LAT-1 also affects oocytes. We ob
served an increase of germ cell apoptosis by SYTO 12-staining of 
lat-1 mutant hermaphrodites, which was rescued by transgenic 
expression of the LNT (Fig. 3a and b). We also confirmed the 
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increase in apoptotic bodies independently using a CED-1::GFP re
porter (Zhou et al. 2001), which labels germ cells that are being en
gulfed by the somatic gonadal sheath cells (Supplementary Fig. 2
in Supplementary File 1). During adult stages, germ cells normally 
form oocytes, and it is a physiological process during C. elegans oo
genesis that some of them undergo apoptosis (Fig. 1) (summarized 
in Gartner et al. 2008). While its role is debated, one possible function 
is to provide nutrients for other developing oocytes (Gumienny et al. 
1999; Andux and Ellis 2008). Mutants of the apoptosis pathway 
(ced-3 and ced-4) showed a reduced oocyte size (Andux and Ellis 
2008). Thus, oocytes gaining too little nutrients are of inferior qual
ity, reflected by reduced oocyte size (Andux and Ellis 2008) and in
creased embryonic lethality (Carranza-Garcia and Navarro 2019). 
Surprisingly, lat-1 oocytes displayed both characteristics: smal
ler oocytes which can be ameliorated by the presence of the LNT 
(Fig. 3c–e), and increased lethality (Fig. 3f). As nematodes null for 

lat-1 generally show embryonic lethality due to the receptor’s 
function in early development (Langenhan et al. 2009; Müller 
et al. 2015), it is impossible to assess oocyte quality by directly 
quantifying embryonic lethality. Thus, we investigated lat-1
worms expressing the LNT. As this construct has been observed 
to rescue fertility defects, but not embryonic defects (Prömel 
et al. 2012), any amelioration of embryonic death detected in 
the corresponding strain is more likely to stem from maternal, 
postembryonic LAT-1 function. Comparison with lat-1 mutants 
revealed that embryonic lethality is less pronounced in the pres
ence of the LNT (Fig. 3f), indicating a cause other than develop
mental defects such as inferior oocyte quality. It must be noted 
that rescue by the LNT occurs to a much lesser extent than res
cue by the full-length receptor, which is due to the fact that the 
latter one is essential for embryonic development (Langenhan 
et al. 2009; Müller et al. 2015).

Fig. 1. The C. elegans gonad. a) Shown is one of the two symmetrical U-shaped gonad arms of a C. elegans adult hermaphrodite. In the fourth larval stage 
(L4), a fixed number of sperm (∼150 per gonad) are produced and stored inside the spermatheca. Subsequently, the gonad switches to continuous oocyte 
production only. In the distal gonad, germ cell nuclei are not surrounded by a complete membrane but reside in a common cytoplasm. They continually 
self-renew by mitotic division in the proliferative (mitotic) zone, which is distally enclosed by the DTC. Subsequently, germ cells enter meiotic divisions 
(crescent-shaped nuclei) and progress further through meiosis, where some germ cells undergo apoptosis. Here, the cells are surrounded by the gonadal 
sheath cells (not shown). Near the loop, nuclei start to cellularize and to obtain individual plasma membranes. Due to coordinated contraction of the 
gonadal sheath cells, oocytes are pushed into the spermatheca, fertilized, and eggs are flushed into the uterus. After completing the first set of embryonic 
divisions, they are laid through the vulva (not shown). Parts of the figure were created in Biorender. Prömel, S. (2024) BioRender.com/u05l303. b) Dissected 
and DAPI-stained distal gonads of L4 + 1-day-old wild-type and lat-1 hermaphrodites.
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Fig. 2. Nematodes lacking lat-1 display impaired sperm movement. a) Spermathecae of L4 + 1-day-old lat-1 mutant hermaphrodites contain the same 
amount of sperm (white arrows) as wild-type specimen. Gonads of adult hermaphrodites were dissected and subsequently stained with DAPI. b) 
Quantification of DAPI stainings as shown in (a) reveals that the number of sperm inside the spermatheca is indifferent from the one in wild-type 
nematodes. n ≥ 20 in 4 independent experiments. n.s., not significant. c) Residual bodies (black arrowheads) located close to the spermatheca in lat-1
mutant and wild-type gonads. Shown are DIC images of unstained living L4 + 1-day-old hermaphrodites. d) Quantification of anucleate residual bodies 
based on DIC images as displayed in (c) revealed no significant difference in number between wild-type nematodes and lat-1 mutants. Data from 4 
independent experiments, n ≥ 24. n.s., not significant. e) Activation of spermatids by pronase treatment. Dissected spermatids from L4 + 1-day-old lat-1
males showed a similar level of activation as wild-type controls. Data from 3 independent experiments, n ≥ 100. n.s., not significant. f) Sperm amount 48 h 
after the first ovulation. Sperm was DAPI-stained and sperm loss was calculated (for details, see ‘Materials and methods’). This loss is ameliorated in 
transgenic lines expressing LNT. It should be noted that due to experimental limitations, the initial sperm count in the spermatheca had to be taken from 
different animals than the count after 48 h. n ≥ 15. g) Hermaphrodites lacking lat-1 exhibit a continuously smaller brood size over their entire reproductive 
period with the maximal reduction being visible on the second and third day of egg laying. n ≥ 75 in nine independent replicates. h) The ovulation rate in 
lat-1 mutants is similar to the one in wild types 24 h after the first ovulation but decreases faster than in wild-type individuals or in lat-1 mutants 
expressing the LNT. At 96 h after the first ovulation, it is significantly lower. Data of 4 independent experiments, n ≥ 51. n.s., not significant; ***P < 0.001. i) 
Representative images showing the distribution of male lat-1 and wild-type sperm, respectively, after mating to hermaphrodites of different genotypes. 
The motility of lat-1 sperm after mating with wild-type hermaphrodites appears to be intact, as indicated by correct localization near the spermatheca 
(white circle) 1 h postinsemination. Conversely, wild-type sperm inside lat-1 hermaphrodites do not reliably localize next to the spermatheca and remain 
close to the vulva (white arrowhead). Mating assays were performed with wild-type and lat-1 mutant nematodes in different constellations. Sperm was 
stained with MitoTracker Red by incubation of living young adult males prior to the mating, and sperm location was monitored 1 h after mating occurred. 
j) Sperm of wild-type males do not properly migrate to the spermatheca in lat-1 mutant hermaphrodites after mating, while sperm of lat-1 mutant males 
show no impaired movement toward the spermatheca of wild-type hermaphrodites. The former effect can be rescued by transgenic complementation of 
the LNT. Quantification was performed from images as shown in (h). Data were acquired in at least three independent experiments with n > 20 biological 
replicates. n.s., not significant; **P < 0.01; ***P < 0.001.
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These data point toward lat-1 oocytes gaining too few nutrients, 
which can imply insufficient apoptotic events/clearance of apop
totic cells rather than too many. Therefore, lat-1 worms may not 
display a genuine increase in apoptosis but have other defects re
sulting in apoptotic cell accumulation.

LAT-1 elicits its functions from the somatic gonad 
in trans
All functions of LAT-1 identified in this study, in sperm guidance, 
ovulation, and germ cell apoptosis/oocyte quality, have been 
shown to be 7TM-independent functions of the aGPCR. To gain in
sights into the mechanisms underlying these functions, we ad
dressed the question, from which cells the LAT-1 function 
originates. Thus, we first generated a detailed expression 
profile of the receptor in the hermaphrodite gonad. Utilizing 

a CRISPR/Cas9 genome-edited LNT::GFP (lat-1(1-581)::GFP), we ob
served lat-1 expression in the entire somatic gonad of adult her
maphrodites, including the DTC, the gonadal sheath cells, and 
the spermatheca (Fig. 4a–c). Furthermore, LAT-1 seemed to be 
present in germ cells and developing oocytes. To verify expression 
in DTC and gonadal sheath cells, a CRISPR/Cas genome-edited 
transcriptional lat-1p::mCherry was combined with a marker for 
the DTC (lag-2::myr::GFP) (Fig. 4d) or the gonadal sheath cells 
(lim-7p::GFP) (Fig. 4e), respectively.

To test whether the somatic gonad is the origin of the LAT-1
7TM-independent function, we specifically expressed the LNT in 
the DTC (lag-2p::LNT), the gonadal sheath cells (lim-7p::LNT), and 
the spermatheca (plc-1p::LNT) of lat-1 mutants, respectively. 
First, brood size was quantified to assess whether the LNT in dis
tinct cells has the capability to ameliorate the fertility defects in 

Fig. 3. In the absence of LAT-1 function, germ cell apoptosis is increased. a) Germlines of lat-1 mutants exhibit more SYTO 12-stained germ cells 
compared with wild-type controls. Living adult nematodes 24 h post-L4 were stained with SYTO 12 as a marker for apoptotic cells. Shown are 
representative images. b) Quantification of SYTO 12 stainings from (a). Reintroduction of the LNT rescues the increased number of apoptotic cells. Given 
are numbers per gonad. n ≥ 33. **P < 0.01; ***P < 0.001. c) Oocytes (marked with an asterisk) are significantly smaller in lat-1 mutants than in wild-type 
individuals. Oocyte membranes were visualized in living young adult hermaphrodites by expression of the construct pie-1p::mCherry::PH(PLC1delta1). 
Shown are representative images. d) Quantification of (c) reveals that oocyte size is decreased in lat-1 mutants. This defect can be ameliorated by 
expression of the LNT. n ≥ 18. **P < 0.01; ***P < 0.001. e) Oocyte size determination by area measurements confirms data from (d). This way of measuring 
oocyte dimension was employed to supplement the volume measurements. Data from at least 5 independent experiments of area measurements, n ≥ 39, 
*P < 0.05. f) The LNT rescues embryonic lethality of lat-1 mutants to a small but significant extent, while amelioration by the full-length lat-1 construct is 
much stronger and is considered the maximum rescue that can be reached. Assays were performed in 4 independent experiments, n ≥ 30, ***P < 0.001.
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general (Fig. 5a). While expression in the DTC and gonadal sheath 
cells rescued at least partially (to a lesser extent than the LNT dri
ven by its endogenous promoter), expression in the spermatheca 
did not. Focusing on the two tissues, in which LNT expression 
had an effect, we next elucidated whether it exerts a function 
from the DTC and/or the gonadal sheath cells specifically in the 
observed phenotypes: ovulation rate at 96 h after the first ovula
tion, sperm guidance, apoptosis, and oocyte size. While its pres
ence in either the DTC or the gonadal sheath cells led to a 

partial amelioration of the ovulation rate (Fig. 5b), no significant res
cue was achieved for sperm guidance (Fig. 5c). Receptor expression 
on the gonadal sheath cells had a rescuing effect on the increased 
apoptosis rate of germ cells in lat-1 mutant hermaphrodites 
(Fig. 5d). The same rescuing effect was observed with regards 
to oocyte size (Fig. 5e).

These data highlight the fact that the LAT-1 7TM-independent/ 
trans function is sufficient to control aspects of reproduction at 
least partially in a noncell autonomous manner.

Fig. 4. Expression of lat-1 in the hermaphrodite gonad. a) The receptor is present in all somatic cells of the gonad as well as germ cells. b), d) lat-1 is 
expressed in the DTC. It is further localized c) in the spermatheca and e) in gonadal sheath cells. For visualizing lat-1 expression, either a CRISPR/Cas9 
genome-edited single-copy integrated LNT::GFP (lat-1(1-581)::GFP) was used with signal amplification by an anti-GFP antibody (a–c) (for details, see 
‘Materials and methods’) or a CRISPR/Cas9 genome-edited single-copy integrated lat-1p::mCherry (d, e) was employed. The DTC was visualized (d) by 
expressing lag-2p::myr::GFP and the gonadal sheath cells by using lim-7p::GFP (e). It should be noted that LAT-1 is not visible in germ cells in (d and e) likely 
due to the weak expression and the fact that no signal amplification by antibodies was employed here.
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Fig. 5. The LNT acts from somatic cells of the C. elegans gonad in a noncell autonomous manner. Tissue-specific expression of the LNT tethered to the 
membrane (LNT) using promoters with activity restricted to the DTC (lag-2p::LNT), the gonadal sheath cells (lim-7p::LNT), or the spermatheca (plc-1p::LNT) 
reveals whether a trans mode of the receptor fulfills its functions in different contexts on germ cells and in which location it is required. a) While 
expression of LNT in the DTC and the gonadal sheath cells generally results in a partial amelioration of the overall brood size defect of lat-1 mutants, sole 
expression in the spermatheca (plc-1p::LNT) does not. b) The ovulation defect 96 h after the first ovulation of worms lacking lat-1 is rescued by the LNT in 
both, the DTC and the gonadal sheath cells. c) Sperm migration to the spermatheca is rescued by the sole presence of LAT-1 neither in the DTC nor in the 
gonadal sheath cells. Data were acquired in at least three independent experiments with n > 20 biological replicates. n.s., not significant; *P < 0.05; **P <  
0.01; ***P < 0.001. Note that some controls in this dataset (wild type, lat-1, lat-1; Ex[LNT]) are the same as in Fig. 2j. d) The increased apoptosis rate in lat-1
mutants is ameliorated by the presence of the receptor in the gonadal sheath cells, but not in the DTC. Numbers are given per gonad. Data from at least 3 
independent experiments, n ≥ 28. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001. Note that the controls in these data (wild type, lat-1, lat-1; Ex[LNT]) 
are the same as in Fig. 3b. e) The decreased oocyte size observed in lat-1 mutant nematodes can be ameliorated by expressing the LNT in the gonadal 
sheath cells, but not in the DTC. Data from at least 5 independent experiments of area measurements, n ≥ 39. n.s., not significant; *P < 0.05. Note that the 
controls in these data (wild type, lat-1, lat-1; Ex[LNT]) are the same as in Fig. 3e.
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The LAT-1 transcript variant repertoire contains 
N terminus-only receptor versions
As the LAT-1 7TM-independent functions act in a completely dif
ferent biological context than that of its 7TM-dependent signal in 
embryogenesis (Langenhan et al. 2009; Prömel et al. 2012), the 
question arose as to why such a large receptor molecule is pro
duced, when only the extracellular entity is mediating a function 
in distinct contexts. The release of the N terminus by cleavage of 
the aGPCR at the GPS, the motif in the GAIN domain capable of au
toproteolysis, could be one mechanism. However, our previous 
findings indicate that cleavage is not essential for overall LAT-1
function (Prömel et al. 2012). Interestingly, a recent study suggests 
the presence of several premature poly-A sites within lat-1 tran
scripts that, among others, render LAT-1 molecules consisting 
only of the N terminus (Tourasse et al. 2017). To gain insights 
into the prevalence of such variants, we analyzed existing tran
scriptome data generated by RNA-Seq from day 1 adult wild-type 
hermaphrodites (Chen et al. 2015), in which the coverage was suf
ficient for splice variant analyses (Fig. 6a). Generally, with more 
than 20 transcript forms, the repertoire of lat-1 variants can be 
considered extensive. Although the largest fraction consisted of 
the entire receptor molecule, ∼1.5% of the variants comprised 
only the N-terminal exons in different combinations and versions, 
which are potentially able to transmit the 7TM-independent/trans 
function (Fig. 6b). A RACE-PCR from the mRNA of wild-type her
maphrodites confirmed the general presence of N terminus-only 
variants (Fig. 6c, Supplementary Fig. 3 in Supplementary File 1), 
suggesting that these variants of lat-1 exist in vivo. It has to be 
noted that, to ensure correct transcript composition, rescue ana
lyses were always performed with constructs containing the gen
omic locus of lat-1 or modifications of it.

Discussion
It is becoming increasingly clear that the highly unusual dual mode 
of classical cis signaling via G proteins and trans functions mediated 
solely through the N terminus (independent of 7TM and C ter
minus) are inherent to several aGPCR (Langenhan et al. 2009; 
Prömel et al. 2012; Patra et al. 2013; Tu et al. 2018; Ward et al. 
2018). While the cis mode is relatively well studied in many cases, 
knowledge on the molecular details as well as the impact of the 
trans function is sparse, limiting our understanding of how such 
functions are integrated in multicellular settings. In the present 
study, we show that the 7TM-independent/trans mode is a fre
quently employed concept involved in different physiological and 
cellular contexts and that, in contrast to other aGPCR (Tu et al. 
2018; Ward et al. 2018), the latrophilin homolog LAT-1 does not 
seem to engage in simultaneous bidirectional signaling (cis and 
trans) in these contexts. We identified LAT-1 N-terminal activity in
volved in different aspects of the C. elegans reproductive system, 
jointly balancing the brood size of the nematode. Thereby, the 
7TM-independent/trans mode of LAT-1 action affects both gamete 
types and their function with seemingly diverse effects on sperm 
movement, ovulation, and germ cell apoptosis as well as quality.

Although it does not appear to be involved in sperm develop
ment or activation, the LAT-1 trans function seems to be essential 
for sperm locomotion. The corresponding defect caused by the ab
sence of the receptor is characterized by sperm loss occurring in 
the course of lat-1 mutant adulthood (Fig. 2), due to impaired 
sperm movement. Possible reasons for this can generally be faulty 
sperm guidance cues or defective sperm. Our analyses strongly 
suggest LAT-1 to be involved in the sperm guidance signaling 

machinery of the hermaphrodite rather than sperm function 
per se, thereby affecting sperm movement. Many species use 
chemo-attractants to guide sperm to oocytes to ensure efficient 
fertilization. The anatomy of the C. elegans reproductive tract 
stresses the need for such signals, because as oocytes are pushed 
through the spermatheca and the uterus, sperm are dragged 
along and could be lost to the environment. Thus, a mechanism 
to lead them back to the spermatheca and localize them to the 
next oocyte is essential. Similarly, male sperm need to be able 
to localize the hermaphrodite’s oocytes after being transferred 
into the uterus (summarized in Han et al. 2010). The likely origin 
of a chemo-attractant in C. elegans is the oocytes themselves. 
However, the spermatheca might also play a role in the estab
lishment of the attractive signal (Kubagawa et al. 2006). The 
most likely candidates for chemo-attractants are F-series prosta
glandins that are synthetized from polyunsaturated fatty acids 
(PUFA), as defects in genes involved in the metabolism of PUFA 
in the intestine ( fat-1-4) and their uptake into the oocytes (rme- 
2, daf-1) lead to impaired sperm guidance (Kubagawa et al. 
2006; Hoang et al. 2013; Hu et al. 2021). Other enzymes (cyp- 
31A2, cyp-31A3, and emb-8) are thought to downregulate prosta
glandin synthesis within eggs in the uterus to uphold the signal
ing gradient toward the unfertilized oocytes (Hoang et al. 2013). 
Future studies will need to shed light on the question where 
LAT-1 can be placed in the mechanisms. We hypothesized that 
the reduced ovulation rate with time is related to the sperm 
movement defect as it correlates with the observed sperm loss. 
It is well established that ovulation is coordinated by sperm to
gether with oocytes and gonadal sheath cells (Clandinin et al. 
1998; Bui and Sternberg 2002; Han et al. 2010). However, our 
data suggest that it is likely that LAT-1 has an additional role 
in ovulation especially as the defects in ovulation can at least 
partially be rescued by expression of lat-1 in the DTC or the go
nadal sheath cells, while the sperm guidance defects cannot. It 
might also be conceivable that the guidance signal by transgenic 
overexpression is not strong enough to guide the sperm all the 
way back to the spermatheca but might be strong enough to 
keep them in the uterus, where they can contribute to signals 
stimulating ovulation.

We also found increased numbers of apoptotic cells in the 
proximal part of lat-1 mutant germlines indicating a role of the 
receptor in programmed cell death (Fig. 3). Future analyses will 
need to clarify whether this is due to an increased rate of apop
tosis itself or defective clearance of apoptotic germ cell corpses. 
However, the reduced oocyte size and increased embryonic le
thality that can be attributed to the 7TM-independent/trans 
mode of LAT-1 hint toward reduced oocyte quality, which makes 
the latter hypothesis more likely. A function of LAT-1 in the regu
lation of apoptosis is intriguing since the mouse latrophilin 
LPHN1/ADGRL1 (Zuko et al. 2016), as well as some other aGPCR 
(Hsiao et al. 2015; Shiu et al. 2022), have previously been asso
ciated with programed cell death.

As these newly identified roles of LAT-1 are exerted solely by its 
7TM-independent mode, but lat-1 is expressed in germ cells as 
well as in the surrounding somatic cells, the question arose 
whether the receptor functions noncell autonomously and thus, 
in trans. Our analyses showed that the function in ovulation can 
be exerted by the LNT from both the DTC and the gonadal sheath 
cells, while in apoptosis and oocyte size, its presence is specifically 
required in the gonadal sheath cells rather than the DTC (Fig. 5). 
This suggests that the receptor indeed seems to fulfill its functions 
in these contexts noncell autonomously from the somatic germ
line. However, as the detected differences are small, which is, 
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Fig. 6. Several transcripts containing only the N terminus of LAT-1 exist. a) Read coverage of the lat-1 locus extracted from available RNA-seq data of day 1 
adult wild-type hermaphrodites (Chen et al. 2015) shows an almost uniform distribution of reads over the entire locus. b) Repertoire of lat-1 transcript 
variants identified from RNA-Seq data (Chen et al. 2015). Relative abundance of each transcript variants was derived from Fragments Per Kilobase of 
transcript per Million mapped reads values estimated by StringTie (Supplementary Table 2 in Supplementary File 1). Several full-length variants exist 
which mostly differ in their N-terminal composition. Variants containing only the N terminus seem mostly not to be membrane-anchored. Other 
variants, which lack the N terminus, constitute about 1%. Only full-length variants with an incidence of more than 0.01% are depicted. The genomic locus 
of LAT-1 is shown with its longest exons (large boxes) and size-condensed introns (faint lines). All exons found in the analysis are separately plotted above 
the locus (small blue boxes). The individual exon arrangements of transcripts are shown numbered. Transcripts were defined as a numeric sequence of 
exons. The longest bona fide ORF is depicted in thick boxes, while the nonprotein coding 5′ and 3′ UTRs are displayed thinner and lighter. 3′ end exons with 
minor differences in length but identical 5′ splice acceptor sites are considered as one 3′ end exon. Different compositions of the 5′ start exon, 3′ end exon, 
and/or exons are considered as individual variants. The exact positions of the exons forming the variants are given in Supplementary Table 4 in 
Supplementary File 1. c) 5′ RACE analyses of wild-type hermaphrodites rendered among others the full-length variant, which has been shown to be the most 
abundant one in RNA-seq analyses. Further, a variant comprising the N terminus including RBL and HRM domain, but not the GAIN domain was amplified. 
RBL, rhamnose-binding lectin domain; HRM, hormone-binding domain; GPS, GPCR proteolytic site; GAIN, GPCR autoproteolysis-inducing domain.
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for instance, highlighted by the fact that no significant effect gra
dations in the rescue levels of the LNT from DTC and gonadal 
sheath cells were observed (Fig. 5a), an additional contribution 
from other tissues or the germ cells cannot be fully excluded. 
This could also apply to sperm locomotion (Fig. 5c), where no sig
nificant rescue by LAT-1 in any of the tested tissues was observed. 
Another possible explanation for this result is that the receptor 
might need to be present in all tissues simultaneously to effective
ly influence sperm guidance.

There is a plethora of physiological implications of LAT-1
identified in this study and previously (Prömel et al. 2012; 
Matus et al. 2022), and it is conceivable that several more LAT-1
functions exist. However, it remains to be determined which of 
these functions employ similar mechanisms on a molecular le
vel. Despite the clear evidence that multiple aGPCR are able to 
engage in 7TM-independent/trans modes of action (Prömel et al. 
2012; Patra et al. 2013; Patat et al. 2016; Tu et al. 2018; Ward 
et al. 2018), it is still debated whether these functions are used 
for intercellular signaling or if they can be sufficiently explained 
by a role in adhesion or even other modes of action. While adhe
sive components of LAT-1 cannot be excluded, the general 
morphology of lat-1 mutant gonads seems intact (Fig. 1b) making 
a sole function as a structural component of cell–cell adhesion 
complexes less likely.

In the current study, we were not able to identify a clear canon
ical cis function complementing the trans function in C. elegans fer
tility (Fig. 5). This was a surprising finding since other aGPCR (Tu 
et al. 2018; Ward et al. 2018) seem to engage in simultaneous bidir
ectional cis and trans signaling from the same cells. In C. elegans, cis 
and trans functions seem to be separated both spatially and/or 
temporally, being involved in different cell types and develop
mental stages. It is known that the LAT-1 cis function is essential 
for early embryonic development (Langenhan et al. 2009). 
Conversely, neuron morphogenesis in C. elegans was found to be 
mainly regulated by a trans function (Matus et al. 2022), with 
some evidence for cis functions that were not functionally essen
tial. Similarly, in other postembryonic functions such as sperm 
guidance, ovulation, and germline apoptosis, trans functions 
seem to dominate. It should be noted that phenotypic analyses 
are never exhaustive and future analyses could unravel LAT-1
cis effects in adult nematodes and trans functions in the embryo. 
Nevertheless, it would be intriguing to find out what molecular 
switch could cause such differences in the molecular mechan
isms employed by LAT-1.

Intriguingly, there is some evidence that trans functions can be 
separated at a molecular level from the cis functions due to alter
native splicing (Fig. 6). Thereby, isolated N-terminal variants can 
be expressed in vivo, and it is plausible that they are regulated 
separately from the full-length receptor. These data are also in 
concordance with recent studies on other aGPCR showing a 
huge tissue-specific transcriptional variability as a potential com
mon principle in the regulation of aGPCR function (Boucard et al. 
2013; Knierim et al. 2019; Röthe et al. 2019). It should be noted 
that no information is available on the presence of N-terminal 
variants selectively in the C. elegans somatic gonad or germ cells, 
only data on whole adult hermaphrodites are accessible. The 
small proportion of N-terminal variants (∼2%) might be due to 
this heterogeneity of the samples, i.e. the potentially small contri
bution of trans function-exerting cell types (such as the few cells of 
the somatic gonad) to the total mRNA pool. It remains to be deter
mined whether these N-terminal variants are translated into pro
tein and it is also conceivable that the receptor fulfills its 
7TM-independent function as an intact full-length molecule. 

Alternatively, it cannot be excluded that the full-length aGPCR 
is produced but mediates the 7TM-independent function by the 
N terminus liberated through autoproteolysis at the GPS. This 
mechanism of self-cleavage, which is a hallmark feature of 
many aGPCR, has been described for LAT-1, but in previous stud
ies we found that cleavage does not have a major impact on recep
tor function (Prömel et al. 2012).

In summary, we show that the LNT acts in trans in several, dis
tinct physiological settings, underlining the importance as well as 
the versatility of this mode of action. We further demonstrate that 
next to the possibility of liberating the extracellular domains of 
aGPCR via autoproteolysis, alternative splicing can generate re
ceptor N termini to exert 7TM-independent trans functions. It 
would be highly interesting to see whether the characteristics of 
trans signaling found for the prototypic aGPCR LAT-1 in this study 
are conserved among species and are moreover applicable to the 
entire class of aGPCR.
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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.
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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 the TIP3Pwatermodel103 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.
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Abstract: The most common trigger of sepsis and septic shock is bacterial lipopolysaccharide (LPS).
Endothelial cells are among the first to encounter LPS directly. Generally, their function is closely
linked to active endothelial NO Synthase (eNOS), which is significantly reduced under septic con-
ditions. LPS treatment of endothelial cells leads to their activation and apoptosis, resulting in loss
of integrity and vascular leakage, a hallmark of septic shock. Hence, therapies that prevent en-
dothelial leakage or restore the endothelial barrier would be invaluable for patients. Adhesion
GPCRs (aGPCRs) have been largely overlooked in this context, although particularly one of them,
ADGRL2/LPHN2, has been implicated in endothelial barrier function. Our study shows that overex-
pression of ADGRL2 protects endothelial cells from LPS-induced activation, apoptosis, and impaired
migration. Mechanistically, ADGRL2 preserves eNOS activity by shifting its binding from Caveolin-1
to Heat Shock Protein 90. Furthermore, ADGRL2 enhances antioxidative responses by increasing
NRF2 activity. Notably, we found that this function may be evolutionarily conserved. In the absence
of lat-2, a homolog of ADGRL2 in Caenorhabditis elegans, worms show higher ROS levels and altered
stress response gene expression. Additionally, lat-2 mutants have a significantly reduced lifespan,
altogether indicating a protective role of ADGRL2 against oxidative stress across species.

Keywords: ADGRL2/LPHN2; Caenorhabditis elegans; endothelial cells; eNOS; lipopolysaccharide;
NRF2; skn-1; reactive oxygen species

1. Introduction

Sepsis can best be described as an overshooting immune response to a microbial
infection, which can lead to shock, multiple organ failure, and often death. In 2017, the
World Health Organization (WHO) estimated that sepsis affects more than 48 million
individuals every year, potentially leading to 11 million deaths annually [1]. The basis for
the pathophysiological responses in sepsis and septic shock is multifactorial, which might
serve as an explanation why—besides vasopressor agents, which have been in use for
several decades—no new therapeutic approaches have been developed for sepsis treatment
to date.
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The most common trigger for sepsis and septic shock is bacterial lipopolysaccharide
(LPS), a serologically reactive bacterial toxin. It is a component of the outer membrane of
Gram-negative bacteria, which triggers a strong proinflammatory response in the human
immune system, with 1 to 2 mg in the bloodstream potentially being lethal [2]. LPS can
enter the bloodstream through intestinal absorption of the LPS produced by gut bacteria.
Moreover, gut lesions and diets rich in lipids boost the transport across membranes into the
systemic circulation [3]. Therefore, at the cellular level, endothelial cells (ECs) are, besides
circulating immune cells, the first cells directly confronted with LPS.

Endothelial functionality is intrinsically tied to the availability of NO produced by
endothelial NO Synthase (eNOS). Under septic conditions or during chronic inflammation,
this enzymes’ activity is severely reduced [2,4]. Moreover, LPS triggers endothelial cell
activation, a proinflammatory and procoagulant state of the endothelium, and ultimately
apoptosis, resulting in loss of the endothelial integrity and vascular leakage, a mainstay of
septic shock [2]. Hence, therapies, which could prevent endothelial cell leakage or even
restore the endothelial barrier, would be of enormous value for patients and would address
medical needs. However, up to now, the molecular mechanisms by which LPS leads to
endothelial activation, apoptosis, and leakage are far from understood.

One class of molecules, which role in endothelial functionality has been underesti-
mated to date, is Adhesion G protein-coupled receptors (aGPCRs). They combine cellular
adhesion with intracellular signaling. Many features of aGPCRs, such as their ability
to mediate cell–cell interactions and adhesion, makes them interesting candidates to be
involved in EC function. Intriguingly, three aGPCRs, which are expressed in ECs, have
been firmly linked to their function to date: ADGRF5/GPR116, ADGRL2/LPHN2, and
ADGRL4/ELTD1, with the latter two belonging to the group of Latrophilins, which also
contains ADGRL1/LPHN1 and ADGRL3/LPHN3 [5].

With respect to barrier function, only ADGRL2 seems to play a role in ECs [6,7]. It
is localized at cell-to-extracellular matrix contacts and promotes tight junction assembly.
Vascular ECs of ADGRL2-deficient zebrafish embryos are abnormally stretched and, thus,
hyperpermeable, such that cells transported by the blood stream extravasate more easily
into the surrounding tissues [6]. Further, ADGRL2 regulates flow-induced changes and
barrier functions of ECs [7]. These studies suggest essential functions of this aGPCR in the
regulation of endothelial integrity and raise the question of whether it also plays a role in
LPS-induced endothelial dysfunction.

In the present study, we found protective functions of the Latrophilin ADGRL2 in
human ECs, and those are, in part, evolutionarily conserved as C. elegans lacking the
Latrophilin homolog LAT-2 and have reduced functionality.

2. Materials and Methods
2.1. Cell Culture

Primary human ECs were obtained from LONZA and cultured in endothelial basal
medium supplemented with 50 ng/mL amphotericin B, 1 µg/mL hydrocortisone, 50 µg/mL
gentamicin, 12 µg/mL bovine brain extract, 10 ng/mL epidermal growth factor (LONZA,
Cologne, Germany), and 10% fetal bovine serum until passage 3 was reached in a humidi-
fied incubator at 37 ◦C in an atmosphere containing 5% CO2.

2.2. Plasmids

To generate a NRF2-dependent firefly luciferase reporter vector, two copies of a
41 bp DNA fragment containing the antioxidant response element (ARE) from the murine
Glutathione S-transferase alpha 1 gene promoter [8] were inserted between the Hind III
and Bam HI sites of pTATA LUC+ [9] to generate p(ARE)2TATA-LUC. Then, this tandem
ARE was placed directly upstream of the minimal promoter derived from the herpes
simplex virus thymidine kinase gene. As specificity control, several point mutations,
which had been shown to interfere with the activation of a minimal promoter and/or
inducibility by tert-butylhydroquinone conferred by this ARE [8,10], were introduced.
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In addition, an invariable A in the ARE consensus derived from polymorphic AREs in
the human genome [11] was replaced by a G. These mutations in the resulting plasmid
p(AREmut)2TATA-LUC prevented the binding of NRF2 to the mutated ARE. The identity of
the newly created plasmids was confirmed by restriction analysis; in addition, the regions
containing the AREs were verified by DNA sequencing.

To generate a vector suitable for ADGRL2 expression in primary human ECs, the SV40
promoter in the pcDps backbone of the previously described expression vector [12] was
replaced with the human cytomegalovirus (CMV) immediate early promoter and enhancer.
Therefore, a 1.4 kbp Sca I/Eco RV fragment from pcDNA3.1/myc-His(-)C (Thermo Fisher
Scientific, Dreieich, Germany) containing part of the ampicillin resistance gene and the
CMV promoter/enhancer was isolated and inserted into the backbone of the pcDps-based
expression vector cut with Sca I and Stu I using the Blunt/TA Ligase Master Mix (New
England Biolabs, Frankfurt, Germany). The identity of the newly created expression
vector was verified by restriction analysis. Complete plasmid sequences are available
upon request.

2.3. Transient Transfection of ECs

Transient transfections of ECs were performed with Effectene (Qiagen, Hilden, Ger-
many). In detail, cells were transfected on 6 cm culture dishes with 2.5 µg plasmid DNA,
20 µL Enhancer, and 25 µL Effectene in 150 µL buffer; subsequently, 1 mL cell culture
medium was added. For transfections of luciferase reporter plasmids, 0.25 µg of these were
used and made up to 2.5 µg with either an empty vector or the ADGRL2 expression vector.
For transfections in 6-well culture plates, 1 µg plasmid DNA, 8 µL Enhancer, and 10 µL
Effectene in 100 µL buffer were used; subsequently, 300 µL medium were added.

2.4. Generation of Sequence Logos

The ARE sequence logo was generated using WebLogo 3 (https://weblogo.threeplusone.
com/, accessed on 10 October 2024 [13]) using the matrix profile for the human NRF2-binding
site (MA0150.1) from JASPAR 2024 [14].

2.5. Migration Assay

The migration of ECs was quantitated by the scratch wound assay; therefore, the cells
were cultivated on 6 cm dishes. Before a wound was set by scraping off a section of the
monolayer with a sterile disposable rubber policeman, the bottom of the dishes was labeled
with a trace line indicating the wound position. After setting the injury, detached cells
were removed by a gentle washing step with culture medium, and 20 h later, the cells
were fixed with 4% (w/v) formaldehyde for 15 min at room temperature and stained with
500 ng/mL 4′,6-diamidino-2-phenylindole (DAPI) (Carl Roth, Karlsruhe, Germany) in PBS,
and microscopic pictures were taken using a Zeiss Axio Observer 7. The cells, which had
migrated into the wound from the trace line, were automatically counted using the particle
analysis feature of ImageJ [15] after watershed separation of overlapping nuclei.

2.6. Immunoblotting

Cells were harvested by detaching them from the culture surface with a rubber po-
liceman followed by centrifugation at 800× g. After washing the cells twice with ice cold
PBS, the supernatant was completely removed. The pelleted cells were resuspended in
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1%
(v/v) IGEPAL-CA630, 0.1% (w/v) SDS, and 0.5% (w/v) Na-deoxycholate) supplemented
with 1/100 volume of a protease inhibitor cocktail and phosphatase inhibitor cocktail
(Bimake, Munich, Germany). The cell suspension was placed on ice for 30 min for lysis,
before the lysates were centrifuged at 18,000× g and 4 ◦C for 15 min. The supernatants
containing the cellular proteins were transferred to a fresh tube. Proteins were separated
by standard sodium-dodecyl-sulfate polyacrylamide gel electrophoresis and blotted onto
polyvinylidene difluoride membranes by wet transfer. The membranes were blocked with
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5% (w/v) milk powder in TBS (200 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 100 mM KCl)
with 0.1% (v/v) Tween-20 (TBS-T) for 1 h at room temperature before they were incubated
with primary antibodies overnight at 4 ◦C. The following day, membranes were washed
three times with TBS-T and incubated with horseradish peroxidase-coupled secondary anti-
bodies for 2 h at room temperature. Detection was performed using ECL substrate (Cytiva,
Marlborough, MA, USA) and X-ray films. Semi-quantitative analyses were performed on
scanned X-ray films using ImageJ 2.9.0. [15]. All antibodies used for immunoblotting are
listed in Supplementary Table S1.

2.7. Immunostaining

ECs were seeded on acidified glass slides in 6-well culture plates and transfected as
described under Section 2.3, and 5 h after transfection, the cells were treated as indicated,
and 20 h later, they were fixed with 4% (w/v) formaldehyde for 15 min at room temperature.
This was followed by a blocking/permeabilization step with 3% (v/v) normal goat serum
(Sigma-Aldrich, Deisenhofen, Germany) diluted in PBS containing 0.3% (v/v) Triton X-100
for 15 min at room temperature. Then, cells were incubated with primary antibodies
overnight at 4 ◦C and subsequently washed three times with PBS. After that, they were
incubated with Alexa Fluor-coupled secondary antibodies for 1 h at room temperature.
Nuclei were counterstained with DAPI (500 ng/mL) (Carl Roth, Karlsruhe, Germany) in
PBS for 5 min at room temperature. Finally, cells were mounted with ProLong Diamond
Antifade Mountant (Thermo Fisher Scientific, Dreieich, Germany). Images were taken
using Zeiss Axio Observer 7 (magnification 400× or 200×), and pixel intensities were
measured with ImageJ 2.9.0. [15]. All antibodies used for immunostaining are listed in
Supplementary Table S2.

2.8. Luciferase Assay

The day after transfection, the cells were lysed with Reporter Lysis Buffer (Promega,
Mannheim, Germany) according to the manufacturer’s instructions. Identical amounts
of cellular protein were made up to 30 µL with Reporter Lysis Buffer, and luciferase
activity was measured by the automatic injection of 100 µL Luciferase Assay Reagent
(Promega, Mannheim, Germany) using a LB 960 CENTRO XS3 Luminometer (Berthold,
Bad Wildbad, Germany).

2.9. Proximity Ligation Assay

Up to the incubation with the primary antibodies, all steps were identical to the
procedures described under Section 2.7. Immunostaining. After overnight incubation at
4 ◦C with the primary antibodies, cells were treated with the components of the Duolink
In Situ detection kit (Sigma-Aldrich, Deisenhofen, Germany) according to the manufac-
turer’s instructions. The actin cytoskeleton was stained with Phalloidin CF488A (1:70)
(Biotium/Biomol, Hamburg, Germany) for 20 min at room temperature; nuclei were
stained with DAPI (500 ng/mL) (Carl Roth, Karlsruhe, Germany) in PBS for 5 min at room
temperature. The primary antibodies were the same as for immunostaining and are listed
in Supplementary Table S2.

2.10. C. elegans Maintenance and Strains

C. elegans were maintained at 22 ◦C on nematode growth medium (NGM) agar plates
seeded with E. coli OP50 according to standard methods [16]. Experiments were performed
at 22 ◦C unless stated otherwise. Wild-type worms were C. elegans var. Bristol strain N2 [16],
and lat-2(knu505(8932 bp deletion)) II was generated by NemaMetrix Inc. (Eugene, OR, USA)
using CRISPR/Cas9 genome editing deleting the entire lat-2 coding sequence.

2.11. Lifespan Measurements

Synchronized L4 hermaphrodites were transferred to fresh plates daily during the
reproductive period and every third day thereafter. Nematode viability was assessed every
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2–3 days. An individual was considered dead if there was no movement or response to
touch. Those that died from rupture, internal bagging, or were missing were censored from
the data.

2.12. Brood Size Assays

L4 hermaphrodites were placed separately on NGM agar plates seeded with E. coli
OP50 and allowed to lay eggs. The individuals were transferred to a fresh plate every
24 h until egg-laying ceased, and eggs were counted. Plates were incubated at 22 ◦C. To
determine survival to adulthood, the number of adult animals was scored 48 h after the
mother was removed.

2.13. ROS Quantification in C. elegans

To study ROS levels in nematodes under normal, as well as stress, conditions, ROS
were quantified using H2DCF-DA (Thermo Fisher Scientific, Dreieich, Germany), which
readily permeates cell membranes. Bleach-synchronized L4 + 1-day-old nematodes were
washed off plates, collected, washed three times with M9 to remove bacteria, and exposed to
either 100 µM juglone (in ethanol, prepared fresh before every assay) or vehicle-only (0.9%
ethanol) conditions for 1 h in PBS-Tween20 (0.1%) (PBS-T). Worms were washed three times
with PBS-T and freeze-cracked once in liquid nitrogen. Sonication was applied for 1 min to
disrupt cellular membranes followed by centrifugation at 21,000× g for 15 min. Protein
amounts were determined with a Bradford assay using RotiQuant (Carl Roth, Karlsruhe,
Germany). Subsequently, 50 µL of supernatant was added to a black, clear-bottom 96-well
plate, and 50 µL 100 µM H2DCF-DA was added. Samples were mixed and incubated
for 30 min, followed by a 2 h kinetic measurement of the fluorescence levels (excitation:
485 ± 25 nm, emission: 535 ± 20 nm). The ROS levels were quantified by subtracting end
measurement values from the starting values and normalizing for nematode quantity based
on the protein concentrations determined by the Bradford assay.

2.14. Isolation of Total RNA

Total cellular RNA from ECs was isolated as previously described [17]. In detail, TRIzol
(Thermo Fisher Scientific, Dreieich, Germany) was used to extract total RNA from ECs
according to the manufacturer’s instructions. Further purification of RNA was achieved by
using the RNeasy Mini kit (Qiagen, Hilden, Germany), and concentrations were measured
using a NanoDropTM 2000c (Thermo Fisher Scientific, Dreieich, Germany). RNA integrity
and purity were analyzed by agarose gel electrophoresis. Nematode RNA was isolated by
washing young adult nematodes off NGM plates and washing thrice with M9 buffer. The
worms were subsequently resuspended in 200 µL TRI Reagent (Thermo Fisher Scientific,
Dreieich, Germany) and snap-frozen in liquid nitrogen, followed by freeze–thawing three
times. RNA was isolated using the Direct-zol RNA MiniPrep kit (Zymo Research, Freiburg,
Germany) according to the manufacturer’s instructions and checked for integrity by agarose
gel electrophoresis.

2.15. cDNA Synthesis

RNA from ECs was reverse-transcribed using the QuantiTect Reverse Transcription kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. cDNA synthesis
from C. elegans samples was performed using the Luna Script RT Master Mix with Oligo
d(T)23 VN primers (both New England Biolabs, Frankfurt, Germany). A total of 500 ng of
RNA was transcribed into cDNA following the manufacturer’s instructions.

2.16. Polymerase Chain Reaction (PCR)

The transcript levels in ECs were determined by semi-quantitative real-time PCR
with cDNA as template and the primaQUANT 2× qPCR-SYBR-Green-Master Mix (Stein-
brenner, Wiesenbach, Germany); the transcript for the ribosomal protein L32 (RPL32) was
used for normalization. Thermal cycling was performed in a Rotor-Gene Q instrument
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(Qiagen, Hilden, Germany). Relative expression was calculated by the ∆Ct method [18].
Homogeneity of the reaction products was analyzed by melting point analysis, and their
size was confirmed by standard agarose gel electrophoresis. Transcript levels of target
genes from nematode samples were determined by qPCR using the Luna Universal qPCR
Master Mix (New England Biolabs, Frankfurt, Germany) according to the manufacturer’s
instructions. cDNA from each sample was diluted 1:10 with nuclease-free water, and 2 µL
of this diluted cDNA was used in each qPCR reaction. To normalize the gene expression
levels, the housekeeping genes act-1, cdc-42, pmp-3, eif-3.c, and tba-1 were used. Ct values of
these housekeeping genes were averaged to provide a robust normalization factor. Rela-
tive quantification of target gene expression was carried out using the ∆∆Ct method, as
described by [19]. For the primer sequences, see Supplementary Table S3.

2.17. Statistics

The number of experiments (n) represents independent biological replicates. The data
presented are the mean ± SEM. Normal distribution was confirmed by the Shapiro–Wilk
test, and homogeneity of the variances (from means) was verified by Levene’s test. Since
all data sets represented normal distribution, the multiple comparisons were performed
using one-way ANOVA with post hoc Tukey LSD test or two-way ANOVA with post
hoc Bonferroni test (for C. elegans ROS assays) or Student’s t-test (for C. elegans assays).
C. elegans lifespan analyses were displayed as Kaplan–Meier curves and a Cox–Mantel test
was performed to test for significance. Details are given in the respective figure legends.

3. Results
3.1. ADGRL2 Expression Is Reduced in ECs in Response to LPS

To investigate the effects of LPS on ADGRL2 expression in ECs, we first treated primary
human ECs with 150 ng/mL active LPS or detoxified LPS as the control. As shown in
Figure 1, ADGRL2 expression was significantly reduced in response to LPS.
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Figure 1. LPS downregulates ADGRL2 expression in primary human ECs. ECs were treated for 20 h
with 150 ng/mL active LPS (LPS) or detoxified LPS as the control (con). Expression of ADGRL2 was
determined by semi-quantitative real-time PCR. RPL32 was used for normalization (data are the
mean ± SEM, n = 4, * p < 0.05 vs. con, unpaired, two-sided Student’s t-test).

We had previously published that LPS induces activation and apoptosis [17] and re-
duces the migratory capacity of ECs [20]—all of them hallmarks of endothelial dysfunction.
Based on the downregulation of ADGRL2, we hypothesized that its overexpression could
counteract LPS-induced dysfunctionality of ECs.

3.2. ADGRL2 Overexpression Inhibits LPS-Induced EC Activation, Apoptosis, and Preserves
Migratory Capacity

To study the impact of ADGRL2 on endothelial cell functions affected by LPS, we
generated an expression vector, which contained HA (N-terminus) and FLAG (C-terminus)-
epitope tags allowing the identification of the overexpressed protein. We then investigated
the effects of HA-ADGRL2-FLAG on EC activation, apoptosis, and migration. Therefore,
HA-ADGRL2-FLAG was expressed in ECs, and ECs were treated with 150 ng/mL LPS
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for 20 h. For EC activation, ICAM1 (Intercellular Adhesion Molecule 1), a typical marker,
was detected. As expected LPS induced an elevation in ICAM1 levels in empty vector
(EV) transfected cells. This upregulation was completely inhibited in cells in which HA-
ADGRL2-FLAG is overexpressed (Figure 2A,B).
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Figure 2. ADGRL2 prevents LPS-induced activation and apoptosis of ECs and enhances the mi-
gratory capacity. ECs were transfected with an expression vector for ADGRL2 or a corresponding
empty vector (EV). After transfection, the cells were treated for 20 h with 150 ng/mL active LPS
(LPS) or detoxified LPS as the control (con). (A,B) Cells were fixed and stained for ICAM1 (green)
and ADGRL2 (red), and nuclei were counterstained with DAPI. (A) Representative immunofluores-
cence staining (scale bars = 50 µm). (B) Semi-quantitative analysis of ICAM1 levels per cell (data
are the mean ± SEM, n = 4, * p < 0.05 vs. EV/LPS, one-way ANOVA with post hoc Tukey LSD
test). (C,D) HA-tagged ADGRL2 (HA(ADGRL2)), uncleaved (full-length Caspase-3), and cleaved
Caspase-3 were detected by immunoblot, and Src served as the loading control. (C) Representative
immunoblots. (D) Semi-quantitative analysis of relative amounts of cleaved Caspase-3 (data are the
mean ± SEM, n = 5, * p < 0.05 vs. EV/LPS, one-way ANOVA with post hoc Tukey LSD test). (E,F) The
migratory capacity was determined by scratch wound assays. Cell nuclei were stained with DAPI.
(E) Representative DAPI staining. Wounds were set at the dashed lines; right of the lines are the cells
that had migrated into them (scale bars = 100 µm). (F) Semi-quantitative analysis of migrated cells
per high-power field (HPF) (data are the mean ± SEM, n = 5–6, * p < 0.05 vs. EV/LPS, # p < 0.05 vs.
EV/con, one-way ANOVA with post hoc Tukey LSD test).

Next, we determined the effect of HA-ADGRL2-FLAG on apoptosis and used cleavage
of the effector Caspase-3 as the marker. As for ICAM1, LPS induced Caspase-3 cleavage
in EV transfected cells, whereas overexpression of HA-ADGRL2-FLAG blunted apoptosis
induction by LPS (Figure 2C,D).

Finally, we measured the migratory capacity of ECs, and 5 h after transfection, a
wound was set into the EC layer and cells were treated with LPS for 20 h. As shown in
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Figure 2, HA-ADGRL2-FLAG not only inhibited LPS-induced impairment in the migratory
capacity but also significantly improved migration when compared to EV transfected cells
(Figure 2E,F).

3.3. ADGRL2 Overexpression Counteracts the LPS-Induced Reduction in Endothelial NO
Synthase Activity

Activation and apoptosis induction, as well as the impaired migratory capacity of
ECs, are all linked to reduced NO bioavailability. Thus, we next investigated the phos-
phorylation states of the eNOS as a surrogate marker for its activity. Phosphorylation of
serine 1177 (S1177) activates the enzyme, whereas phosphorylation of threonine 495 (T495)
inactivates it [21]. HA-ADGRL2-FLAG was expressed in ECs, and cells were again treated
with 150 ng/mL LPS. As expected, LPS reduced the phosphorylation of eNOS S1177 and
increased the phosphorylation of T495 (Figure 3), demonstrating a reduction in active eNOS
and, thereby, NO bioavailability. HA-ADGRL2-FLAG completely inhibited LPS-induced
dephosphorylation of eNOS S1177, as well as phosphorylation of eNOS T495 (Figure 3),
indicating the preservation of enzyme activity. Interestingly, the phosphorylation of eNOS
T495 was also reduced when compared to EV transfected cells treated with detoxified LPS
(Figure 3C). Thus, one could assume that overexpression of ADGRL2 already under basal
conditions increases NO bioavailability.
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Figure 3. ADGRL2 increases eNOS activity. ECs were transfected with an expression vector for
ADGRL2 or a corresponding empty vector (EV). After transfection, the cells were treated for 20 h
with 150 ng/mL active LPS (LPS) or detoxified LPS as the control (con). HA-tagged ADGRL2 (HA
(ADGRL2)), total eNOS (eNOS), and eNOS phosphorylated at serine 1177 (P-eNOS S1177) or at
threonine 495 (P-eNOS T495), respectively, were detected by immunoblot; in all cases, Src served as
the loading control. (A) Representative immunoblots; each blot is shown with its respective loading
control. (B) Semi-quantitative analysis of the ratio of eNOS phosphorylated at serine 1177 to the total
eNOS (data are the mean ± SEM, n = 8, * p < 0.05 vs. EV/LPS, one-way ANOVA with post hoc Tukey
LSD test). (C) Semi-quantitative analysis of the ratio of eNOS phosphorylated at threonine 495 to
total eNOS (data are the mean ± SEM, n = 5, * p < 0.05 vs. EV/LPS, # p < 0.05 vs. EV/con, one-way
ANOVA with post hoc Tukey LSD test).
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For a deeper understanding of the mechanisms underlying the effects of ADGRL2
on eNOS, it has to be noted that the binding of eNOS to Caveolin-1 inhibits its enzymatic
activity and, thus, NO production, whereas interaction with Heat Shock Protein 90 (HSP90)
enhances the activity of eNOS [22–25]. Therefore, we next investigated the role of ADGRL2
in eNOS binding to Caveolin-1 and HSP90 in ECs.

3.4. ADGRL2 Overexpression Reduces eNOS Interactions with Caveolin-1 and Enhances Binding
to HSP90

To determine potential changes in the interactions of eNOS with Caveolin-1 or HSP90,
we performed proximity ligation assays (PLAs) in ECs transfected with EV or HA-ADGRL2-
FLAG in the presence or absence of active LPS (Figure 4).
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S1177 and T495 (Figure 3), which indicated reduced activity. Interestingly, in cells 
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same lines, ADGRL2 maintained eNOS binding to HSP90 even after LPS treatment (Figure 
4, middle panels), again corroborating the phosphorylation data (Figure 3). Thus, this 
aGPCR maintains the NO bioavailability even under LPS treatment by supporting the 
interaction of eNOS with HSP90, thereby keeping eNOS active. 

In this context, it has to be noted that an increase in intracellular NO can lead to a 
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factor 2), the master regulator of antioxidative defense. This leads to stabilization of NRF2 
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Figure 4. ADGRL2 alters eNOS interactions with Caveolin-1 and HSP90. ECs were transfected
with an expression vector for ADGRL2 or a corresponding empty vector (EV). After transfection, the
cells were treated for 20 h with 150 ng/mL active LPS (LPS) or detoxified LPS as the control (con).
Interactions between eNOS and Caveolin-1 (CAV1, left panels) and between eNOS and Heat Shock
Protein 90 (HSP90, middle panels), respectively, were detected by a proximity ligation assay (green
dots). The cytoskeleton was stained with Phalloidin Alexa 594 (red), and nuclei were counterstained
with DAPI (blue). Negative controls, in which only one of the primary antibodies was used, are
shown in the right panels (scale bars = 50 µm).

From the PLA data in Figure 4, it is obvious that LPS increased the binding of eNOS to
Caveolin-1 and reduced its interactions with HSP90 in EV transfected cells. This is in perfect
accordance with the previous observations regarding eNOS phosphorylation at S1177 and
T495 (Figure 3), which indicated reduced activity. Interestingly, in cells overexpressing
ADGRL2, the interaction between eNOS and Caveolin-1 was markedly diminished when
compared to EV transfected cells. Moreover, ADGRL2 inhibited the LPS-induced increase
in eNOS–Caveolin-1 interactions (Figure 4, left panels). Along the same lines, ADGRL2
maintained eNOS binding to HSP90 even after LPS treatment (Figure 4, middle panels),
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again corroborating the phosphorylation data (Figure 3). Thus, this aGPCR maintains the
NO bioavailability even under LPS treatment by supporting the interaction of eNOS with
HSP90, thereby keeping eNOS active.

In this context, it has to be noted that an increase in intracellular NO can lead to a
dissociation of Kelch-like ECH-associated protein 1 (KEAP1) from NRF2 (NFE2-related
factor 2), the master regulator of antioxidative defense. This leads to stabilization of
NRF2 and nuclear translocation of this transcription factor. Active, nuclear NRF2, besides
reducing oxidative stress, has been shown to inhibit EC activation and apoptosis [26],
thereby contributing to proper EC functionality. Therefore, it is tempting to speculate that
the improved eNOS activity induced by ADGRL2 could lead to increased NRF2 activity.

3.5. ADGRL2 Overexpression Enhances NRF2 Activity

To investigate the effects of ADGRL2 on NRF2 activity, we first generated a NRF2-
dependent luciferase reporter vector by inserting a tandem antioxidant response element
(ARE), the binding site for NRF2, upstream of a minimal promoter containing only a
TATA box driving expression of firefly luciferase. As a specificity control, we generated
an identical vector in which bases within the AREs critical for NRF2 binding are mutated
(Figure 5A,B).
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These reporter plasmids were co-transfected with the HA-ADGRL2-FLAG 
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Figure 5. ADGRL2 activates endogenous NRF2 and protects against the LPS-induced loss of NRF2.
(A) Schematic depiction of luciferase reporter vectors. In all plasmids, expression of firefly luciferase
is driven by a minimal promoter derived from the herpes simplex virus thymidine kinase gene
containing only a TATA box. The plasmid p(ARE)2TATA-LUC contains two copies of a 41 bl long
antioxidant response element (ARE) from the murine Glutathione S-transferase alpha 1 gene promoter
directly upstream of the minimal promoter. In p(AREmut)2TATA-LUC, the core sequence of these
AREs is mutated to prevent the binding of NRF2. (B) Intact and mutated ARE. Shown is the sequence
logo of the core binding sequence of human NRF2 and the corresponding sequence in the ARE
of p(ARE)2TATA-LUC (AREwt); the mutated bases in p(AREmut)2TATA-LUC are shown in red
(AREmut). (C,D) ECs were co-transfected with the reporter vector containing intact (wt), mutated
(mut), or no AREs (–) and an expression vector for ADGRL2 or a or a corresponding empty vector
(EV). After transfection, the cells were treated for 20 h with active LPS (LPS) or detoxified LPS
as the control (con). (C) Luciferase activity was measured in cell lysates and is shown relative to
AREwt/EV/con, which reflects the basal endogenous NRF2 activity (data are the mean ± SEM,
n = 9–21, * p < 0.05 vs. AREwt/EV/con, # p < 0.05 vs. AREwt/EV/LPS, n.s. = not significant, one-way
ANOVA with post hoc Tukey LSD test). (D) Expression of HA-tagged ADGRL2 (HA (ADGRL2)) in
the co-transfections with p(ARE)2TATA-LUC was confirmed by immunoblot, and Src served as the
loading control.
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These reporter plasmids were co-transfected with the HA-ADGRL2-FLAG expres-
sion vector or the corresponding empty vector, and the cells were treated with LPS as
before. Then, luciferase activity as a direct readout for the transcriptional activity of NRF2
was measured (Figure 5C), and ADGRL2 overexpression was confirmed by immunoblot
(Figure 5D).

The comparison of the luciferase reporter vector without ARE and the two vectors con-
taining the intact and mutated AREs (Figure 5C, left three bars), respectively, demonstrated
the specificity of the reporter system. While the construct with the intact AREs, which
reflects basal endogenous NRF2 activity, yielded significantly higher luciferase activity
than the one without AREs, the base mutations in the mutated ARE resulted in luciferase
activity not different from the vector without AREs.

More importantly, LPS induced a complete loss of NRF2 activity in cells co-transfected
with the empty vector instead of the ADGRL2 expression vector. On the contrary, ADGRL2
overexpression had a striking effect on NRF2. Not only did it increase the basal NRF2
transcriptional activity nearly threefold but also protected the cells from complete loss upon
LPS treatment, indicating that ADGRL2 can boost antioxidative defenses in ECs through
the upregulation of NRF2 activity.

3.6. The Latrophilin Homolog LAT-2 Is Involved in the Control of Oxidative Stress in the Nematode
C. elegans

Latrophilins are evolutionarily highly conserved aGPCRs present in vertebrates and
invertebrates, raising the question of whether the function in the protection against oxida-
tive stress observed with mammalian ADGRL2 is conserved. In the nematode C. elegans,
two homologs, lat-1 and lat-2, exist, whereby no clear one-to-one homology between the
mammalian and the nematode homologs can be determined. Previous work indicates
though that, in terms of sequence, LAT-1 is most similar to ADGRL1 and also signals
through the same G proteins [27]. Thus, we focused our analysis for functional similarities
on LAT-2. Indeed, worm strain lat-2(knu505) (hereafter referred to as lat-2 mutant) lacking
the entire lat-2 coding sequence and therefore, being a null mutant, had significantly higher
levels of ROS than wild-type individuals (Figure 6A). This was the case for basal ROS
amounts, as well as for those produced after stress induction using juglone, suggesting that,
in the absence of the receptor, nematodes either produce more ROS or display a reduced
ROS defense.

In order to gain further insights into this potential role of LAT-2 in oxidative stress
defenses, we analyzed the expression of genes involved in stress protection or control of
ROS: nuo-6 and isp-1 that code for mitochondrial proteins [28]; the transcription factors
hsf-1 [29], skn-1 (homolog of NRF2), and daf-16 (FOXO homolog) [30]; daf-2, which encodes a
receptor upstream of DAF-16; and the aging-related genes age-1 [31] and sir-2.1 [32]. Most of
these genes were differentially expressed in lat-2 mutants (Figure 6B). Therefore, especially
the ROS-protective gene skn-1 [30] was significantly downregulated compared to the wild-
type controls, which is consistent with the upregulation of NRF2 after overexpression of
ADGRL2 observed in human ECs (Figure 5C).

Oxidative stress damage can severely affect the lifespan of C. elegans [30], and in-
deed, lat-2 mutant nematodes display a significantly reduced lifespan (Figure 6C), further
highlighting that LAT-2 has conserved protective functions across species. In order to
exclude the possibility that the effect of lat-2 deficiency on the lifespan is a secondary
effect caused by, e.g., developmental defects, the brood size and survival to adulthood
were determined. Both appeared to be indistinguishable from the wild-type individuals
(Supplementary Figure S1).
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Figure 6. Nematodes lacking the latrophilin homolog lat-2 show increased ROS levels, altered
expression of stress-related genes, and reduced lifespans. (A) The ROS levels are increased in lat-
2(knu505) individuals, both under normal conditions and after exposure to juglone. Worms were lysed
after a 1-h treatment with 100 µM juglone (jug), incubated with H2DCF-DA, and DCF conversion was
measured over a 2-h period. Control samples (con) were treated with ethanol instead of juglone (data
are the mean ± SEM, n = 3, with 5 replicates per n, * p < 0.05 vs. wild-type/con, # p < 0.05 vs. wt/jug,
two-way ANOVA with post hoc Bonferroni test for comparing multiple groups). (B) Expression of
stress-related genes in lat-2(knu505) hermaphrodites. Expression of single genes was determined by
semi-quantitative real-time PCR and normalized to the geometric mean of the reference genes act-1,
cdc-42, pmp-3, eif -3.c, and tba-1 and is shown relative to wild-type animals (data are the mean ± SEM,
n = 3, with 3 replicates per n, * p < 0.05 vs. wt, unpaired, two-sided Student’s t-test. (C) lat-2(knu505)
nematodes have a significantly reduced lifespan (Cox–Mantel test, p < 0.0001). The median survival
is 16 days for lat-2(knu505) hermaphrodites and 23 days for wild-type individuals (p < 0.001). n ≥ 200
in 4 independent experiments.

4. Discussion

The major findings of the present study are the protective functions of ADGRL2 in
endotoxemia-induced endothelial dysfunction, including increased eNOS activity and up-
regulation of antioxidative defense systems. The latter function is evolutionarily conserved,
as C elegans lacking the latrophilin homolog LAT-2 have increased ROS levels and reduced
the lifespan.

Our data demonstrate that, in primary human ECs, ADGRL2 preserves or even
increases eNOS activity by shifting the binding of eNOS from Caveolin-1 to HSP90, re-
sulting in decreased phosphorylation of T495 and the maintenance of phosphorylation
of S1177 within eNOS. Interestingly, Human Cell Map (https://humancellmap.org (ac-
cessed on 13 October 2024)), a publicly available resource based on the characterization
of the spatial organization of the proteome in HEK293 cells by BioID [33], lists an interac-
tion between Caveolin-1 and ADGRL2. Thus, it is tempting to speculate that an increase
in ADGRL2 in ECs sequesters Caveolin-1 by a direct interaction, making it unavailable
for interactions with eNOS. In addition, there might be other mechanisms involved in
eNOS activation through ADGRL2. It has been shown that Gαi2, one of the G proteins
required for ADGRL2 signaling in ECs [7], is required for eNOS activation induced by
dehydroepiandrosterone [34]. Taken these findings together, ADGRL2 seems to improve
endothelial functionality not only by signaling via Gαi2 but also by changing the binding
partners of eNOS.

The increased activation of eNOS induced by AGDRL2 results in protection against
EC activation and apoptosis, as well as in maintenance of the migratory capacity. These
diverse functions can be explained by an enhanced NO bioavailability induced by AD-
GRL2. It has been demonstrated that, in Caveolin-1-deficient mice, eNOS is more active,
and the NO bioavailability is increased, resulting in the inhibition of LPS-induced ICAM1
expression [35]. This is in line with our data that ADGRL2 overexpression, on the one hand,
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leads to more active eNOS, most likely due to the reduced interaction between eNOS and
Caveolin-1, and, on the other hand, completely inhibits LPS-induced ICAM1 upregulation
and EC activation. With respect to apoptosis protection by ADGRL2, it has been demon-
strated that S-nitrosation of Caspase-3 leads to its inactivation of ECs [36,37], resulting in a
decreased apoptosis rate. Another important feature of ECs is their capacity to migrate,
which is required when the monolayer is disrupted to preserve the endothelial barrier.
Notably, the migratory capacity of ECs, another hallmark for their proper functionality,
also depends on NO [38]. Taken together, these effects on the cellular level might be due to
ADGRL2-mediated protection against the LPS-induced loss of eNOS activity.

Interestingly, not only Caspase-3 is S-nitrosated by NO in ECs. This modification
of KEAP1 facilitates its dissociation from NRF2 and thereby contributes to the nuclear
accumulation of NRF2 [26]. With our NRF2-dependent luciferase reporter system, we found
that LPS treatment significantly reduced NRF2 activity in ECs. Moreover, in accordance
with the positive effect of ADGRL2 on eNOS activity observed here, we also demonstrated
that ADGRL2 significantly activates NRF2 in untreated ECs and completely restores NRF2
activity in LPS-treated cells. These data suggest that ADGRL2 leads not only to enhanced
NO bioavailability but also to reduced oxidative stress due to NRF2 activation.

To address the question whether the protection against oxidative stress and the regula-
tion of NRF2 by ADGRL2 exists across species, we investigated the role of the latrophilin
homolog LAT-2 in the nematode C. elegans using a LAT-2-deficient strain. ROS levels in
the lat-2 mutant worms were already increased under normal maintenance, as well as after
treatment with the ROS generator juglone. These data indicate that, in the absence of LAT-2,
nematodes either produce more ROS or do not cope with the radicals well. In line with
these results, expression of the genes involved in protection from oxidative stress is altered
when LAT-2 is lacking. Thereby, most of the analyzed genes are downregulated, especially
the ROS-protective gene skn-1 [30], which is a homolog of mammalian NRF2. Although
C. elegans does not have a vasculature, several mechanisms to protect from oxidative stress
are conserved between mammals and the worm [39]. The function of SKN-1 is very similar
to that of NRF proteins in response to oxidative stress, and skn-1 is required for oxidative
stress resistance and also longevity [40]. Its downregulation can indicate a reduced stress
response in lat-2 mutants, which could be one explanation for the increased ROS levels. This
points towards a role of LAT-2 in the protection against oxidative damage like ADGRL2.
Oxidative stress can result in a reduced lifespan [41], as is also the case for lat-2 mutants.
Thus, our C. elegans data are consistent with the positive impact of ADGRL2 on NRF2
in ECs.

It has to be noted that C. elegans harbors two latrophilin homologs, lat-1 and lat-2.
No information exists whether LAT-1 also has a function in the control of or protection
against oxidative stress. Worms lacking LAT-1 display a plethora of phenotypes such
as developmental arrest, only a very small number of individuals reach adulthood, and
these have a reduced brood size and neurological defects [42,43]. Thus, delineating a
potential role of LAT-1 in oxidative stress is challenging, as such effects, if present, might
be secondary. This is in contrast to LAT-2, as the mutant worms seem not to have any
developmental defects.

Future analyses will need to clarify whether LAT-2 in C. elegans, as well as ADGRL2 in
primary human ECs, also have effects on aging and cellular senescence, respectively. As for
C. elegans, the reduced lifespan of lat-2 worms can be well explained by increased oxidative
stress but might also have an age-related contribution. As for the primary ECs, the positive
effects of ADGRL2 on eNOS and NRF2 activation points towards a protective role against
cellular senescence induction.

5. Conclusions

In conclusion, ADGRL2 has protective effects across species. An increase in the
ADGRL2 levels improves endothelial functionality, and this aGPCR could therefore be a
promising therapeutic target for the treatment of sepsis to protect the endothelium and,
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thus, to restore endothelial cell integrity. Moreover, it seems to be of interest for the elderly
population to determine whether potential protective functions of ADGRL2 also exist in
aging and senescence.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cells13221826/s1: Figure S1: lat-2(knu505) nematodes do not
show any defects in brood size and survival to adulthood. Table S1: Antibodies used for immunoblots.
Table S2: Antibodies used for immunostaining and PLA. Table S3: Primers used for semi-quantitative
real-time PCR.
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6 Discussion 

Within cellular and wider organismal functioning, proper propagation of signals received 

from extracellular stimuli is essential. aGPCRs have been described as transducer molecules 

of stimuli in many different scenarios. Unusual for GPCRs, aGPCRs can realize molecular 

functions in a variety of manners: in addition to canonical G protein signaling, they are capable 

of mediating trans/N terminus-only/7TM independent functions, as well as cell-cell and cell-

matrix adhesion.   

Especially the N terminus-only function is highly intriguing leading to the ultimate question 

of how an aGPCR integrates different functions. However, this function is also only poorly 

understood, as it does not rely on G proteins, yet it can have a large variety of physiological 

consequences (reviewed by 31). Due to this almost complete lack in mechanistic 

understanding, in vitro approaches to study the N terminus-only function of aGPCRs are 

difficult to design and not very informative.  

The work presented in this thesis uses the nematode C. elegans to study the physiological 

and molecular effects of the N terminus-only functions of the aGPCR Latrophilin in vivo. For 

this purpose, several biological processes in which the Latrophilin homolog LAT-1 plays an 

essential role were identified, which are all confined to reproduction. We found N terminus-only 

functionality in sperm guidance, germ cell apoptosis as well as oocyte health and ovulation 

rate, indicating that LAT-1 plays an integral part in overall C. elegans reproductivity, driving 

brood size using the long N terminus.  

Once clear functionality of the LAT-1 N terminus was determined, we sought to investigate 

how LAT-1 mechanistically affects the germline. For this purpose, we identified an influence of 

LAT-1 on the germline progenitor zone, with a reduction of the progenitor zone in lat-1 mutant 

animals. We found that LAT-1 likely modulates Notch activity in this tissue, which was 

corroborated by our finding that the LAT-1 N terminus is able to physically interact with LAG-2. 

To our knowledge, this is the first time a direct connection of aGPCRs to Notch signaling has 

been identified.  

79



 
 

Lastly, the research was extended towards the second Latrophilin homolog, LAT-2. In this 

thesis, we identified a physiological role of LAT-2 towards protection against ROS, affecting 

nematode lifespan. These initial physiological roles are a starting point on which mechanistic 

studies can be based in future research.   

6.1 Notch and aGPCRs: a conserved mechanism uncovered?  

This thesis describes the first detailed instance of an aGPCR modulating Notch signaling, 

down to mechanistic insight (chapter 4) 66. We have shown how LAT-1 interacts with the Notch 

ligand LAG-2, modulating the progenitor zone in C. elegans. Cross-talk between aGPCRs and 

conserved pathways has been shown before. A key example is the trans function of 

ADGRA2/GPR124, which was described in chapter 1.1.4.   

In other organisms, research has indicated ADGRL2 as a mediator of Notch activity in the 

context of fluid shear stress, in which the aGPCR acts again independent of its G protein 

signaling function 67, showing close similarity to our findings. Additionally, ADGRG6 has been 

implicated in affecting myocardial Notch activity in zebrafish 68. Both these findings add to our 

findings in C. elegans, hinting towards a broad implication of aGPCRs in Notch, which to date 

has been hinted towards, but never systematically studied. Therefore, it would be of high value 

if a systematic approach would be taken to screen aGPCR-mediated Notch modulation. The 

outcomes of such a study would provide numerous insights and clarify how aGPCRs and Notch 

are connected on a broader level, for example within cell types and organisms.  

Additionally, our data suggests that an in vitro interaction with Notch ligand APX-1 is also 

possible, indicating how a broader mechanism might be acting in C. elegans, strengthening 

the potential for a systemic study of aGPCR-modulated Notch signaling. Within C. elegans, it 

would be fascinating to more closely study Notch signaling in the embryo and vulva, since 

Notch plays key roles in these tissues (described in chapter 1.2.3), and LAT-1 is expressed in 

these tissues as well 16. Especially in the developing embryo, LAT-1 has essential functions in 

establishing cell polarity, but a ligand has not yet been identified.  
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Within the germline, a link between the lipoprotein VIT-3 and Notch has recently been 

proposed 69. This is fascinating, coming from the context that Vitellogenins have been identified 

by the Prömel lab as potential interactors with LAT-1 (unpublished data), linking towards a 

highly elaborate network of proteins that are able to affect Notch, in which aGPCRs might play 

a central yet poorly characterized role. Further research into Vitellogenins and their effect on 

LAT-1 would help in further elucidation.  

6.2 The role of alternative splicing to establish N terminus-only functions 

One key, unanswered question is how a single receptor is able to integrate cis and 

N terminus-only functions. Can an aGPCR mediate both functions as a single entity, or are 

there processes at work that generate separate entities for each function? A logical avenue is 

NTF-CTF dissociation due to receptor autoproteolysis. In the case of LAT-1, this seems to be 

unlikely however, since previous studies have found no discernible function for receptor 

cleavage 17. Another method in which different receptor variants can be generated is alternative 

splicing, which was speculated as a way for LAT-1 to fulfill its N terminus-only function in 

chapter 3 70. Alternative splicing allows for the generation of various distinct transcripts, with 

potentially varying functionality, of a single gene. Indeed, alternative splicing is very common 

for many aGPCRs 71,72. For LAT-1, a large number of variants were identified, including 

variants consisting solely of the N terminus, albeit at extremely low abundancies. However, 

taken together with the prominence of alternative splicing in aGPCRs, the hypothesis that N 

terminus-only functions are realized in this manner is tempting.  

To date, in vivo studies that couple a function to a specific aGPCR splice variant remain 

scarce. One study has shown that in the mouse hippocampus, alternative splicing of Lphn3 

results in a receptor with an altered C terminus, preferentially coupling to Gα12/13 instead of the 

conventional Gαs coupling, affecting synapse formation 73. Another recent study in Drosophila 

hypothesizes an interplay between the full-length version of Cirl and a 1TM version, generated 

as a result of intron retention 74, together acting in mechanosensory signal propagation. 

Interestingly, in both these studies the alternatively composed receptor coexists with the native 

receptor, however for Lphn3, the different variants have distinct roles, whereas for Cirl, the 
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1TM and 7TM variant are proposed to work together, physically binding to each other. 

Additionally, there are several recent works that show that splice variants at the C terminal tail 

of ADGRLs show modified arrestin recruitment or signaling via G proteins, progressing on the 

research on Lphn3 75,76, however, evidence of N terminus-only signaling mediated by splice 

variants does not yet exist.  

In order to study this question in more detail, one can exploit the findings in this thesis as 

an entry point. Knowing the existence and sequence of variants, one promising starting point 

would be determining where these variants are expressed in the nematode, either using tissue 

specific transcriptomics or by generating strains expressing reporters coupled to these 

transcripts. Additionally, knockouts of these variants could be made, or knockdown by either 

RNA interference (RNAi) or auxin inducible degradation (AID) could give hints towards their 

functionality on a temporal or spatial level 77,78. This would significantly contribute to the field 

of aGPCR signaling by providing novel contexts for splice variants, as well as potential new 

mechanistic insight into how these receptors can transduce signals in such a variety of 

manners, and is currently ongoing research.  

One important note is that alternative splicing and cleavage are not the only explanations 

how N terminus-only functioning can occur. Since it has been shown that N-C separation is 

not essential for cis signaling in some aGPCRs 30,79, and since it has been shown that 

abolishing autoproteolytic cleavage of LAT-1 does not affect either fertility or lethality 17, a likely 

hypothesis is that a full length receptor is able to both transduce cis and trans signals, without 

the need of specific variants existing for regulating trans signals. In this context, it would be 

valuable to study function-specific interaction partners, resulting in either a cis or a trans signal.  

Taken together, this thesis has described the enigmatic trans signaling capacity of LAT-1 

in thorough detail, exploiting the well-defined structure and properties of the C. elegans gonad 

to pinpoint trans signaling to specific phenotypes and cell types. Additionally, this thesis has 

significantly aided in the poorly understood field of aGPCR signaling, particularly in relation to 

Notch. To date, there were some undirect hints towards aGPCRs modulating Notch signaling, 

but no direct link has been characterized. We have provided evidence from phenotypic to 
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molecular level that show how an aGPCRs and a Notch ligand can interact physically, affecting 

Notch activity directly. This provides ample openings for additional research to shed light on 

how adhesion GPCRs and Notch act together in more detail, and how prevalent these 

interactions are within the aGPCR class.   

Additionally, this thesis provides new insights into the functions provided by LAT-2, 

opening up new avenues to find signaling mechanisms for this poorly characterized aGPCR, 

further advancing our knowledge of the physiological roles supplied by ADGRLs. 
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8 Supplementary material 

8.1 Supplementary material for ‘The N terminus-only (trans) function of the 
Adhesion GPCR Latrophilin-1 controls multiple processes in reproduction 
of C. elegans’ 
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SUPPLEMENTAL INFORMATION 

 

 

Figure S1. lat-1 nematodes display an impaired larval development. A synchronized L1 
population of nematodes was evaluated for progression through the larval stages up to 
adulthood at 8, 16, 24, 36, and 48 hours post-L1. While wild-type worms show a fast and 
synchronized progression, some lat-1 nematodes arrest in early larval stages. However, a small 
percentage of lat-1 mutants reach L4/adulthood at the same time as wild-type animals. Data 
from 4 independent experiments, n ≥ 700. 
 
 
 

 
 
Figure S2. The number of engulfments visualized by CED-1::GFP is increased in lat-1 
hermaphrodites. (a) Representative images of CED-1::GFP in wild-type and lat-1 
hermaphrodites. (b) Quantification of GFP shown in (a) reveals that the number of engulfments 
is increased in lat-1 hermaphrodites compared to wild-type nematodes. n ≥ 20 in 3 independent 
experiments. *** p < 0.001. 
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Figure S3. Exemplary gel picture of the 5’ rapid amplification of cDNA-ends with PCR 
(RACE-PCR). The RACE was performed with wild-type RNA with two different primers (lat-
1_1772R binding in exon 5 and lat-1_1773R binding to the exon 4/exon 5 junction) at three 
different annealing temperatures (65 °C, 63.1 °C and 60 °C). Every sample was used both 
undiluted (*) and diluted (1:20 in water) within the PCR and then separated on a 2% agarose 
gel containing ethidium bromide gel. Band sizes for variants are 516 bp/505 bp (arrow left) and 
around 635 bp (arrow right) depending on the selected primers. Other visible bands did not 
yield any product. 

 

Table S1. Sequences of primers used in the study.  

 

  

Primer Sequence 5'-3'
lat1_1080F TTGTTTGTGAGTTTTCGTTTTCGCCTTTATCTTGTTATTTGAATCCGAATCCCTATAGTGAGTCGTATTACATGGTCATA
lat1_1081R ATTGCTGCAGGATCTTTTCTACGGGGTCTGACGCTCAGTG 
lat1_1082F GATCCTGCAGCAATGCTTCCGAAAACCTCCGAGTTTTTCG 
lat1_1083R GCTACCAGAATCGTTTGGAGCAACGAATAAGTCGTTTTGTTACGTCGCATGCCGTTGAACAGATATAGAAGTTTGTGATT
lat1_1084F CTTAACTGTCAGATTTCAAAAAAAAAAGGA  
lat1_1085R CTGTAATTGTCTCATATTTTGATTTTAAAA 
lat1_1086F GATCCTGCAGCTTAACTGTCAGATTTCAAAAAA 
lat1_1087R GCTACCAGAATCGTTTGGAGCAACGAATAAGTCGTTTTGTTACGTCGCATCTGTAATTGTCTCATATTTTGATTTTAAAAGAGTAAACAC
lat1_1088F TTTGAATCCGAAAAAGTCTCAAAAAGCAAA
lat1_1089R AAAAGGCAAATTTGAAAAGTGTTGTTGGCT
lat1_1090F GATCCTGCAGTTTGAATCCGAAAAAGTCTCAAAAAGCAAA 
lat1_1091R GCTACCAGAATCGTTTGGAGCAACGAATAAGTCGTTTTGTTACGTCGCATAAAAGGCAAATTTGAAAAGTGTTGTTGGC
lat-1_1772R AACGTCCGAATTGAGGGCAT
lat-1_1773R TGAGGGCATCCTTTTGAGCC
lat1_1896F CAGCGGATAACAATTTCACAtgcattttattttagcaatttaatgg
lat1_1897R CTCCTTGCGTTCATCTTCATAACACCCCTTGTATTACTGT
lat1_1898F ACAGTAATACAAGGGGTGTTATGAAGATGAACGCAAGGAG
lat1_1921R acgcatcaaagatatggagaAGTTGAAACAGTTATGTTTGGT
lat1_1900F ATTTAAATTTTCAGGAGTAAtctccatatctttgatgcgt
lat1_1901R GGTTTTGGCGCGCCTTTAAAactgtcaaactttgagagattg
lat1_1902F atctctcaaagtttgacagtTTTAAAGGCGCGCCAAAACC
lat1_1903R aattgctaaaataaaatgcaTGTGAAATTGTTATCCGCTG

GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV
(V=A, C or G)

PCR Anchor Primer GACCACGCGTATCGATGTCGAC

Oligo d(T)-Anchor Primer
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Table S2. Raw FPKM values derived from StringTie deduced from (CHEN et al. 2015). 

Table S3. Accession numbers and mapping statistics for transcript analysis of lat-1 
variants.  

Transcripts
FPKM 

Sample1

%
(of all lat-1 
transcripts)

FPKM 
Sample2

%
(of all lat-1 
transcripts)

FPKM 
Sample3

%
(of all lat-1 
transcripts)

% 
(mean)

lat-1 
transcripts

all transcripts in samples 46.29 100% 52.30 100% 44.4995 100% 100%

Full-length 
complete

5,9,13,15,20,22,26,30 ADGRL1_wt_1.19 ADGR 43.75 94% 50.03 95.66% 42.23 94.90% 95.019% 95.02%

4 7 9 13 15 20 22 26 30 ADGRL1_wt_1.15 0.836475 1.81% 0.00 0.00% 0.00 0.00% 0.602% 2.29%
5 9 11 13 15 20 22 26 30 ADGRL1_wt_1.16_(mo) 0.459209 0.99% 0.00 0.00% 0.00 0.00% 0.331%
6 9 15 20 22 26 29 ADGRL1_wt_3.19_(mo) 0 0.00% 0.00 0.00% 0.38 0.84% 0.281%
8 11 13 14 20 22 26 29 ADGRL1_wt_3.12 0 0.00% 0.00 0.00% 0.09 0.20% 0.067%

8 11 15 20 22 26 30 ADGRL1_wt_1.28 
ADGRL1_wt_3.17 0.399316 0.86% 0.00 0.00% 0.57 1.28% 0.713%

8 15 20 22 26 30 ADGRL1_wt_1.36 0.37441 0.81% 0.00 0.00% 0.00 0.00% 0.270%

10 13 16 ADGRL1_wt_3.35 0.0000 0.00% 0.0000 0.00% 0.2254 0.51% 0.253% 1.50%
2 18 19 31 ADGRL1_wt_1.56 0.0615 0.13% 0.0000 0.00% 0.0000 0.00% 0.044%
6 9 11 13 15 20 22 27 ADGRL1_wt_2.2 0.0000 0.00% 0.2350 0.45% 0.0000 0.00% 0.225%
6 9 12 ADGRL1_wt_2.6 0.0000 0.00% 0.3024 0.58% 0.0000 0.00% 0.289%

8 11 13 16 ADGRL1_wt_2.5 
ADGRL1_wt_3.34 0.0000 0.00% 0.6791 1.30% 0.0353 0.08% 0.689%

8 11 15 20 22 27 ADGRL1_wt_2.3 0.000 0.00% 0.257 0.49% 0.000 0.00% 0.16% 1.21%
8 13 14 20 22 28 ADGRL1_wt_3.24 0.000 0.00% 0.000 0.00% 0.023 0.05% 0.02%
8 15 20 22 27 ADGRL1_wt_2.4 0.000 0.00% 0.518 0.99% 0.000 0.00% 0.33%
21 25 ADGRL1_wt_3.36 0.000 0.00% 0.000 0.00% 0.231 0.52% 0.17%
3 23 27 ADGRL1_wt_2.7 0.000 0.00% 0.207 0.40% 0.000 0.00% 0.13%
1 17 20 22 28 ADGRL1_wt_3.28 0.000 0.00% 0.000 0.00% 0.116 0.26% 0.09%
8 11 13 14 20 22 28 ADGRL1_wt_3.18 0.000 0.00% 0.000 0.00% 0.408 0.92% 0.31%

N terminus variants

Full-length variants

other variants

GEO Accession SRA run raw reads uniquely aligned raw reads [%]
GSM1862268 SRR2185654 2 x 57999404 94.52
GSM1862269 SRR2185655 2 x 40607164 94.76
GSM1862270 SRR2185656 2 x 49090847 94.62
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Table S4. Exon positions of lat-1 variants analyzed in this study. Given are the identified 
exons for the lat-1 gene (numbering refers to the reference C. elegans genome (WBcel235)).   
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Exon Chromosome Start End
1 II 8805410 8805979
2 II 8805628 8805979
3 II 8846108 8846118
4 II 8890831 8890855
5 II 8896750 8896987
6 II 8896839 8896987
7 II 8896841 8896987
8 II 8899797 8899984
9 II 8899798 8899984

10 II 8903278 8903494
11 II 8903388 8903494
12 II 8903300 8903521
13 II 8903607 8903719
14 II 8903832 8903929
15 II 8903844 8903929
16 II 8903844 8903930
17 II 8903913 8903929
18 II 8903916 8903929
19 II 8904012 8904492
20 II 8904012 8905264
21 II 8905967 8906846
22 II 8906060 8906846
23 II 8906575 8906846
24 II 8906914 8906981
25 II 8906915 8907289
26 II 8907152 8907287
27 II 8907152 8907288
28 II 8907152 8907289
29 II 8907725 8908630
30 II 8907725 8908636
31 II 8964794 8964892
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8.2 Supplementary material for ‘Notch activity is modulated by the aGPCR 
Latrophilin binding the DSL ligand in C. elegans’ 
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SUPPLEMENTARY INFORMATION 

Supplementary Figures and Figure Legends 

 

Supplementary Figure 1. LAT-1 affects germ cell proliferation at specific time points 
during very early adult stages, an effect that persists at different temperatures. (a)-(c) 
Gonads of lat-1 animals at different ages after L4 at 15°C stained with DAPI and anti-PH3 
antibody show differences compared to wild-type controls. (a) In lat-1 mutant gonads, the size 
of the progenitor zone is smaller than in wild-type controls at the age of L4 + 4 h to L4 + 12 h 
as well as L4 + 72 h. (b) Likewise, the number of PH3-positive germ cells at L4 +8 h to L4 + 
12 h and L4 + 48 h was significantly decreased in the progenitor zone of lat-1 hermaphrodites. 
(c) The mitotic index was significantly altered in lat-1 mutants only at L4 + 8 h and L4 + 48 h 
compared to wild-type levels. (d)-(f) The observed alterations in progenitor zone size (d), PH3-
positive germ cells (e), but not the mitotic index (f) in lat-1 gonads at the age of L4 + 8 h persist 
at 22 °C compared to 15 °C.  

Data are based on DAPI- and anti-PH3-stained gonads. n = 22 in 4 independent experiments. 
Graph raw data and p values are provided in the Source Data. Graph details and statistics are: 
Box plots with median (center), interquartal range, 5th (lower whisker) and 95th (upper whisker) 
percentiles. One-way ANOVA with Bonferroni post-hoc test (a)-(c). Two-sided unpaired t-test 
without multiple comparison correction (d)-(f).  
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Supplementary Figure 2. Gonads of lat-1, lag-2, and glp-1 single and double mutants 
and expression of Notch pathway components in lat-1 gonads. (a) Representative DAPI- 
and PH3-stained gonads of L4 + 8 h-old hermaphrodites carrying lat-1(ok1465), lag-2(q420), 
or glp-1(bn18) as well as of hermaphrodites harboring the double mutants lat-1(ok1465); 
lag-2(q420) or lat-1(ok1465); glp-1(bn18). These images formed the basis for the quantification 
of proliferative zone size (Fig. 2d) and PH3-positive germ cell numbers (Fig. 2e). (b), 
(c) Expression of lag-2 is not altered in lat-1 gonads. Representative images of the distal 
gonads of L4 + 8 h-old hermaphrodites expressing lag-2p::myr::gfp (b). These images were 
used to quantify lag-2 expression based on fluorescence intensity of the reporter in wild-type 
and lat-1 mutants (c). Wild-type: n = 27 in 4 independent experiments, lat-1: n = 23 in 4 
independent experiments. (d), (e) Expression of glp-1 in the gonads of lat-1 hermaphrodites, 
assessed using the GLP-1 NICD::V5 reporter glp-1(q1000[glp-1::4xV5]) is not different from 
that in wild-type individuals (d). Shown are exemplary images of distal gonads. Quantification 
of these images confirms that total glp-1 expression does not change in the absence of lat-1 
(e). Note that subcellular distribution of the reporter changes as described in Fig. 2f, g. Wild-
type: n = 31 in 6 independent experiments, lat-1: n = 28 in at least 4 independent experiments.  

Graph raw data and p values are provided in the Source Data. Graph details and statistics are:  
(c), (e): Box plots with median (center), interquartal range, 5th (lower whisker) and 95th (upper 
whisker) percentiles. Two-sided unpaired t-test without multiple comparison correction. n.s. = 
not significant. 
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Supplementary Figure 3. The morphology of the DTC is unaltered in lat-1 mutants. (a) 
Wild-type and lat-1 mutant DTC visualized by lag-2p::myr::gfp expression in 8-h-post-L4 
animals. The morphology of the lat-1 mutant DTC is largely intact compared to the wild-type 
DTC. The extension of the plexus over the proliferative zone is unchanged. (b) Quantification 
of images from (a). Cap as well as plexus lengths in lat-1 gonads are indistinguishable from 
those in wild-type animals. n.s. = not significant. Cap measurements: wild-type: 28 replicates 
in 4 independent experiments, lat-1: 23 replicates in 3 independent experiments. Plexus: wild-
type: 27 replicates in 4 independent experiments, lat-1: 22 replicates in 3 independent 
experiments.  
 

Graph raw data and p values are provided in the Source Data. Graph details and statistics are:  
(b): Box plots with median (center), interquartal range, 5th (lower whisker) and 95th (upper 
whisker) percentiles. Two-sided unpaired t-test without multiple comparison correction. n.s. = 
not significant. 
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Supplementary Figure 4. Contact map for the per residue energy contribution of wild-
type LAT-1 and LAG-2 interface. An energy breakdown based on the final energetically 
minimized Rosetta models of the AlphaFold2 Multimer model shows the average pairwise 
energetical contribution in Rosetta Energy Units (REU). REU are internal scoring units used 
by the Rosetta modeling software to estimate the energetic contribution of individual residues 
to the protein-protein interface. They are not equivalent to kcal/mol and should be interpreted 
comparatively. More negative values represent stronger stabilizing interactions. A negative 
number and darker color correlate with stronger energetical contribution between the 
extracellular regions of LAT-1 and LAG-2. Shown residues were selected by score, with a 
calculated binding energy higher than +0.2 REU or lower than -0.2 REU. 
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Supplementary Figure 5. Molecular Dynamics (MD) Simulations of the best ranked 
LAG-2/LAT-1 complex show stable LAG-2-GAIN interactions. (a) Root-mean square 
deviation (RMSD) traces of the simulated complex model. Opaque traces represent moving 
average over 50 ns for three independent trajectories colored in cyan, magenta and purple, 
with raw data shown transparent in the background. (b), (c) Flexibility of RBL (green) and GAIN 
(blue) protein domains relative to LAG-2 (orange) shown in snapshots overlaid with time-
dependent conformations every 100 ns shown as cartoon: The full complex trajectory with 
time-dependent GAIN conformations shows stable interaction regions (b) with a stable relative 
conformation of the RBL domain in the full complex (c).  
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Supplementary Figure 6. The residues comprising the binding interface of LAT-1 are 
conserved in Caenorhabditis species. (a) Top: Multiple sequence alignment of related 
Latrophilin 1 proteins in Caenorhabditis species, focusing on the interaction interface of the 
RBL domain with LAG-2. Residues essential for binding mutated in the course of the study are 
shaded in grey. Bottom: Sequence logo of the LAT-1 RBL domain shows residue conservation 
across various nematode species, with highly conserved positions represented by taller letters. 
(b) Top: Multiple sequence alignment of  Latrophilin 1 proteins in Caenorhabditis species, 
focusing on the GAIN interaction interface with LAG-2. Bottom: Sequence logo of the LAT-1 
GAIN domain indicates residue conservation across various nematode species, with highly 
conserved positions represented by taller letters. 
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Supplementary Figure 7. Characterization of NanoBRET and BiFC constructs. (a) Cell 
surface expression of lag-2, glp-1, apx-1, and lat-1 in HEK293 cells by ELISA displayed. 
Human P2Y12 served as positive control. The non-specific OD values are: empty vector 
(SV40p): 0.0072 ± 0.0042; empty vector (CMVp): 0.0075 ± 0.0040, P2Y12: 0.6564 ± 0.1511 
(set to 1). lag-2, glp-1, and apx-1 are under the control of the SV40 promoter and lat-1 is CMV 
promoter-driven. Number of independent experiments (all in triplicates): SV40p::apx-1: 3 
independent experiments; all other samples: 5 independent experiments. (b) Plots displaying 
netBRET values from the NanoBRET analyses of LAT-1 (LAT-1::Venus) and respective 
constructs carrying point mutations in RBL and/or GAIN domain with LAG-2 (Nluc::LAG-2) or 
APX-1 (Nluc::APX-1) in HEK293 cells over increasing amounts of transfected acceptor 
plasmid. The human hGLP1R::Venus served as negative control. Note that LAG-2 + hGLP1R 
shows a higher netBRETmax value due to the different orientation of this complex. Different 
BRET50 values reflect different protein-protein affinities. BRET50 values are stated for each 
donor:acceptor pair. All experiments were performed in technical quadruplicate. Independent 
replicates: LAG-2 + hGLP1R: 8, LAG-2 + LAT-1: 11, LAG-2 + LAT-1(RBLmut): 4, LAG-2 + LAT-
1(GAINmut): 6, LAG-2 + LAT-1(RBLmut GAINmut): 5, APX-1 + hGLP1R: 4, APX-1 + LAT-1: 6, 
APX-1 + LAT-1(RBLmut GAINmut): 3. (c) ELISA reveals an unaltered cell surface expression of 
lat-1(RBLmut GAINmut)::Venus mutants compared to unmutated LAT-1 in HEK293 cells. 
3 independent experiments for all plasmids, except Venus::lat-1 GAINmut (2 independent 
replicates), all performed in triplicate. (d) APX-1 and LAT-1 interact in vitro. NanoBRET assays 
indicate a similar affinity of APX-1 for LAT-1 as LAG-2. Introducing point mutations in RBL and 
GAIN domain reduces the affinity in a comparable manner to LAG-2 and LAT-1, indicating that 
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the same residues in LAT-1 are required to mediate the interaction. Number of independent 
replicates (each in quadruplicate): LAG-2 + hGLP1R: 8, LAG-2 + LAT-1: 11, LAG-2 + LAT-
1(RBLmut GAINmut): 10, APX-1 + hGLP1R: 4, APX-1 + LAT-1: 6, APX-1 + LAT-1(RBLmut 
GAINmut): 3. Corresponding netBRET values and curves are shown in (b). (e) Uncropped 
Western blots (related to Fig. 4d). Left: LAT-1 (V5-tagged, 81 kDa (autocatalytically cleaved)), 
LAG-2 (HA-tagged, 57 kDa), and mutated LAT-1(RBLmut GAINmut) (V5-tagged, 81 kDa 
(autocatalytically cleaved)). Right: reference protein actin (~42 kDa). Boxes indicate crops 
displayed in Fig. 4d. Western Blot was performed twice with 60-80 worms per sample.  

Graph raw data and p values are provided in the Source Data. Graph details and statistics are:  
(a), (c), (d): Mean ± SEM. One-way ANOVA with Bonferroni post-hoc test. n.s. = not significant.  
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Supplementary Tables and Table legends 

Supplementary Table 1. Reagents and resources 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and Virus Strains  
E. coli DH5α ThermoFisher Scientific 18258012 
E. coli OP50 CGC N/A 
Primary antibodies  
Rabbit anti-phospho histone H3 (Ser10)  Merck Millipore 06-570 
Mouse anti-V5 SV5-Pk1 BioRad MCA1360 
Anti-HA-peroxidase, High Affinity Sigma 54193500 
Secondary antibodies 
Goat anti-Rabbit IRDye 680RD-conjugated  LiCor 926-68071 
Goat anti-Mouse IgG (H+L), F(ab’)2 Fragment CF 568 Biotium 20109 
Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology 7074 
Goat Anti-Mouse IgG (H+L)-HRP Conjugate BioRad 1721011 
anti-Actin hFAB-Rhodamine BioRad 12004164 
Chemicals 
4,6 diamidine-2-phenylindole (DAPI) Sigma D9542 
Fluoromount G  ThermoFisher Scientific 00-4958-02 
Levamisole hydrochloride BLDpharm MFCD00012675 
Enzymes 

Alt-R S.p. HiFi Cas9 Nuclease V3, 100 µg Integrated DNA Technologies, 
Inc 1081060 

Critical Commercial Assays 
Click-iT EdU Alexa Fluor 488 Imaging Kit  ThermoFisher Scientific C10337 
Click-iT EdU Alexa Fluor 647 Imaging Kit  ThermoFisher Scientific C10340 

NEBuilder HiFi DNA Assembly New England Biolabs E2621L 

Zero Blunt TOPO PCR Cloning Kit ThermoFisher Scientific 450245 
Experimental Models: Cell Lines 

HEK293 
German Collection of 
Microorganisms and Cell 
Cultures (DSMZ) 

ACC 305 

HEK293T 
German Collection of 
Microorganisms and Cell 
Cultures (DSMZ) 

ACC 635 

Experimental Models: Organisms/Strains 
Caenorhabditis elegans strains, see C. elegans 
maintenance and strains and Table S3 This paper N/A 

Oligonucleotides 
See Supplementary Table 1 Sigma-Aldrich, IDT, Microsynth N/A 
Scientific instruments 
TCS SP8 STED 3X Leica   
Spark plate reader Tecan   
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Supplementary Table 2. Oligonucleotides used in this study 

Primer Sequence (5' -> 3') 
Bifc_1F CACAACATCGAGAGTTTAAACTAAGCGGCCGCAG
Bifc_2R CTGCGGCCGCTTAGTTTAAACTCTCGATGTTGTG
Bifc_3Fp GAATTCATCTCGAGATGGTGAGCAAGGGCGAGGAGCTGTTCACC
Bifc_4Rp GGTGGGCCCGCGGGTACAATTGCTAGCCAA
Bifc_5F AGGTTTAAACGCCGCCGCAGCAGCCAGCAACAAGCCGACAACGGATGAAAGTGGA

lat-1_881F GCCAATCTTTCCCTACTCTCCTCT
lat-1_1467Fp GGCGAAAGTTGGAGTAACAGTCAG
lat-1_1468Rp GCATGTACTGCCAGGACCTGGATTACAAGGATGACGACGATAAGTAAG
lat-1_1469Fp GCTCCATGGATGCGGCCGCAGGATCCAGACA
lat-1_1470Rp CGCTGCGGCAGCCTTGTACAGCTCGTCCATGC
lat-1_1473Fp ACGGTACCTCACTTATCATCGTCGTCCTTGT

lat-1_1474Rp TGAGGTACCGAGCTCGAATTCA
lat-1_1481F CTCGAGATGATCGCTTACTTCCTCTT
lat-1_1482R TCTCGAGCAGAAGAACGGCATCAAGGC
lat-1_1483Fp ACCTGCCTCCCAGTCCTCCAAGCCCAGAAGAACGGCATCAAGGC
lat-1_1483Fp TCGGTGGTAGGCTTGTTGCTGGCGTAGTCGGGGACGTCGT
lat-1_1484Rp GAGGAGTAAGAGGAAGTAAGCGATCATCTCGAGATGAATTCGGTGGG
lat-1_1484Rp ACGACGTCCCCGACTACGCCAGCAACAAGCCTACCACCGA
lat-1_1694Fp TCGTCGTCATCCTTGTAATCCAGGTCCTGGCAGTACATGC
lat-1_1695Rp TGAACGGCAGCTTCTACTGCGATTACAAGGATGACGACGATAAG

lat-1_1695Rp GCAATTGCATTCCCGTCAGCCGCTTTATG
lat-1_1700F TGCTGTTGCCTGTGACGACATCTTTATTTTGTGTG

lat-1_1703R TGGCGTCAGGCGGTGGAGGTCAAACATCTAGTAATGAGCAGCTC

lat-1_1708F TCTCCGCCCATCAGTTGGCTGGCGTAGTCGGGGACGTCGT
lat-1_1709R GCGTTTTTTGCGCCAATCGCCCAGAAGAACGGCATCAAGGC

lat-1_1709R ACGACGTCCCCGACTACGCCAGCCAACTGATGGGCGGAGA
lat-1_1712F TGAATTCGGTGGGCCCGCGGGTACAAT
lat-1_1713R GCTCCATGGATGCGGCCGCAGGATCCAGACA
lat-1_1714F CGCTGCGGCAGCCTTGTACAGCTCGTCCATGC
lat-1_1731Fp GCCTCCCAGTCCTCCAAGCCGACTACAAAGACGATGACGACAAGGCCGC
lat-1_1732Rp TCGTCATCGTCTTTGTAGTCGGCTTGGAGGACTGGGAG

lat-1_1819F TCGTCGTCATCCTTGTAATCGCAGTAGAAGCTGCCGTTCA

lat-1_1822R ACGTCGTAGGGGTAGCTGGCGATAGGGGCGAAG

lat-1_1852R GCTTTCTTCGCCCCTATCGCCTACCCCTACGACGTCCCCGAC

lat-1_1853F CAGCAGGATCAGCAGCACCCGCATGGTGGCGGTACCAGATCTCCCG

lat-1_1869Fp CCCCGACTACGCCCAACTGATGGGCGGAGAGTG

lat-1_1870Rp GCCCGGGGCCACCATGATCGCCTACTTCCTGCT
lat-1_1927Fp GAGTAAAATTAGAAGAACTCGCATCTCGAGATGAATTCGGTGGG
lat-1_1928Rp CTCGAGATGATCGCTTACTTCCTCTT
lat-1_2006Rp TCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGC
lat-1_2009Fp GCCTTGATGCCGTTCTTCTGCTTGTCGGCGGTGATATAGACGTT
lat-1_2036Rp GAGGTTCTGGTGGCGGAGGTTCTAGCAACAAGCCGACAACGGA

lat-1_2167F CGTGATTACAAGGATGACGATGACAAGAGACCTCGCCGTTTCACATACCTAC

lat-1_2168R TTCACACAGGAAACAGCTATGACCATTTATCCAGTTGAACTATTTACTCCAGGTGAC

lat-1_2169F CATCGATGCTCCTGAGGCTCCCGATGCTCCATCTGATGGGAAAACTTCAGTGAGC
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lat-1_2170R CGTGATTACAAGGATGACGATGACAAGAGACCTCGCCGTTTCACATACCTAC 

lat-1_2175F TTCACACAGGAAACAGCTATGACCATTTATCCAGTTGAACTATTTACTCCAGGTGAC 

lat-1_2176R TCTTGGTGAAACGGCGAGGATCTGA 

lat-1_2177F AAACTCAGATCCTCGCCGTTTCACC 

lat-1_2178R CACGCTGGCTCTTCCGTAGTTGCCCGCCACGATGCTGATCACTTTGC 

lat-1_2179F GCTGTCTGCCTGCCCGCTAACGCCATCGCGCCAAGCAACATCAACTGCCAG 

lat-1_2180R GACAGAGGCTCTTCCATAGTTTCCTGCGACAATCGAGATTACTTTTCCAGC 

lat-1_2240R GACAGAGGCTCTTCCATAGTTTCCTGCGACAATCGAGATTACTTTTCCAGC 

lat-1_2241F GCTGTTTGCCTTCCTGCCAATGCCATCGCTCCATCCAACATCAACTGCCAAAAC 

lat-1_2284F GCTGTTTGCCTTCCTGCCAATGCCATCGCTCCATCCAACATCAACTGCCAAAAC 

lat-1_2285R CTTGCCAGGCCTCCTGCAGCTAATCTAGAGGGCCCGTTTAAACCC 

lat-1_2402F TCGGGGACGTCGTAGGGGTACCTGCCCACCATCCCGAG 

lat-1_2403R TGCTCGGGATGGTGGGCAGGTACCCCTACGACGTCCCCG 

lat-1_2491F TGCAGCGGCTGACGGGAATGCAA 

lat-1_2492R TTTCCCTCTGCCGCCGCAGCTAACGGCCAAAATGTCGATAATG 

lat-1_2499F TAAACGGGCCCTCTAGATTAGCTGCAGGAGGCCTGGCAAGTGG 

lat-1_2500R TCCAGATTACGCTGCCGCCGCAGCAGCCCGAG 

lat-1_2501F CCCTGGGGGCGGGGGCCGGCTGAACCTCCTCCACCGGAGT 

lat-1_2502R ACTCCGGTGGAGGAGGTTCAGCCGGCCCCCGCCCCCAG 

lat-1_2503F ACATCGTATGGGTAGGCTTGGAGGACTGGGAGGC 

lat-1_2504R CTCCTCGGACTTGATAGCACCGCCGCCGCAGCAGCCATG 

lat-1_2505F TGGGTTAGGGATAGGCTTACCCTCGAGGGCGAAAGTTGGAGTAAC 

lat-1_2506R GGGGTCTGGTGAGCGGTGAGAAGGGCGAATTCTGCAGATA 

lat-1_2511F TGCGATAGCAGCGGTTGCTGCGCTAGACATCTTGATCTTGTG 

lat-1_2512R ACGTTGTAAAACGACGGCCAGTCGCCGGCAGTCGTTTGCCAGGGCTGTTG 

lat-1_2513F AGACTTTTGGACCGTGCGCCAAGGGCGAATTCCAGCACAC 

lat-1_2514R GTGTGCTGGAATTCGCCCTTGGCGCACGGTCCAAAAGTCT 
lat-1_2527F AGTTTAAACGCCGCCGCAGC 
lat-1_2528R CTCGATGTTGTGGCGGATCTTGAA 
lat-1_2529F GCGGCCGCCTAGACATAGTGACAGGCTG 
lat-1_2529F CGAGTAGAAGTCCATCAAGAGTTCAT 
lat-1_2530R ACCTGCCTCCCAGTCCTCCAAGCCCAGAAGAACGGCATCAAGGC 
lat-1_2530R GGCTTGGAGGACTGGGAG 

lat-1_2531F TCGTCGAGTGTAAGAGTTTCTCTCTGTCTGAAACATTCAATTGATTATC 

lat-1_2532R AAACTCAGATCCTCGCCGTTTCACC 

lat-1_2616R GGGGTCTGGTGAGCGGTGAGAAGGGCGAATTCTGCAGATA 

lat-1_2617F AGACTTTTGGACCGTGCGCCAAGGGCGAATTCCAGCACAC 

lat-1_2618R ACGACGTCCCCGACTACGCCATGGTGAGCAAGGGCGAGGA 

lat-1_2618R GCGAATGGGCAGAATGTTGATAATGTAAATATTC 

lat-1_2619F TCCTCGCCCTTGCTCACCATGGCGTAGTCGGGGACGTCGT 

lat-1_2619F GGTAGGCTTGTTGCTTGAACCTCCTCCACCGGAGTCGAGCGCTCGCCGAG 

lat-1_2628F CCAACTTTTCTTCTTTGCAGTTTGAATCCGAAAAAGTCTC 

lat-1_2629R TCGTCGAGTGTAAGAGTTTCAAAAGGCAAATTTGAAAAGTG 

lat-1_2630F GAGACTTTTTCGGATTCAAACTGCAAAGAAGAAAAGTTGGAAAAATAGAG 

lat-1_2631R CCAACTTTTCTTCTTTGCAGTTTGAATCCGAAAAAGTCTC 

lat-1_2632F GTGTGCTGGAATTCGCCCTTGGCGCACGGTCCAAAAGTCT 

lat-1_2633R GAGACTTTTTCGGATTCAAACTGCAAAGAAGAAAAGTTGGAAAAATAGAG 
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lat-1_2652F ACTGAGCCTCCGCCACCACTATTAGGCTGAGAGGGGTGGA 

lat-1_2653R TCCACCCCTCTCAGCCTAATAGTGGTGGCGGAGGCTCAGT 

lat-1_2654F TGCTCATTACTAGATGTTTGACCTCCACCGCCTGACGCCA 

lat-1_2655R GCTCGACTCCGGTGGAGGAGGTTCAAGCAACAAGCCTACCACCGATG 
lat-1_2691F GCGTAATCTGGAACATCGTATGGGTAGGCGATTGGCGCAAA 

lat-1_2691F TTGAATGTTTCAGACAGAGAGAAACTCTTACACTCGACGA 
lat-1_2692R GATCCATGGAGTCAACTTATGGGTGGA 

lat-1_2692R GAAAATGTATTTTCTTGCAGCTGCAAAGAAGAAAAGTTGG 
lat-1_2693F GAGGAGTAAGAGGAAGTAAGCGATCATCTCGAGATGAATTCGGTGGG 

lat-1_2693F ACTTTTCAAATTTGCCTTTTGAAACTCTTACACTCGACGAACA 
lat-1_2694R TGCCGCCGCAGCAGCCCAGAAGAACGGCATC 

lat-1_2694R TATCTGCAGAATTCGCCCTTCTCACCGCTCACCAGACCCC 
lat-1_2695F ACCTGCCTCCCAGTCCTCCAAGCCCAGAAGAACGGCATCAAGGC 

lat-1_2695F TCGTCGAGTGTAAGAGTTTCAAAAGGCAAATTTGAAAAGTG 
lat-1_2696R GAGGAGTAAGAGGAAGTAAGCGATCATCTCGAGATGAATTCGGTGGG 

lat-1_2696R ACTTTTCAAATTTGCCTTTTGAAACTCTTACACTCGACGAACA 
lat-1_2697F TGCCGCCGCAGCAGCCCAGAAGAACGGCATC 

lat-1_2697F TATCTGCAGAATTCGCCCTTCTCACCGCTCACCAGACCCC 
lat-1_2698R GCGTAATCTGGAACATCGTATGGGTAGGCGATTGGCGCAAA 

lat-1_2698R TTGAATGTTTCAGACAGAGAGAAACTCTTACACTCGACGA 
lat-1_2708F GATGCGGCCGCCTAGACATAGTGACAGGCTG 

lat-1_2708F CCAACTTTTCTTCTTTGCAGCTGCAAGAAAATACATTTTC 
lat-1_2709R GATGCGGCCGCCTAGACATAGTGACAGGCTG 

lat-1_2709R TCGTCGAGTGTAAGAGTTTCTCTCTGTCTGAAACATTCAATTGATTATC 
lat-1_2710F GATGCGGCCGCTTAACAGTAGAAGGAGCCAT 

lat-1_2710F GAAAATGTATTTTCTTGCAGCTGCAAAGAAGAAAAGTTGG 
lat-1_2711R GATGCGGCCGCATCGAGTAGAAGTCCATCAAGA 

p indicates 5' phosphorylation 
ssODN Sequence 

ssODN 1  
TAAACTCAGTTATCATAATAAGACAATGACGTCATGTGACTGTACTGCTCTCACACA
CTTCGCAGTACTGATGGATGTACGAGGACACGATCTGAATGAAATCGACCAAACGCT

TCTCAC 

ssODN 4 
ATTGTTTCCTGCATTATTCAAATTCGTTGCTGCCGTTTGTTTGTCGATATGGAAGAT
AAATACCGTTCTACTTTTGTTACAGAACTTTTTTTATTGTTAAAAAGTTTAATATAA

TTGCTC 

crRNA Sequence 
crRNA 2 UUCCAACUUUUCUUCUUUGC 

crRNA 5 ACAAAAGUAGAACGGUAAGA 

crRNA 6 UCGAUAUGGAAGAUAAACAA 

tracrRNA Sequence 
Alt-R CRISPR-
Cas9 tracrRNA N/A 
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Supplementary Table 3. Plasmids generated in this study 

Plasmid  Open reading frame Used for Worm strain 

pNF001 hsp-16.41p::HA::VC155::ala [NcoI and NotI 
restriction sites] Subcloning n.a. 

pNF002 hsp-16.41p::HA::VC155::ala [XhoI and EcoRI 
restriction sites] Subcloning n.a. 

pNF017 hsp-16.41p::lag-2sp::FLAG::ala::lag-2(1-
193)::VC155::lag-2(194-401) BiFC analysis 

APR771, 
APR834, 

APR841, APR842 
pSP188 hsp16.41p::lat-1sp::FLAG::VN173::ala::lat-1 BiFC analysis APR751 
pSP228 hsp16.41p::lag-2sp::VN173::lag-2 BiFC analysis APR739 
pSP229 hsp16.41p::glp-1sp::VC155::glp-1 BiFC analysis APR751 

pSP234 hsp16.41p::lag-2 Competition 
BiFC 

APR834, 
APR841, APR842 

pSP246 hsp16.41p::lat-1sp::FLAG::VN173::gly-ser::lat-1 BiFC analysis 
APR771, 
APR834, 

APR841, APR842 
pSP314 SV40p::glp-1sp::HA::glp-1::FLAG Surface ELISA n.a. 
pSP318 SV40p::lag-2sp::HA::lag-2::FLAG Surface ELISA n.a. 
pSP334 CMVp::lphn-1sp::HA::lat-1::FLAG Surface ELISA n.a. 

pSP359 SV40p::lag-2sp::HA::lag-2(18-193)::gly-
ser::Nluc::gly-ser::lag-2(194-401) BRET n.a. 

pSP360 CMVp::lphn-1sp::HA::Venus::lat-1::FLAG BRET n.a. 

pSP371 CMVp::lphn-1sp::HA::Venus::lat-
1[GAINmut]::FLAG BRET n.a. 

pSP392 CMVp::lphn-1sp::HA::Venus::lat-1[RBLmut 
GAINmut]::FLAG BRET n.a. 

pSP395 CMVp::lphn-1sp::HA::Venus::lat-
1[RBLmut]::FLAG BRET n.a. 

pSP396 CMVp::GLP1Rsp::HA::Venus::GLP1R BRET n.a. 

pSP403 hsp-16.41p::lag-2sp::HA::ala::lag-2(1-
193)::vc155::lag-2(194-401) BiFC analysis APR920, APR974 

pSP404 hsp16.41p::lat-1sp::V5::VN173::lat-1 BiFC analysis APR920 

pSP406 hsp16.41p::lat-1sp::V5::VN173::lat-1[RBLmut 
GAINmut] BiFC analysis APR974 

pSP427 CMVp::lag-2sp::HA::apx-1(21-191)::gly-
ser::Nluc::gly-ser::(192-515) BRET n.a. 
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Supplementary Table 4. C. elegans strains used in this study 

Strain Genotype Used for Source Reference 

Bristol N2 N/A 
Phenotyping assays 
(PH3, EdU), Western 

blot 
CGC 11 

APR873 lat-1(ok1465) II 

Phenotyping assays 
(PH3, EdU), Western 

blot, anus phenotyping, 
octanol assays 

CGC   

WD881 on172(rec-8::mNeonGreen) IV REC-8 analysis Brent Derry 9 

APR886 lat-1(ok1465) II; on172(rec-
8::mNeonGreen)IV REC-8 analysis This paper   

JH2874 
pgl-1(ct131) him-3(e1147) III; 

ozIs5 [gld-1::GFP + unc-
119(+)] 

GLD-1 analysis CGC 12 

APR756 
pgl-1(ct131) him-3(e1147) III; 

ozIs5 [gld-1::GFP + unc-
119(+)] (outcrossed 4x) 

GLD-1 analysis This paper   

JK1277 lag-2(q420) V 
Epistasis analysis, anus 

phenotyping, octanol 
assays 

CGC 13 

APR569 lat-1(ok1465) II; lag-2(q420) V 
Epistasis analysis, anus 

phenotyping, octanol 
assays 

This paper   

HA1019 osm-11(rt142) X. Octanol assays  14 

DG2389 glp-1(bn18) III Epistasis analysis CGC 15 

APR768 lat-1(ok1465) II; glp-1(bn18) III Epistasis analysis This paper   

JK5933 glp-1(q1000[glp-1::4xV5]) III 

Notch activation 
analysis, glp-1 

expression 
quantification 

CGC 16 

APR778 lat-1(ok1465) II ; 
glp-1(q1000[glp-1::4xV5]) III 

Notch activation 
analysis, glp-1 

expression 
quantification 

This paper   

APR868 
lat-1(apr1[lat-1[1-

581]::GFP^HygR]) II; glp-
1(q1000[glp-1::4xV5]) III 

Notch activation 
analysis This paper   

APR862 glp-1(q1000[glp-1::4xV5]) III; 
lag-2(q420) V 

Notch activation 
analysis This paper   

JK4475 qIs153 [lag-2p::MYR::GFP + 
ttx-3p::DsRed] V. 

DTC morphology, lag-2 
expression 

quantification 
CGC 17 

APR524 
lat-1(ok1465) II, qIs153 [lag-

2p::MYR::GFP + 
ttx-3p::DsRed] V. 

DTC morphology, lag-2 
expression 

quantification 
This paper   

APR739 aprEX301 [pSP228 pSP229 
pRF4] 

BiFC analysis, pSP228 
and pSP229 injected at 

3 ng/µL 
This paper   

APR751 aprEX304 [pSP188 pSP229 
pRF4] 

BiFC analysis, pSP188 
and pSP229 injected at 

1 ng/µL 
This paper   

APR771 aprEx309[pSP246 pNF17 
pRF4] 

BiFC analysis, pSP246 
and pNF017 injected at 

1 ng/µL 
This paper   
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APR834 
aprEx309[pSP246 pNF17 

pRF4]; aprEX341[pSP234 [50 
ng/µL] IR98 pBlueScript SKII] 

Competition BiFC, 
pSP234 injected at 50 

ng/µL 
This paper   

APR841 
aprEx309[pSP246 pNF17 

pRF4], aprEx342[pSP234 [5 
ng/uL], IR98 pBlueScript SKII] 

Competition BiFC, 
pSP234 injected at 5 

ng/µL 
This paper   

APR842 
aprEx309[pSP246 pNF17 

pRF4], aprEx343[pSP234 [10 
ng/uL], IR98 pBlueScript SKII] 

Competition BiFC, 
pSP234 injected at 10 

ng/µL 
This paper   

APR920 aprEx370[pSP403 pSP404 
pRF4] 

BiFC analysis, pSP403 
and pSP404 injected at 

15 ng/µL 
This paper   

APR974 aprEx384[pSP406 pSP403 
pRF4] 

BiFC analysis, pSP406 
and pSP404 injected at 

15 ng/µL 
This paper   

APR742 lat-1(apr1[lat-1[1-
581]::GFP^HygR]) II Phenotyping assays  

8 

APR867 
lat-1 (apr9 [lat-1 (1-

650)::eGFP^loxP^3xFLAG::lat-
1 (651-1015) II 

Phenotyping assays This paper   

APR965 

lat-1(apr15[Δlat-1p(7kb)::lag-
2p::lat-1 (1-

650)::eGFP^loxP^3xFLAG::lat-
1 (651-1015)]) II 

Phenotyping assays This paper   

APR970 

lat-1(apr16[Δlat-1p(7kb)::mex-
5p::lat-1 (1-

650)::eGFP^loxP^3xFLAG::lat-
1 (651-1015)]) II 

Phenotyping assays This paper   
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Supplementary Table 5. Reliability and Reproducibility of the MD simulations 

 

 

  

Reliability and reproducibility checklist for molecular dynamics 
simulations 

Yes No Response 
(Please state where this 

information can be found 
in the text) 

1. Convergence of simula6ons and analysis 

1a. Is an evaluation presented in the text to show that the 
property being measured has equilibrated in the simulations 
(e.g. time-course analysis)? 

X ☐ Supplementary Fig. 5 
shows such a time-course 
analysis. Note, the system 
is too big to become fully 
equilibrated within the 
simulation time. However, 
plotting the RMSD over 
simulation time shows 
that a plateau is reached 
in all three simulations, 
indicating that the 
system equilibrated at 
its local minimum. 

1b. Then, is it described in the text how simulations are split into 
equilibration and production runs and how much data were 
analyzed from production runs? 

X ☐ Methods section: MD 
simulations 

1c. Are there at least 3 simulations per simulation condition with 
statistical analysis? 

X ☐ Methods and results. 

1d. Is evidence provided in the text that the simulation results 
presented are independent of initial configuration? 

X  Simulations generally 
depend heavily on the 
starting model. 
Simulations were 
equilibrated 
independently and started 
after equilibration with 
different velocities, 
providing a certain level of 
independency. 

2. Connec6on to experiments 

2a. Are calculations provided that can connect to experiments 
(e.g. loss or gain in function from mutagenesis, binding assays, 
NMR chemical shifts, J-couplings, SAXS curves, interaction 
distances or FRET distances, structure factors, diffusion 
coefficients, bulk modulus and other mechanical properties, 
etc.)? 

X  Mutational analysis of 
predicted interface 
residues in the manuscript 

3. Method choice 

3a. Do simulations contain membranes, membrane proteins, 
intrinsically disordered proteins, glycans, nucleic acids, polymers, 
or cryptic ligand binding? 

☐ X Response not needed if 
No 
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Supplementary Methods 
Generation of C. elegans constructs 

hsp16.42p::lag-2(1-194)::VC155::lag-2(195-401) (VC::lag-2, pNF17), hsp16.42p::lag-2 (HA) 
(lag-2(HA), pSP403) 

Plasmid pAW722 (kind gift of Alison Woollard) containing hsp16.42p followed by the C-terminal 
part of the split Venus (VC155) was modified by outward PCR using phosphorylated primers 
lat-1_1469Fp/lat-1_1470Rp, removing the C-terminal stop codon and introducing a 5x alanine 
linker as well as NcoI and NotI restriction sites (plasmid pNF1). Subsequently, the lag-2 signal 
peptide sequence (annotated with SignalP 5.0) was introduced behind the hsp16.42p using 
primers lat-1_1483Fp/lat-1_1484Rp. lag-2 without signal peptide was amplified from N2 
genomic DNA using primers lat-1_1481F/lat-1_1482R and cloned into pCR2.1 using the Zero 
Blunt TOPO PCR Cloning Kit (Invitrogen). lag-2(1-193) was amplified using primers lat-
1_1712F/lat-1_1713R, introducing XhoI sites, allowing for cloning upstream VC155. lag-2(194-
401) was introduced into this vector by amplification of lag-2 with primers lat-1_1714F/lat-
1_1709R, introducing NotI sites. Subsequent digestion and ligation were performed, resulting 
in plasmid pNF17. 

The FLAG tag of pNF17 was swapped with lat-1_2652F and lat-1_2653R that were 
phosphorylated prior to amplification, resulting in plasmid pSP403. 

 

hsp16.42p::VN173::lat-1 (VN::lat-1, pSP246), hsp16.42p::VN173::lat-1 (V5) (pSP404) 

pAW721 (kind gift of Alison Woollard) containing hsp16.42p followed by the N-terminal part of 
the split Venus (VN173) was modified in two steps using primers Bifc_1F/Bifc_2R introducing 
a PmeI restriction site and primers Bifc_3Fp/Bifc_4Rp to remove the multiple cloning site and 
a Myc tag in the vector as well as to introduce EcoRI/XhoI sites (all by outward PCR). lat-1 
cDNA without signal peptide was amplified from pSP101 1 with primers Bifc_5F/Bifc_6R, 
introducing PmeI sites. PCR product and backbone were digested and ligated. The lat-1 signal 
peptide sequence (annotated with SignalP 5.0) was separately amplified (primers 
Bifc_7F/Bifc_8R) and ligated before VN173 via the previously added XhoI sites. C-terminal of 
lat-1 signal peptide sequence, a FLAG tag was added using primers lat-1_1731Fp/lat-
1_1732Rp (plasmid pSP188) together with a 3x GGGGS linker sequence (primers lat-
1_2009Fp/lat-1_2006Rp), resulting in pSP246. Subsequently, the FLAG tag was exchanged 
for a V5 tag by outward PCR using phosphorylated lat-1_2654F/lat-1_2655R. 

 

hsp16.42p::VN173::lag-2 (VN::lag-2, pSP228) 

In plasmid pNF1 (see above) XhoI/EcoRI sites were introduced by outward PCR with primers 
lat-1_1467Fp/lat-1_1468Rp (resulting in plasmid pNF2). The sequence of the lag-2 signal 
peptide was added by outward PCR using primers lat-1_1483Fp/lat-1_1484Rp, followed by 
addition of a FLAG tag with primers lat-1_1694Fp/lat-1_1695Rp. lag-2 without signal peptide 
was amplified from N2 genomic DNA and introduced into this construct using NotI restriction 
sites previously introduced by lat-1_1708F/lat-1_1709R. To exchange VC155 for VN173, 
VN173 was amplified with lat-1_1819F/lat-1_1852R from pSP188 while amplifying the 
backbone with lat-1_1853F/lat-1_1822R. VC155 was subsequently removed using primers lat-
1_1869Fp/lat-1_1870Rp using outward PCR. 

 

hsp16.42p::VC155::glp-1 (VC::glp-1, pSP229) 

In plasmid pNF2 (see above) the sequence of the glp-1 signal peptide was inserted using 
primers lat-1_1473Fp/lat-1_1474Rp. Subsequently, an HA tag was introduced with primers lat-
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1_1694Fp/lat-1_1695Rp. glp-1 was amplified from N2 genomic DNA using primers lat-
1_1700F/lat-1_1703R and ligated into the plasmid, incorporating NcoI and NotI restriction 
sites. 

 

hsp16.42p::lag-2 (lag-2, pSP234)  

VN173, 3x GGGGS linkers, and the FLAG tag were removed from pSP228 by outward PCR 
using the 5’ phosphorylated primers lat-1_1927Fp/lat-1_1928Rp and the resulting product was 
religated resulting in pSP234.  

 

hsp16.42p::lat-1 (V5) RBLmut GAINmut mutations (lat-1 RBLmut GAINmut, pSP406) 

Five point mutations were introduced in the lat-1 RBL domain based on the AlphaFold2 
Multimer models (Fig. 3b-c) by outward PCR using phosphorylated primers lat-
1_2619F/lat-1_2618R. Thereby, the respective nucleotides were changed to yield alanine 
residues.  

The resulting construct was modified so that seven amino acids amino acids in the LAT-1 GAIN 
domain identified to be potentially involved in LAG-2 binding (Fig. 3c) were mutated to code 
for alanines. This was achieved by outward PCR using primers lat-1_2491F/lat-1_2492R, as 
well as lat-1_2511F/lat-1_2512R. 

 

 

Generation of cell culture constructs 

HA::lat-1::FLAG (lat-1, pSP334) 

Codon harmonized lat-1 cDNA (Genscript) was amplified without its signal peptide using 
primers lat-1_2169F/lat-1_2170R. In parallel, the backbone of pSP101 1 containing an 
N-terminal HA tag followed by the mouse LPHN1 signal peptide, and a C-terminal FLAG tag 
was amplified using primers lat-1_2167F/lat-1_2168R. Both products were assembled using 
NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs) according to manufacturer’s 
instruction as described above, resulting in plasmid pSP360. KpnI and EcoRI were used to 
excise this lat-1 construct and ligate it into pcDNA5.1 (Thermo Fisher).  

 

HA::glp-1 (glp-1, pSP314) 

Codon harmonized glp-1 cDNA (Genscript) was inserted into pSP101 1 employing the same 
strategy as for lat-1 (pSP334), using primers lat-1_2175F/lat-1_2176R and 
lat-1_2177F/lat-1_2178R. The endogenous glp-1 signal peptide (annotated with SignalP 5.0) 
was introduced by phosphorylated primers lat-1_2179F/lat-1_2180R performing a PCR on the 
previously generated plasmid, and ligation, resulting in plasmid pSP301. An N-terminal HA tag 
was introduced by outward PCR using phosphorylated primers lat-1_2240R/ lat-1_2241F. 

 

HA::lag-2 (lag-2, pSP340) 

Codon harmonized lag-2 cDNA (Genscript) with an N-terminal HA and a C-terminal FLAG tag 
(Genscript) was amplified with primers lat-1_2284F/lat-1_2285R, incorporating XmaI/KpnI 
sites, respectively. Insertion into vector pcDps 2 was performed using restriction ligation as 
described above, resulting in plasmid pSP318. Subsequently, the FLAG tag was removed by 
outward PCR using phosphorylated primers lat-1_2402F/lat-1_2403R. 
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Nluc::lag-2 (pSP359) 

The nanoluciferase (Nluc) was amplified from previously generated plasmid pSP184 3 using 
primers lat-1_2501F/lat-1_2502R. As backbone, pSP340 was amplified using primers 
lat-1_2499F/lat-1_2500R, incorporating a 20 bp sequence homology to the Nluc. The 
fragments were assembled using NEBuilder HiFi DNA Assembly Master Mix (New England 
Biolabs) according to manufacturer’s instruction as described above, with the Nluc 
incorporated at the same place as VC155 in pSP403. 

Nluc::apx-1 (pSP427) 

Plasmid pSP427 was synthesized by GenScript and cloned into pcDNA3.1. Nluc was inserted 
at the homologues site as for pSP359.  

Venus::lat-1 (pSP360) 

As backbone, pSP334 was amplified using primers lat-1_2503F/lat-1_2504R, incorporating 
20 bp overhangs to Venus. The Venus sequence was generated by PCR using primers 
lat-1_2505F/at-1_2506R. Both fragments were subsequently assembled using NEBuilder HiFi 
DNA Assembly Master Mix (New England Biolabs) according to manufacturer’s instruction as 
described above. 

Venus::lat-1(RBLmut) (pSP395) 

For this construct, pSP360 served as backbone and the mutations leading to the change of 
the five residues within the RBL potentially involved in LAG-2 binding (Fig. 3c) to alanines were 
introduced using phosphorylated primers lat-1_2616R/lat-1_2617F and the resulting product 
was ligated. 

Venus::lat-1(GAINmut) (pSP371) 

In pSP360, mutations were introduced that result in seven amino acid point mutations (to 
alanines) within the GAIN domain identified to be potentially involved in LAG-2 binding 
(Fig.  3c). This was achieved by outward PCR of pSP360 with phosphorylated primes 
lat-1_2513F/lat-1_2514R and subsequent ligation. 

Venus::lat-1(RBLmut GAINmut) (pSP392) 

To generate a construct containing all point mutations, pSP371 was amplified using 
phosphorylated primers lat-1_2616F/ lat-1_2617R which introduce the RBL mutations. The 
resulting product was ligated. 

Venus::hGLP1R (pSP396) 

Human GLP1R was amplified from plasmid GLP1R-N-EGFP_pcDNA3.1 3 using primers 
lat-1_2632F/lat-1_2633R. HA::Venus was amplified from pSP360 using primers 
lat-1_2630F/lat-1_2631R. As backbone, pcDNA3.1 was amplified using 
lat-1_2628F/lat-1_2629R. All three fragments assembled as described above using NEBuilder 
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HiFi DNA Assembly Master Mix (New England Biolabs) according to manufacturer’s 
instruction. 

 

Genetic engineering of the lat-1 locus  

lat-1(1-650)::eGFP::3xFLAG::lat-1(651-1015) (strain APR867) 

To edit the lat-1 locus by CRISR-Cas9 genome editing, a self-excising cassette system where 
flanking sites corresponding to the endogenous lat-1 as were incorporated as suggested 4. 
Briefly, this construct was produced by amplification of a 629 bp 5’-flanking site as well as a 
571 bp 3´-flanking site from plasmid pTL2 6 using primers lat-1_2527F/lat-1_2528R and 
lat-1_2529F/lat-1_2530R, respectively. Flanking sites were incorporated into plasmid pJJR82 
(gift from Mike Boxem, Addgene plasmid #75027) as instructed 5.  

In parallel, an sgRNA targeting the lat-1 locus was generated by cloning a suitable sgRNA 
(determined using Benchling [Biology Software]. (2024). Retrieved from https://benchling.com) 
into pJJR50 as previously described 5 using primers lat-1_2531F/lat-1_2532R (pSP373). 
pJJR50 was a gift from Mike Boxem (Addgene plasmid #75026). 

Plasmids pSP372 and pSP373 were injected together in the syncytial germline of wild-type 
adult nematodes with eft-3p::cas9-SV40_NLS::tbb-2 3'UTR 6, pCFJ104, and pCFJ90 
according to the instructions and at the concentrations indicated in 4. Construct eft-3p::cas9-
SV40_NLS::tbb-2 3'UTR was a gift from John Calarco (Addgene plasmid #46168 6). pCFJ104 
and pCFJ90 were gifts from Erik Jorgensen (Addgene plasmids #19328 and #19327 7). Rolling, 
non-red F1 worms were recovered. The marker was removed using the embedded hsp::Cre 
recombinase, driven by a heat-shock promoter. Rolling L1/L2 animals were heat-shocked for 
3 h and non-rolling offspring were recovered.  

 

lag-2p::lat-1(1-650)::eGFP::3xFLAG::lat-1(651-1015) (strain APR965) 

To modify the lat-1 genomic locus to achieve tissue-specific expression in the DTC, 7 kb of the 
lat-1 promoter were exchanged for the lag-2 promoter (2 kb).  

For this purpose, a plasmid containing lag-2p and lat-1 flanking sites (pSP412) was generated. 
lag-2p was amplified from plasmid pJL1 8 using primers lat-1_2695F/ lat-1_2696R. Primer pairs 
lat-1_2693F/lat-1_2694R and lat-1_2697F/lat-1_2698R were used to amplify 5’ and 3’ flanking 
sites (450 and 571 bp, respectively). pCR2.1 TOPO (Invitrogen) was used as backbone and 
was amplified using primers lat-1_2691F/lat-1_2692R. The resulting PCR products were 
assembled using NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs) according 
to manufacturer’s instruction. Subsequently, the lag-2 promoter sequence and homology arms 
were amplified from this plasmid (pSP412) using primers lat-1_881F/lat-1_2036Rp. The 
phosphorylated strand of the PCR product was digested with λ-exonuclease, purified and 
injected together with RNPs containing crRNA 2 in adult nematodes of strain APR867 as 
described by 9. Progeny was screened using the marker-free screening method as described 
in the same paper, resulting in strain APR934. The endogenous lat-1p was deleted using 
ssODN4 as repair template as well as crRNA 5 and 6 to cleave at the extremities of the 
anticipated promoter. This was performed as described by 10. The resulting lines were 
outcrossed and homozygous lines isolated. 

 

mex-5p::lat-1(1-650)::eGFP::3xFLAG::lat-1(651-1015) (strain APR970) 

To modify the lat-1 genomic locus to achieve tissue-specific expression of lat-1 in the germ 
cells, 7 kb of the lat-1 promoter were exchanged for the mex-5 promoter (0.5 kb).  
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First, a construct containing the mex-5p and lat-1 flanking sites (450 and 571 bp, respectively) 
was generated (pSP422). mex-5p was amplified from N2 genomic DNA using primers lat-
1_2710F/lat-1_2711R. pSP412 was used as backbone, already containing the correct flanking 
sites, and was amplified using lat-1_2708F/lat-1_2709R. The resulting PCR products were 
assembled as described for pSP412. Subsequently, the promoter sequence and homology 
arms were amplified from plasmid pSP422 using primers lat-1_881F/lat-1_2036Rp, followed 
by the same procedure as described for lag-2p resulting in strain APR945.  

The endogenous lat-1p was deleted using ssODN4 as repair template as well as crRNA 5 and 
6 to cleave at the extremities of the anticipated promoter. This was performed as described 
by 10. The resulting lines were outcrossed and homozygous lines isolated. 
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Supplementary Capture Molecular Modeling 
Generation of initial LAT-1 and LAG-2 interactions using AlphaFold2 Multimer 

Structural models of the interaction interface between the two extracellular regions (ECR) 
were obtained through AlphaFold2 Multimer 18. Respective sequences were downloaded from 
Uniprot 19 (LAT-1 of C. elegans G5EDW2, GLP-1 of C. elegans P13508, and LAG-2 of 
C. elegans P45442, accessed on 19 January 2023). Here, various combinations of domains 
were investigated, including: 

• LAT-1 GAIN domain and full-length ECR of LAG-2 
• LAT-1 GAIN domain + HRM and full-length ECR of LAG-2 
• LAT-1 RBL domain and full-length ECR of LAG-2 
• Full-length LAT-1 ECR with linker instead of HRM and full-length ECR of LAG-2 
• Full-length ECR of LAT-1 and full-length ECR of LAG-2 
• Full-length ECR of LAT-1 with investigated mutation in the GAIN domain and full-length 

ECR of LAG-2 
• Full-length ECR of LAT-1 with investigated mutation in the GAIN domain and RBL domain, 

and full-length ECR of LAG-2 
• Full-length ECR of GLP-1 and full-length ECR of LAT-1 
• Short length ECR of GLP-1 (including residues 400-620, including EGF-like domain 9-10 

and LNR 1-3) and full-length ECR of LAT-1 
The first 30 N-terminal residues of LAT-1 were predicted to form an unstructured, flexible coil 
with no defined secondary structure. Such regions often introduce noise or variability in 
computational structure predictions and are unlikely to contribute directly to stable protein-
protein interactions. Therefore, these residues were removed prior to modeling in order to 
improve model convergence and focus computational analysis on the structured, interaction-
relevant domains of LAT-1. 

After generating the various complexes, the models were visually inspected and common 
interaction sites highlighted. The best ranked models by AlphaFold2 Multimer internal scoring 
function was energetically minimized with the standard Rosetta3 energetical minimization 
(relax) function. 

The workflow summarizes as follows: 
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Protein sequences for various LAT-1 and LAG-2 complex were prepared and modeled using 
AlphaFold2 Multimer to predict initial complex structures (a)). The best-ranked models were 
assessed visually and computationally. A common binding interface between various models 
and combinations was highlighted. Based on the initial findings, the best structure from the 
entire LAT-1/LAG-2 complex was retrieved and structure prepared with the Rosetta Suite (b)). 
After energetical minimization, for the best-scoring models the interaction interface was 
analyzed using Rosetta InterfaceAnalyzer to estimate buried surface area, hydrogen bonding, 
and per-residue energetic contributions. Furthermore, promising residues in LAT-1 relevant 
for binding were highlighted for experimental analysis. To assess model quality, the structure 
was subject to molecular dynamics (MD) simulations (c)). Furthermore, AlphaFold2 Multimer 
was used again, to generate structural models of the proposed mutations (d)). These were 
analyzed within the established computational pipeline but without further quality validation 
with MD simulations. Structural visualizations were generated in PyMOL with domain 
annotations corresponding to functional regions of LAT-1 and LAG-2. 

 

Sequence for LAT-1 and LAG-2 models 

>LAT-1(https://www.uniprot.org/uniprotkb/G5EDW2/entry): 

>N-ter 

#first residues excluded as unstructured coil 

MRRNKTTYSLLQTILVACLLTVTPTFASNK 

 

PTTDESGTISHT 

 

>RBL 

ICDGEAAELSCPAGKVISIVLGNYGRFSVAVCLPDNDIVPSNINCQNHKTKSILEKKCNGDSMCYFTVDKKTFTE
DPCPNTPKYLEVKYNCV 

 

>HRM 

VPATTTTTTTTTSTTTTDSSLIVDEEEEAQKDALNSDVIKPVKKKEDVFCSATNRRGVNWQNTKSGTTSSAPCPE
GSSGKQLWACTEEGQWLTEFPNSAGCESNWISSRNSVLSGVISSEDVSGLP 

 

An additional linker was investigated instead of HRM 

>linker 

VPATTTGGGGGGGGGGGGGGGGGGGG 

 

>GAIN 

EFLRNLGSETRRPMVGGDLPKVLHLLEKTVNVIAEESWAYQHLPLSNKGAVEVMNYMLRNQEIWGSWDVTKRKEF
ASRFILAAEKAMVASAKGMMTSAESNVIVQPAITVEISHKIKMSSQPTDYILFPSAALWNGQNVDNVNIPRDAIL
KINKDETQVFFSSFDNLGAQMTPSDVTVAIAGTDQTEVRKRRVVSRIVGASLIENGKERRVENLTQPVRITFYHK
ESSVRHLSNPTCVWWNHHELKWKPSGCKLSYHNKTMTSCDCTHLTHFAVLMDVRGHDLNEIDQTLL 

 

>Transmembrane area and intracellular region (deleted in the modeling step) 

(TLLTYVGCIISIICLLLTFFAYLIFSRNGGDRVFIHENLCLSLAIAEITFLAGITRTEDSLQCGIIAVALMYMF
LSALTWMLLEGYHIHRMLTEVFPSDPRRFTYLLVGYIPPAIITLVAYLYNSDGFGTPDHCWLSTQNNFIWFFAGP
ACFIFCANSLVLVKTLCTVYQHTSGGYLPCRHDVDSGRSIRNWVKGSLALASLLGVTWIFGLFWVEDSRSIVMAY
VFTISNSLQGLFIFLFHVVFAEKMRKDVGHWMYRRGCGGSSNSSPNHKRHNVQRDLMSPGVNSSTGSDFLYNTND
KYLTNSDTTNRLVYNGIMNHPNQMSVYQQHPHHQIYEQQPGTYDYATIAYGDMMPGHRVAAPPAYQRLAVAEGRY
GSQHQLYQGWHHRPPPEFSPPPPPLSTGPPNSRHYGTGSSGRRPPSSKMSDDSAYSDGSSSMLTTEVTPQGQTVL
RIDLNKPSMYCQD) 
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in the refinement step, the tested mutations were introduced in AlphaFold 
Multimer, resulting in the two following LAT-1 sequence: 

>LAT-1 refined (GAIN domain mutation) 

PTTDESGTISHTICDGEAAELSCPAGKVISIVLGNYGRFSVAVCLPDNDIVPSNINCQNHKTKSILEKKCNGDSM
CYFTVDKKTFTEDPCPNTPKYLEVKYNCVVPATTTTTTTTTSTTTTDSSLIVDEEEEAQKDALNSDVIKPVKKKE
DVFCSATNRRGVNWQNTKSGTTSSAPCPEGSSGKQLWACTEEGQWLTEFPNSAGCESNWISSRNSVLSGVISSED
VSGLPEFLRNLGSETRRPMVGGDLPKVLHLLEKTVNVIAEESWAYQHLPLSNKGAVEVMNYMLRNQEIWGSWDVT
KRKEFASRFILAAEKAMVASAKGMMTSAESNVIVQPAITVEISHKIKMSSAATAAIAFPSAAAANGQNVDNVNIP
RDAILKINKDETQVFFSSFDNLGAQMTPSDVTVAIAGTDQTEVRKRRVVSRIVGASLIENGKERRVENLTQPVRI
TFYHKESSVRHLSNPTCVWWNHHELKWKPSGCKLSYHNKTMTSCDCTHLTHFAVLMDVRGHDLNEIDQTLL 

 

>LAT-1 refined (GAIN domain and RBL domain mutation) 

PTTDESGTISHTICDGEAAELSCPAGKVISIVAGNYGRASVAVCLPANAIAPSNINCQNHKTKSILEKKCNGDSM
CYFTVDKKTFTEDPCPNTPKYLEVKYNCVVPATTTTTTTTTSTTTTDSSLIVDEEEEAQKDALNSDVIKPVKKKE
DVFCSATNRRGVNWQNTKSGTTSSAPCPEGSSGKQLWACTEEGQWLTEFPNSAGCESNWISSRNSVLSGVISSED
VSGLPEFLRNLGSETRRPMVGGDLPKVLHLLEKTVNVIAEESWAYQHLPLSNKGAVEVMNYMLRNQEIWGSWDVT
KRKEFASRFILAAEKAMVASAKGMMTSAESNVIVQPAITVEISHKIKMSSAATAAIAFPSAAAANGQNVDNVNIP
RDAILKINKDETQVFFSSFDNLGAQMTPSDVTVAIAGTDQTEVRKRRVVSRIVGASLIENGKERRVENLTQPVRI
TFYHKESSVRHLSNPTCVWWNHHELKWKPSGCKLSYHNKTMTSCDCTHLTHFAVLMDVRGHDLNEIDQTLL 

 

>LAG-2 https://www.uniprot.org/uniprotkb/P45442/entry  

>N-ter 

MIAYFLLLLTCLPVLQARVEVHQEFISSKRVSVRFEIVTESHSPNRPVTFDLFPRGPKTNIILLDTFNPVFNFSI
QLVQPFTGQPLGDRIYRKVQFSGTNQPWINDTFTTTSGISLSVATE 

 

>DSL 

VTCARNYFGNRCENFCDAHLAKAARKRCDAMGRLRCDIGWMGPHC 

 

>EGF 

GQAVDPRKCSCENDGICVSSMIHPSQPNQTSSNEQLICECTNGFTGTRCEIFGFNQFQLTAP 

 

>EGF 

RPDACSVKDACLNGAKCFPNGPKVFCSCAVGFIGEFCEISLTTTTP 

 
>Transmembrane area (deleted in the modeling step) 

TTVEITVSTSGYSSAVYITVALFVIFSIIIGCFKYKFKPMRQQALARGQVPEPYKMPETKSMLIDPEA
SEAQKKVFTIEGSVQKIDEEVRYTSAPRKYESNNEYAVIQKSTPPPPSLSPPSIPACHYV 

 

Sequence for LAG-2 and GLP-1 models 

>GLP-1(https://www.uniprot.org/uniprotkb/P13508/entry): 

>N-ter 
MRVLLILLAFFAPIASQLMGGECGREGACSVNGKCYNGKLIETYWCRCKKGFGGAFCERECDLDCKRG
EKCIYDVYGENPTCICQDCEDETPPTERTQKGCEEGYGGPDCKTPLFSGVNPCDSDPCNNGLCYPFYG
GFQCICNNGYGGSYCEEGIDHCAQNECAEGSTCVNSVYNYYCDCPIGKSGRYCERTECALMGNICNHG
RCIPNRDEDKNFRCVCDSGYEGEFCNKDKNECLIEETCVNNSTCFNLHGDFTCTCKPGYAGKYCEEAI
DMCKDYVCQNDGYCAHDSNQMPICYCEQGFTGQRCEIECPSGFGGIHCDLPLQRPHCSRSNGTCYNDG
RCINGFCVCEPDYIGDRCEINRKDFKFPDIQSCKYNPCVNNATCIDLKNSGYSCHCPLGFYGLNCEQH
LLCTPTTCANGGTCEGVNGVIRCNCPNGFSGDYCEIKDRQLCSRHPCKNGGVCKNTGYCECQYGYTGP
TCEEVLVIEKSKETVIRDLCEQRKCMDLASNGICNPECNLEECNFDGGDCSGGQRPFSKCQYPARCAD
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QFANGVCNQECNNEECLYDGLDCQSELFRCPAHIRKHCIERRGDGVCNLECSFIGCGFDGGDCNNGTE
AIILSDIRIKVQIDPIEFQ 

 

>Transmembrane area and intracellular region (deleted in the modeling step) 

ATGGETLMQISANLRATVRIQRDELGPLVFRWDGEHEMERVEMNSSKLEDQFVLSHHVRRYRQAVVTGIVLYLEV
EEICKPEFCRFSTAQSVVDLIAAGLVKSDGRMSLGLPITEAMVAVPKRNEIDEGWSRSQVILFACIAFLAFGTVV
AGVIAKNGPERSRKRKMVNATVWMPPMESTNEKGRRNQSNHSSQCSLLDNSAYYHPNTKRHCSDYSTGYNGEQYS
QIYPQTLANGYPGDYNELNFDFQSETFAPADLPADEIPLHVQAAGPDAITAPITNESVNQVDSKYRRRVLHWLAA
NVRGKPEDVITTEAIRCLKAGADVNARDCDENTALMLAVRAHRVRLSVVLLREGANPTIFNNSERSALHEAVVNK
DLRILRHLLTDKRLLKEIDELDRNGMTALMLVARELGKHQVEMAELLLSKGAKLDYDGAARKDSNKYKGRTALHY
AAMHDNEEMVIMLVRRSSNKDKQDEDGRTPIMLAAKEGCEKTVQYLALNDASLGIVDSMDMTAAQVAEASYHHEL
AAFLRQVANERHRNDIMRQQIVKSGHGAKSGRQTVKNIKRAGSRKTPTSAASSRETNHLTPPPSDGSFSSPSPHY
YPTTTSTPNRMETSPEYMFNHEMAPPVNAMWYTTPPPYQDPNYRHVPPNTAFQNAEQMNGSFYC 

 

>shorten to res 400-620 including EGF-like domain 9-10 and LNR1-3 

GFYGLNCEQHLLCTPTTCANGGTCEGVNGVIRCNCPNGFSGDYCEIKDRQLCSRHPCKNGGVCKNTGYCECQYGY
TGPTCEEVLVIEKSKETVIRDLCEQRKCMDLASNGICNPECNLEECNFDGGDCSGGQRPFSKCQYPARCADQFAN
GVCNQECNNEECLYDGLDCQSELFRCPAHIRKHCIERRGDGVCNLECSFIGCGFDGGDCNNGTEAIILSDIRIKV
QIDPIEFQATGGETLMQISANLRATVRIQRDELGPLVFRWDGEHEMERVEMNSSKLEDQFVLSHHVRRYRQAVVT
GIVLYLEVEEICKPEFCRFSTAQSVVDLIAAGLVKSDGRMSLGLPITEAMVAVPKRNEIDEG 

 

Sequence for LAT-1 models 

AlphaFold Multimer SLURM script at Leipzig Rechenzentrum  

------------------------------- 
#!/bin/bash 
#SBATCH --job-name=alphafold-test 
#SBATCH --output=alphafold-test-job-out.%J 
#SBATCH --time=12:00:00 
#SBATCH --nodes=1 
#SBATCH --ntasks-per-node=16 
#SBATCH --gres=gpu:a30:1 
#SBATCH --partition=paula 
 
module purge 
ml AlphaFold/2.2.2-foss-2021b-CUDA-11.4.1 
 
export ALPHAFOLD_DATA_DIR=/software/databases/alphafold 
export ALPHAFOLD_HHBLITS_N_CPU=12 
 
alphafold --fasta_paths=/home/sc.uni-
leipzig.de/<user>/LAT1_LAG2/just_GAIN.fasta --max_template_date=2100-05-14 
--data_dir=/software/databases/alphafold --output_dir=/home/sc.uni-
leipzig.de/<user>/LAT1_LAG2/alphafold_output --db_preset=full_dbs  --
model_preset=multimer  --use_gpu_relax=True  --
num_multimer_predictions_per_model=10  --
pdb_seqres_database_path=/software/databases/alphafold/pdb_seqres/pdb_seqre
s.txt 
 

------------------------------- 

###input example for GAIN domain of LAT-1 and full ECR of LAG-2 

>LAG2 
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MIAYFLLLLTCLPVLQARVEVHQEFISSKRVSVRFEIVTESHSPNRPVTFDLFPRGPKTNIILLDTFNPVFNFSI
QLVQPFTGQPLGDRIYRKVQFSGTNQPWINDTFTTTSGISLSVATVTFDLFPRGPKTNIILLDTFNPVFNFSIQL
VQPFTGQPLGDRIYRKVQFSGTNQPWINDTFTTTSGISLSVATVTCARNYFGNRCENFCDAHLAKAARKRCDAMG
RLRCDIGWMGPHCGQAVDPRKCSCENDGICVSSMIHPSQPNQTSSNEQLICECTNGFTGTRCEIFGFNQFQLTAP
RPDACSVKDACLNGAKCFPNGPKVFCSCAVGFIGEFCEISLTTTTP 

 

>GAIN 

NWISSRNSVLSGVISSEDVSGLPEFLRNLGSETRRPMVGGDLPKVLHLLEKTVNVIAEESWAYQHLPLSNKGAVE
VMNYMLRNQEIWGSWDVTKRKEFASRFILAAEKAMVASAKGMMTSAESNVIVQPAITVEISHKIKMSSQPTDYIL
FPSAALWNGQNVDNVNIPRDAILKINKDETQVFFSSFDNLGAQMTPSDVTVAIAGTDQTEVRKRRVVSRIVGASL
IENGKERRVENLTQPVRITFYHKESSVRHLSNPTCVWWNHHELKWKPSGCKLSYHNKTMTSCDCTHLTHFAVLMD
VRGHDLNEIDQTLL 

 
Options for Energy Minimization (300 generated structures in 30 runs) 

/$Rosetta/main/source/bin/relax.static.linuxggcrelease @flags.options -s 
<selected_model>.pdb  
------------------------------- 
#flags.options 
# i/o 
-out:pdb 
-out:path:all output/ 
-nstruct 10 
 
# relax options 
-default_max_cycles 200 
-relax:min_type lbfgs_armijo_nonmonotone 
-relax:constrain_relax_to_start_coords 
 
# reduce memory footprint 
-chemical:exclude_patches LowerDNA  UpperDNA Cterm_amidation SpecialRotamer 
VirtualBB ShoveBB VirtualDNAPhosphate VirtualNTerm CTermConnect sc_orbitals 
pro_hydroxylated_case1 pro_hydroxylated_case2 ser_phosphorylated 
thr_phosphorylated  tyr_phosphorylated tyr_sulfated lys_dimethylated 
lys_monomethylated  lys_trimethylated lys_acetylated glu_carboxylated 
cys_acetylated tyr_diiodinated N_acetylated C_methylamidated 
MethylatedProteinCterm 
 
-linmem_ig 10 
 
# run multiple processes to produce output for one file 
-multiple_processes_writing_to_one_directory 
------------------------------- 

 

Based on the built structures, the RMSD to the respective best model for each model 

generation was calculated, a rmsd-total_score plot generated, and the structures 

investigated. It must be noted that most structures had an RMSD-value of below 2 Å and 

clustering was omitted.  

An additional interface analyzer for all energetically minimized structures was run to highlight 

the best interactions. 

------------------------------- 
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/$Rosetta/main/source/bin/rosetta_scripts.static.linuxggcrelease -
parser:protocol InterfaceAnalyzer.xml -s <selected_model>.pdb  
------------------------------- 
#InterfaceAnalyzer.xml 
<ROSETTASCRIPTS> 
    <TASKOPERATIONS> 
    </TASKOPERATIONS> 
    <SCOREFXNS> 
        <ScoreFunction name="r15" weights="ref2015" symmetric="0" /> 
    </SCOREFXNS> 
    <FILTERS> 
    </FILTERS> 
    <RESIDUE_SELECTORS> 
    </RESIDUE_SELECTORS> 
    <MOVERS> 
        <InterfaceAnalyzerMover name="Ana" scorefxn="r15" 
pack_separated="false" pack_input="false" resfile="false" packstat="false" 
interface_sc="false" tracer="false" use_jobname="false" interface="A_B" /> 
    </MOVERS> 
    <APPLY_TO_POSE> 
    </APPLY_TO_POSE> 
    <PROTOCOLS> 
        <Add mover_name="Ana"/> 
    </PROTOCOLS> 
</ROSETTASCRIPTS> 
------------------------------- 

 
Energetical investigation and energy breakdown 

The best docked models were selected for an energetical hotspot analysis with the Rosetta 

per_residue_energies application: 

------------------------------- 
/$Rosetta/main/source/bin/residue_energy_breakdown.default.linuxgccreleas
e -s *.pdb -out:file:silent data.out 
------------------------------- 

A following python script was utilized to investigate the output and select the per residue 

energy contributions relevant for the peptide and generating a contact map: 

------------------------------- 
import pandas as pd 
import seaborn as sns 
import matplotlib.pyplot as plt 
import numpy as np 
 
from datetime import date 
 
df1 = pd.read_csv('data.out', sep='\s+') 
 
df2 = df1.loc[(df1['resi2'] != '--')] 
df2['resi1'] = df2['resi1'].astype(int) 
df2['resi2'] = df2['resi2'].astype(int) 
df3 = df2.loc[(df2['resi1'] < 287) & (df2['resi2'] > 286)] 
df3.to_csv('selected_ia_h.list', sep='\t', index=None) 
df3.to_csv('selected_ia.list', sep='\t', index=None, header=None) 
peptide_res = df3['resi2'].to_list() 
peptide_res = list(set(peptide_res)) 
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TM_res = df3['resi1'].to_list() 
TM_res = list(set(TM_res)) 
filler = [] 
for lines in open('selected_ia.list', 'r').readlines(): 
    line = lines.split('\t') 
    filler.append(line) 
fil = open('energy_ia.list', 'w') 
for TM in TM_res: 
    for peptide in peptide_res: 
        counter = 0 
        for ele in filler: 
            if int(ele[5]) == peptide and int(ele[2]) == TM: 
                counter += float(ele[27]) 
        print(TM, peptide, counter, counter/1) 
        print(TM, peptide, counter, counter/1, file=fil) 
fil.close() 
 
fil = open('summed_energy.list' ,'w') 
final_energy = [] 
energy_ia = pd.read_csv('energy_ia.list', sep=' ', header=None) 
for TM in TM_res: 
    filler = energy_ia.loc[energy_ia[0] == TM] 
    print(TM, filler[3].sum(), file=fil) 
    final_energy.append((TM, filler[3].sum())) 
fil.close() 
filler = [] 
for lines in open('selected_ia.list', 'r').readlines(): 
    line = lines.split('\t') 
    filler.append((line[5], line[7])) 
    filler.append((line[2], line[4])) 
filler = list(set(filler)) 
 
my_dict = {key: value for key, value in filler} 
print(my_dict) 
fil = open('energy_header.list', 'w') 
for lines in open('energy_ia.list', 'r').readlines(): 
    line = lines.split() 
    print(line[0] + "_" + my_dict[line[0]], line[1] + "_" + 
my_dict[line[1]], line[2], line[3], file=fil) 
fil.close() 
 
df = pd.read_csv('energy_header.list', sep='\s+', header=None) 
df = df.sort_values(by=[0]) 
# pivot the dataframe to create the desired format 
df_pivoted = df.pivot(index=0, columns=1, values=3) 
df_pivoted = df_pivoted.sort_index() 
df_pivoted.to_csv('final_matrix.list', sep='\t') 
 
#Heat Map 
df = df_pivoted 
fig, ax = plt.subplots(figsize=(6,8)) 
mask_con_corr = df[(df >= 0.1) | (df <= -0.1)] 
label = df.columns.values.tolist() 
index = df.index.tolist() 
 
heat_map = sns.heatmap(mask_con_corr,  
                       linewidths=1,linecolor='black', 
                       #center=0,  
                       cmap="BuPu_r",  
                       cbar=True,  
                       yticklabels=index, xticklabels=label, 
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vmin=-3, vmax=1)#, annot=True, fmt='g') 
ax.xaxis.tick_top() 
plottitle = "Energetical Analysis of Hotspot Residues in the \n 
LAT-1/LAG-2 Interface"  
plt.title(plottitle, fontsize=12) 
plt.xticks(size=8) 
plt.yticks(size=8) 
heat_map.set_xticklabels(heat_map.get_xticklabels(), rotation=30) 
heat_map.set_yticklabels(heat_map.get_yticklabels(), rotation=30) 
 
ax.tick_params(left=False, bottom=False) 
fig.savefig("_matrix_interaction.png", dpi=600) 
------------------------------- 
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Supplementary figure 1: lat-2(knu505) nematodes do not show any 
defects in brood size and survival to adulthood. (A) Nematodes 
lacking LAT-2 function produce a brood size that is not significantly 
different to that of wild-type controls (data are mean ± SEM, n = 20 in 3 
independent experiments, Student´s t-test). (B) Wild-type and lat-
2(knu505) individuals develop to adulthood at similar, not significantly 
different rates (data are mean ± SEM, n = 20 in 3 independent 
experiments, unpaired, two-sided Student´s t-test). 
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target protein mono-/
polyclonal

species of 
origin

dilution source order nr. 

Caspase-3 polyclonal rabbit 1:1.000 (full-length Caspase-3)
1:300 (cleaved Caspase-3)

Cell Signaling 
Technology

9662

eNOS monoclonal
clone EPR19296

rabbit 1:2.000 Abcam ab199956

Phospho-eNOS
(Ser1177)

polyclonal rabbit 1:500 Cell Signaling 
Technology

9571

Phospho-eNOS
(Thr495)

polyclonal rabbit 1:250 Cell Signaling 
Technology

9574

HA-tag monoclonal
clone GT4810

mouse 1:500 Sigma-Aldrich SAB2702217

Src monoclonal
clone 32G6

rabbit 1:1.000 Cell Signaling 
Technology

2123

species of 
origin

dilution source order nr. 

sheep 1:5.000 Cytiva NA931

sheep 1:5.000 Cytiva NA934ECL anti-rabbit IgG, horseradish peroxidase 
linked whole antibody

ECL anti-mouse IgG, horseradish peroxidase 
linked whole antibody

Supplementary table 1: antibodies used for immunoblots.

primary antibodies

secondary antibodies

antibody
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target protein mono-/
polyclonal

species of 
origin

dilution source order nr. 

FLAG-tag monoclonal
clone M2

mouse 1:200 Sigma-Aldrich F3165

FLAG-tag monoclonal
clone 8H8L17

mouse 1:200 Invitrogen 701629M

eNOS monoclonal
clone 6H2

mouse 1:100 Cell Signaling 
Technology

5880

eNOS monoclonal
clone EPR19296

rabbit 1:200 Abcam ab199956

HSP90 monoclonal
clone 68

mouse 1:250 BD Biosciences 610418

Caveolin-1 polyclonal rabbit 1:200 Cell Signaling 
Technology

3238

ICAM-1 monoclonal
clone 15.2

mouse 1:100 Santa Cruz 
Biotechnology

sc-107

species of 
origin

dilution source order nr. 

goat 1:500 Invitrogen A11001

goat 1:500 Invitrogen A11005

goat 1:500 Invitrogen A11008

goat 1:500 Invitrogen A11012
anti-rabbit IgG (H+L) Cross-Adsorbed Secondary 

Antibody, Alexa Fluor™ 594

anti-mouse IgG (H+L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 594

anti-mouse IgG (H+L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 488

Supplementary table 2: antibodies used for immunostaining and PLA

primary antibodies

secondary antibodies

antibody

anti-rabbit IgG (H+L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 488
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transcript primer sequence amplification 
product

hADGRL2 Ex17 for1 5'- CTCTGGGCATCAAAGGAGCA -3'

hADGRL2 Ex18/19 rev1 5'- GGATCAATGTGTGGCAGGGT -3'

hmRPL32 Ex02 for1 5'- GTGAAGCCCAAGATCGTCAA -3'

hmRPL32 Ex03 rev1 5'- TTGTTGCACATCAGCAGCAC -3'

fwd_act-1 5'- GCTGGACGTGATCTTACTGATTACC -3'

rev_act-1 5'- GTAGCAGAGCTTCTCCTTGATGTC -3'

fwd_age-1 5'- GACGGAACTCCCGACGTATC -3'

rev_age-1 5'- TCGTACGAGCCCAGAGAGAA -3'

fwd_cdc-42 5'- CTGCTGGACAGGAAGATTACG -3'

rev_cdc-42 5'- CTCGGACATTCTCGAATGAAG -3'

fwd_daf-2 5'- GCTCTCGGAACAACCACTGA -3'

rev_daf-2 5'- GACAAGTCGAAGCCGTCTCA -3'

fwd_daf-16 5'- CTAACTTCAAGCCAATGCCACTA -3'

rev_daf-16 5'- TCCAGCTTGACTCAGCTCATGTC -3'

fwd_eif-3.c 5'- ACACTTGACGAGCCCACCGAC -3'

rev_eif-3.c 5'- TGCCGCTCGTTCCTTCCTGG -3'

fwd_hsf-1 5'- AAAATGGGGCAATTGGTGGC -3'

rev_hsf-1 5'- CACCTTGGGACAGTGGAGTC -3'

fwd_isp-1 5'- AACGTCGTGCTCTTCCAACT -3'

rev_isp-1 5'- TTGGCAATCTCAGCCTTGGT -3'

fwd_nuo-6 5'- CTCCGAAACTGTGGCAGGAT -3'

rev_nuo-6 5'- GTTGGAGCAAAGAGACCGGA -3'

fwd_ pmp-3 5'- TGGCCGGATGATGGTGTCGC -3'

rev_pmp-3 5'- ACGAACAATGCCAAAGGCCAGC -3'

fwd_sir-2.1 5'- GTCACGTGATAGTGGCAACG -3'

rev_sir-2.1 5'- AAGATCGGGAAACTCGCTCC -3'

fwd_skn-1 5'- GACGTCAATTTATGGAGTGTCG -3'

rev_skn-1 5'- GAAGATGTTTTGTCGTGATCCG -3'

fwd_tba-1 5'- GTACACTCCACTGATCTCTGCTGACAAG -3'

rev_tba-1 5'- CTCTGTACAAGAGGCAAACAGCCATG -3'

C.elegans
tba-1 149 bp

human
ADGRL2 223 bp

C. elegans
act-1 114 bp

C. elegans
age-1 567 bp

C. elegans
cdc-42 111 bp

C. elegans
skn-1 137 bp

C. elegans
nuo-6 448 bp

C. elegans
pmp-3 190 bp

Supplementary table 3: Primers used for semi-quantitative real-time PCR.
Shown are the sequences of the primers in 5'➙3' direction and the expected amplification products.

human
RPL32 257 bp

C. elegans
sir-2.1 544 bp

C. elegans
daf-2 132 bp

C. elegans
daf-16 260 bp

C. elegans
eif-3.c 191 bp

C. elegans
hsf-1 333 bp

C. elegans
isp-1 235 bp
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