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1 Adhesion G protein-coupled receptors (aGPCRs) 

 

G protein-coupled receptors (GPCRs) are essential proteins on cell surfaces that 

are comprised of an extracellular N terminus, a seven transmembrane helices 

domain (7TM) and an intracellular C terminus. Their name originates from their 

interaction with intracellular heterotrimeric G proteins, which enables them to 

transduce extracellular cues into a cell, activating various downstream signaling 

pathways. Ligands of GPCRs encompass proteins, peptides, sugars, lipids, and 

even ions or photons. 

The class of Adhesion G protein-coupled receptors is considered the second largest 

class of GPCRs with 33 genes found in the human genome1,2. In 2015, the 

International Union of Basic and Clinical Pharmacology published a unified 

nomenclature3, which will be used for mammalian receptors throughout this thesis. 

Interestingly, despite their abundance and functional relevance in a multitude of 

physiological processes, such as development4–6, metabolism7,8, immunity9,10, and 

neurophysiology11–14, aGPCRs remain enigmatic molecules. Most of them are still 

considered orphan receptors and data on their signaling mechanisms is sparse. 

 

1.1 Roles of Adhesion GPCRs in physiology and pathology 

 

The body of data on the relevance of Adhesion GPCRs is growing rapidly and 

makes it clear that they are essential in various physiological contexts. It is therefore 

not surprising that mutations or alterations in expression of these receptors are 

associated with different pathologies in humans or mammalian model organisms. 

There is a striking amount of evidence that places aGPCRs as essential regulators 

of neurodevelopment, for example in axon tract formation11, synaptogenesis12,13 and 

myelination14,15. Therefore, mutations in aGPCR genes can result in severe 

neurological diseases, such as bilateral frontoparietal polymicrogyria16, 

microcephaly with rhombencephalosynapsis17 and Usher syndrome type II18, which 

are caused by mutated ADGRG1, ADGRL2 and ADGRV1, respectively. There is 

also evidence for the association of autism spectrum disorders with variants of the 

receptors ADGRL3 and ADGRB119–21. In addition to functions in the developing 

nervous system, aGPCRs were shown to ensure correct branching of the embryonic 

lung and kidney4,5, establishment of the skin22,23 as well as the formation of a 

functioning cardiovascular system6,24 and skeletal apparatus25. Findings in 

Drosophila melanogaster (D. melanogaster) and Caenorhabditis elegans 

(C. elegans) further suggest the evolutionary conservation of developmental 

functions of these receptors26,27. 

However, Adhesion GPCRs have been found to be relevant in a plethora of different 

physiological contexts beyond their role in development. For example, Latrophilins, 

ADGRE2, ADGRG1, ADGRG5, and ADGRG6 have been proposed to act as 

metabotropic mechanosensors28–32, ADGRG1 is involved in the regulation of muscle 

hypertrophy30, ADGRG1 and ADGRL3 seem to be important in beta-cell function of 
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pancreatic islets7,8 and the entire group ADGRE1-5 is expressed in various 

hematopoietic cells (summarized in 33) and can influence activation, adhesion and 

migration of neutrophils out of blood vessels10. 

Many aGPCRs are further associated with different forms of cancer (summarized 

in 34). To only name a few, ADGRB1 functions as a tumor suppressor and is 

therefore often mutated or down regulated in malignant tumors35,36, such as 

glioblastoma37,38, pulmonary adenocarcinoma39 or colorectal cancer40. Other 

connections of Adhesion GPCRs to neoplasia are ADGRG1 in melanoma41, 

ADGRG2 in parathyroid tumors42 and ADGRC1 to haematopoietic cancers43,44. 

This vast entanglement of aGPCRs in physiology and pathology makes them 

interesting candidates for pharmacological modulation. Unfortunately, the lack of a 

detailed understanding of Adhesion GPCR signaling greatly hinders progress in this 

direction. It is therefore inevitable to elucidate this remarkable class of receptors to 

enable new treatments of aGPCR-associated diseases in the future. 

 

1.2 Unique structural features of Adhesion GPCRs 

 

In order to tap into the pharmacological potential of Adhesion GPCRs, one first 

needs to understand their structure and mechanisms of function. There are some 

hallmark features that define Adhesion GPCRs as a unique class of receptors 

(summarized in 3, Figure 1). One very striking characteristic is the size of their 

extracellular N termini, which can reach up to 5800 amino acids45, harboring a 

multitude of different domains. Since many of the described domains resemble 

features found in molecules that are involved in cell-cell and cell-matrix adhesion, 

the name Adhesion GPCR was coined shortly after the discovery and cloning of the 

first aGPCR genes46,47. The early suggestion that these domains could bind 

adhesion molecules and extracellular matrix components and thereby integrate 

adhesion and cellular signaling was later confirmed by identifying interaction 

partners such as chondroitin sulfate glycosaminoglycans for the receptors 

ADGRE2/548,49, collagens III and IV for ADGRG1/650,51, laminin for ADGRG629, 

integrin receptors for ADGRB152 and ADGRE549, and multiple synaptic adhesion 

molecules for ADGRL1-353–55, respectively. 

Despite the enormous complexity in the composition of the extracellular N terminus, 

some features can be found throughout all members of the aGPCR class. One such 

hallmark feature is the GPCR proteolysis site (GPS)56,57, which forms the C-terminal 

portion of the GPCR autoproteolysis-inducing domain (GAIN)58. The latter one can 

induce autoproteolytic cleavage in the GPS, rendering an N-terminal and a 

C-terminal fragment of the receptor59. However, the N-terminal fragment is likely not 

shed from the rest of the molecule, but rather forms a heterodimeric complex with its 

C-terminal counterpart59. While some aGPCRs need to be cleaved to be functional, 

some do not require this modification and others are not cleaved at all (summarized 

in 60).  
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Figure 1: Adhesion GPCR structure. Depicted are a general model of an Adhesion GPCR with a multitude of 

different domains in its extracellular N terminus and models of Latrophilin homologs in different species. 
LPHN1-3: mammalian Latrophilin-1/2/3, dCIRL: calcium-independent receptor of α-Latrotoxin in 
D. melanogaster, LAT-1: Latrophilin-1 in C. elegans, RBL: rhamnose-binding lectin domain, HRM: hormone-
binding domain, GAIN: GPCR autoproteolysis-inducing domain, 7TM: seven transmembrane helices domain. 
Image created with BioRender.com. 

 

1.3 Mechanisms of Adhesion GPCR function 

 

Being a special class of receptors, it was not surprising when it was found that 

Adhesion GPCRs also function via unique mechanisms. On the one hand side, they 

are able to mediate classical GPCR signaling by transducing extracellular cues 

through their 7TM into the cell (7TM-dependent (cis) function), which leads to the 

activation of G proteins or other downstream effectors (see section 1.3.1, Figure 2). 

Conversely, it was shown that aGPCRs are also able to function independently of 

the 7TM and C terminus, solely via their extracellular N termini (7TM-independent 

(trans) function), possibly acting themselves as a cue for other receptors or 

mediating adhesion (see section 1.3.2, Figure 2). 

 

1.3.1 Cis function 
 

The 7TM-dependent cis mode of Adhesion GPCRs seems analogous to canonical 

GPCR signaling in regard to the employed downstream effectors. These include 

different heterotrimeric G proteins, for example, Gs, Gi/o, Gq/11 or G12/13 (summarized 

in 61). Gs and Gi/o enhance or inhibit adenylyl cyclase activity, respectively, and 

therefore regulate cyclic adenosine monophosphate (cAMP) production and the 

activation of protein kinase A (PKA). Gq/11 promotes the generation of inositol 

triphosphate (IP3) and diacyl glycerol (DAG) through beta-type phospholipase C 



10 
 

(PLC-β), which subsequently leads to protein kinase C (PKC) activation and calcium 

ion release from the endoplasmatic reticulum. G12/13 mediates its function via 

guanine nucleotide exchange factors (GEFs) of small G proteins such as Rho. 

Interestingly, there is also some evidence on aGPCR cis signaling mediated by 

non-G proteins like beta-arrestins62. 

Unlike downstream effector recruitment, the mechanism underlying aGPCR 

activation has recently been found to be considerably different from other GPCRs. 

In 2014, Liebscher et al. proposed a model, whereby Adhesion GPCRs harbor a 

peptide sequence (Stachel) C-terminally of the GPS cleavage site (Figure 1), which 

acts as a tethered agonist for the receptor63. This phenomenon was subsequently 

found to be a common mechanism employed by multiple Adhesion GPCRs32,64–66. 

It is still debated how the Stachel peptide is able to activate the receptor, since 

crystallographic data suggests it to be concealed within the GAIN domain58. 

Because many Adhesion GPCRs undergo autoproteolysis, one mechanism to 

expose the peptide could be via cleavage of the receptor at the GPS and 

subsequent detachment of the N-terminal fragment, for example by mechanical 

force, as has been suggested for ADGRG629. This model is especially intriguing for 

Adhesion GPCRs that have been proposed to act as mechanosensors28–32. 

Conversely, there are some Adhesion GPCRs whose function does not depend on 

autoproteolytic cleavage (summarized in 60). An alternative model of how the 

Stachel peptide is revealed would therefore be by conformational changes, as it was 

proposed for ADGRG532. Support for this hypothesis came from a recent study that 

revealed movements within the GAIN domain to regulate Stachel peptide 

exposure67. 

 

 
Figure 2: Adhesion GPCR modes of function. Left: Cis function is dependent on the interaction of the seven 

transmembrane helices domain (7TM) with intracellular effectors such as G proteins that activate various 
downstream pathways. Right: Receptors with deletions in the 7TM are able to fulfil trans functions, possibly 
mediating adhesion or triggering signaling pathways through interaction partners on the same or adjacent cells. 
cAMP: cyclic adenosine monophosphate, IP3: inositol triphosphate, DAG: diacyl glycerol. Image created with 
BioRender.com. 
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1.3.2 Trans function 
 

One highly intriguing discovery about Adhesion GPCRs was their ability to fulfil 

some of their functions independently of the 7TM and intracellular C terminus, solely 

through their extracellular N termini. Since signals cannot be transduced into the cell 

via the receptor itself in this context, as is the case for cis functions, this feature was 

termed trans mode. However, the possible functions of the sole N terminus are not 

restricted to interactions with molecules on adjacent cells as is implied by “trans”, 

but can possibly also involve extracellular matrix components and molecules located 

on the same cell. The result of such interactions could be cell-cell/cell-matrix 

adhesion or the induction of signaling cascades through other receptors. Trans 

functions have been shown to apply to multiple aGPCRs in different species, such 

as Latrophilins in C. elegans68, ADGRG6 in mice and its homolog GPR126 in 

zebrafish24, ADGRE5 and ADGRB1/2 in mice69–71, and ADGRG2 in humans72, 

suggesting this to be a common way of functioning for these receptors.  

Understanding the mechanisms underlying trans functions via in vitro studies is 

difficult, since standard approaches for assessing GPCR function, such as second 

messenger assays, are not applicable. Therefore, in vivo studies must be 

performed, which can be cumbersome to establish. As a result, data on the effects 

triggered by trans functions on a molecular level are scarce. Furthermore, it can only 

be speculated whether the N terminus remains connected to the rest of the receptor 

or is detached when acting in trans. Since Adhesion GPCRs are cleaved at the 

GPS59, one could hypothesize the N-terminal fragment to be liberated in order to 

function independently of its C-terminal counterpart. Another possible mechanism 

can be deduced from transcriptome and splice variant analyses. There are some 

Adhesion GPCR variants that would translate to a protein comprising only the 

N-terminal part of the receptor without a 7TM domain or C terminus45,73,74. The 

resulting proteins could possibly mediate trans functions independently of full-length 

receptors. Intriguingly, some of these variants also showed tissue-specific 

expression patterns45,73. Thereby, trans functions could also be regulated 

independently of canonical cis signaling by differential expression of certain 

messenger RNAs (mRNAs). 

It is still unclear how sole Adhesion GPCR N termini generated by autoproteolysis or 

alternative splicing could be implemented into a physiological context. Furthermore, 

it remains to be answered if the trans mode can trigger signaling cascades or is 

limited to conveying cell-cell or cell-matrix adhesion. To elucidate these topics, 

further in vivo investigations are indispensable. 
 

1.4 Latrophilins as prototypical Adhesion GPCRs 

 

One of the first receptors that have been utilized as models to unravel mechanisms 

of Adhesion GPCR function are the Latrophilins. Humans and other mammals 

contain three receptor paralogs ADGRL1-375,76 (Figure 1). ADGRL4 is considered 

Latrophilin-like due to homology in the 7TM region, but its extracellular domains 
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greatly resemble the ones of ADGRE1-53, making functional similarities to 

Latrophilins unlikely. 

The name Latrophilin originates from the observation of ADGRL1 – a Latrophilin 

homolog in rat – being the target of α-Latrotoxin, which is the main neurotoxin 

responsible for the effects of black widow spider venom77. Hence it was also given 

the name of calcium-independent receptor of α-Latrotoxin (CIRL)75,77. The 

neurotoxic effect of α-Latrotoxin results from the formation of a cation channel, 

which is facilitated by ADGRL1. This in turn leads to calcium influx and 

neurotransmitter vesicle secretion78–80. However, α-Latrotoxin also leads to cAMP 

and inositol phosphate accumulation in ADGRL1-transfected cells75,77, indicating a 

possible second effect via canonical Gs and Gq signaling pathways, the latter of 

which was later confirmed81. In the past decade, endogenous ligands of mammalian 

Latrophilins, namely Teneurins/Lasso54, Neurexins53 and Fibronectin leucine-rich 

repeat transmembrane proteins (FLRTs)55 were found. 

In the class of Adhesion GPCRs, Latrophilins are considered prototypical due to 

their high evolutionary conservation (Figure 1)82. Therefore, homologs of 

Latrophilins can be found in a multitude of species, including the nematode 

C. elegans (LAT-1, LAT-2)83,84 and the common fruit fly D. melanogaster (dCIRL)85. 

Interestingly, the identification of an ancient aGPCR-like molecule in 

choanoflagellates indicates that precursors of Adhesion GPCRs originated before 

multicellular life86.  

Their prototypic qualities make Latrophilins the perfect candidates to study general 

mechanisms underlying Adhesion GPCR signaling. It is therefore not surprising that 

important functional hallmarks, such as the GPS or the GAIN domain, have 

originally been described in members of this group57,58. Latrophilins are also on the 

frontiers of translational Adhesion GPCR research, as can be seen by first clinical 

trials investigating the treatment of pediatric asthma using a recombinant human 

Latrophilin-3 antibody87. It is plausible that future investigations of Latrophilins can 

further enhance our knowledge about the entire class of aGPCRs. 

 

2 The model organism Caenorhabditis elegans (C. elegans) 

 

The roundworm Caenorhabditis elegans (C. elegans) was first introduced by 

Sydney Brenner in 197388 as a model organism to study development and behavior. 

It was the first multicellular organism, whose genome was fully sequenced89 and 

whose complete cell lineage from the fertilized oocyte to the adult animal could be 

described90,91. The roundworm has also set a milestone in neurobiological research, 

since it is the only organism to date in which all neuronal connections – the 

so-called “connectome” – are known92, giving valuable insights into the formation of 

synapses and neuronal circuits. It is these kinds of major achievements that made 

C. elegans a popular invertebrate model system in the recent years, setting it at the 
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center of the discovery of a multitude of molecular mechanisms, such as 

apoptosis93, RNA interference94, and the Notch signaling pathway95. 

Next to its great scientific importance, C. elegans also displays some desirable 

perks when working with it in the laboratory. Most nematodes of a population are 

hermaphrodites, which are able to produce both sperm and oocytes and yield 

approximately 250 genetically identical progeny that grow to adulthood within four 

days, when kept at room temperature96. Thereby, homozygous strains are easily 

maintained in large numbers, allowing for high throughput experiments. There is 

also a small percentage of worms (0.05%) that lost one of the two X chromosomes 

due to gonosomal non-disjunction and therefore develop a male phenotype97. These 

can be crossed with hermaphrodites to combine their genetic backgrounds and 

generate new strains. The nematode is also transparent, which enables researchers 

to perform microscopy in vivo, for example, via the use of fluorescent markers to 

visualize protein expression and distribution. The thorough characterization of the 

invariant amount of somatic cells90,91 further enables physiological analyses in single 

cell resolution, which is especially useful when studying neuronal circuits. 

In general, one can say that the simplicity of C. elegans, combined with its technical 

advantages and great potential for unravelling molecular details of various 

physiological processes, render the roundworm a perfect candidate to study basic 

mechanisms of Adhesion GPCR signaling.  

 

2.1 Physiological functions of Latrophilin-1 (LAT-1) in C. elegans  

 

Only three Adhesion GPCRs are known in C. elegans, with Latrophilin-like protein-1 

(LAT-1) – or in short Latrophilin-1 – being the one that was most extensively studied 

in the past83,84. The other two aGPCRs are Latrophilin-like protein-2 (LAT-2) and 

Flamingo (FMI-1), the latter representing a homolog to the ADGRC group in 

mammals83,98. Adhering to the C. elegans nomenclature rules of genes and 

proteins, lat-1 is used for the Latrophilin-1 gene and LAT-1 for the corresponding 

protein in the following.  

It was shown that LAT-1 is needed in the organization of the mitotic spindle along 

the anterior-posterior axis in the early C. elegans embryo (Figure 3)26. In this 

context, the receptor acts in cis, coupling to the Gαs protein GSA-1 to ultimately 

increase cAMP levels in distinct blastomeres65. However, it is yet unclear how this 

non-directional effect is translated into a cue for polarization. Still, the importance of 

this function of LAT-1 is stressed by data obtained from mutants homozygous for 

the null allele lat-1(ok1465) (from now on termed lat-1 mutant). These worms 

display 70% embryonic or larval developmental arrest and consecutive lethality, 

likely due to cumulative aberrations in polarity and morphogenesis after the initial 

defects in spindle orientation26. Additionally to this defect in development, surviving 

lat-1 mutants display reduced brood size, suggesting another function of LAT-1 in 

fertility68 (Figure 3). Unpublished data from the Prömel lab further hinted LAT-1 to be 
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involved in germ cell proliferation as well as apoptosis. These observations can be 

used as a starting point to understand how LAT-1 regulates fertility in C. elegans.  

Intriguingly, transgenic complementation assays that reintroduced either the whole 

lat-1 locus or just the part encoding for the N terminus and the first transmembrane 

helix, respectively, into lat-1 mutants showed that the LAT-1 functions in 

development and fertility are likely realized via different mechanisms (Figure 3). 

Both, embryonic lethality and brood size defect were ameliorated (also termed 

“rescued”) by expression of full-length lat-1. However, only fertility was rescued in a 

strain solely expressing the membrane-bound N terminus of the receptor68. This 

suggests a trans function of LAT-1 in the reproductive system of C. elegans next to 

the canonical cis function in embryonic development. Interestingly, cleavage of the 

receptor was dispensable for its function in fertility, indicating that liberation of the 

N terminus through autoproteolysis is not essential in this context68. On the other 

hand, transcriptome analyses using pooled RNA-Sequencing (RNA-Seq) data from 

multiple sources predicted physiological variants of lat-1 comprised only of the 

N terminus74, which could mediate trans functions. The co-existence of cis and trans 

modes of LAT-1 in C. elegans renders the nematode the ideal model to study 

mechanisms of Adhesion GPCRs signaling in vivo. 

 

 
Figure 3: Latrophilin-1 functions in C. elegans. Left: lat-1 mutants display severe embryonic defects

26
 that 

can only be ameliorated by expression of a full-length receptor (images adapted from 
26

). In this context, LAT-1 
acts in cis by binding the Gs protein GSA-1

65
. Right: Adult lat-1 mutants (here abbreviated lat-1) have a reduced 

brood size, which can be ameliorated by a construct translating to the N terminus and the first transmembrane 
domain of the receptor (LNT)

68
, suggesting a trans function. n > 90, ***: p < 0.001. Image created with 

BioRender.com. 

 

While the established phenotypes in lethality and fertility enabled researchers to 

easily study LAT-1 function in C. elegans hermaphrodites, data on physiological 

relevance of the receptor in male worms is scarce. However, mating experiments 

using lat-1 mutant males and wild-type hermaphrodites yield a significantly reduced 

number of progeny and concomitantly an increased amount of unfertilized oocytes 

compared to crossings with wild-type males68. This suggests a function of LAT-1 in 

either copulation behavior or sperm function.  
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A role in sperm generation or maturation could be explained by a function in the 

gonad, which has been shown to express lat-1 in the hermaphrodite26. Copulation 

on the other hand is realized by an intricate system of neuronal circuits and their 

muscular effector cells. A neuronal function of LAT-1 in copulation would be 

intriguing, since Latrophilins and their homologs have been shown to have important 

roles in synaptic function in mammals13,99,100 as well as in mechanosensory neurons 

of D. melanogaster28,101,102. Interestingly, there is evidence for neuronal expression 

of LAT-1 in the hermaphrodite26,103,104, which could also be the case for the male. It 

would be especially interesting, whether LAT-1 employs trans functions, as is the 

case in the reproductive system of the hermaphrodite, since until now, neuronal 

functions of Latrophilins were always associated with cis signaling101,102,105. Studying 

neuronal functions of Latrophilins in C. elegans could therefore greatly complement 

the studies performed in other organisms. 

 

2.2 C. elegans male copulatory behavior as a model for 

neurodevelopment and neuronal function 

 

Since this study aims to analyze neuronal functions of LAT-1 in the C. elegans male, 

the following section gives an overview of its nervous system (Figure 4). The 

establishment of the first connectome – a map that includes all neuron positions and 

their synaptic connections – was one of the greatest breakthroughs achieved using 

the roundworm C. elegans92. Soon after its discovery, the nematode was used in a 

multitude of studies unravelling general mechanisms of neurotransmission, 

synaptogenesis, as well as axon and dendrite development (summarized in 106–108).  

The male-specific nervous system in particular caught the eye of many scientists, 

since the stereotypical male mating behavior was an easy-to-handle physiological 

readout to study the functions of the required neuronal circuits. There are a distinct 

number of processes that need to take place for a successful mating between a 

C. elegans male and hermaphrodite. First, the roaming male has to find its partner. 

This is likely realized via a diffusible cue emitted by the hermaphrodite that can be 

detected by sensory neurons of the male109, which are located in the anterior portion 

of the body, next to the pharynx. Once a male has found a mate and the ray-shaped 

processes of its tail have made contact to the hermaphrodite’s cuticle, a stereotypic 

response is initiated, regulated by ray sensory neurons110. Thereby, the male starts 

backward locomotion along the side of the hermaphrodite’s body, turning to the 

other side, when reaching its head or tail. This movement is halted, when the male 

identifies the vulva via sensory neurons such as HOA and HOB110. To ensure 

proper sperm transfer, the last step of mating requires the insertion of the male 

spicules – bilateral sex organs comprised of six cells enclosed within a hardened 

cuticle – into the hermaphrodite’s vulvar opening. The muscles that enable this are 

innervated by SPC neurons110,111. However, more neurons are needed for 

maintaining vulvar contact, coordinated spicule positioning and subsequent sperm 

transfer, such as PCA, PCB, PCC, SPV and SPD110–112. 
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The thorough understanding of the neuronal circuits underlying copulation and 

simplicity of the animal makes the C. elegans male a suitable candidate for 

investigating general mechanisms of neuronal function in vivo at a rapid speed. 

Additionally, knowledge about the complete cell lineage and morphogenesis of the 

nematode enables detailed analyses concerning neuron migration and axon and 

dendrite formation113. New insights concerning the organization and function of the 

nervous system can then be followed up in other organisms, such as mammals, to 

find evolutionary conserved mechanisms that could complement neuronal functions 

known to date. 

 

 
Figure 4: Anatomy of the C. elegans reproductive and nervous system. Top: Hermaphrodites contain two 

identical tubular gonads in which germ cells are organized in a linear fashion. In the most distal part of the 
gonad, germ cells proliferate (dark blue) and only enter meiosis when loosing contact to the distal tip cell (DTC). 
After being temporarily arrested in the pachytene, germ cells differentiate to oocytes and undergo the remaining 
meiotic phases. In this region, germ cells are surrounded by gonadal sheath cells (not shown). Meiosis is 
completed only after fertilization of the oocytes by sperm that are generated during larval development and 
stored in the somatic spermatheca. Bottom: The nervous system of C. elegans males is similar to the 

hermaphrodite in the head region, harboring a multitude of neurons that extend their dendrites along the pharynx 
towards the nasal tip. Some of these dendrites are enclosed by processes of neuronal support cells such as the 
cephalic socket cell. The nerve ring is a complex network located around the pharynx composed of axons and 
dendrites of various neurons. The male tail contains the copulatory organ (spicule) as well as multiple neurons 
necessary for mating. Ray-like structures at the tail tip contain dendrites of sensory ray neurons for 
hermaphrodite recognition. Other sensory neurons, such as HOA or HOB, are essential for finding the vulva. 
Motor neurons, such as SPC, innervate the muscles relevant for spicule positioning and sperm transfer. Image 
created with BioRender.com. 
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2.3 The reproductive system of C. elegans hermaphrodites as a model 

for stem cell biology and Notch signaling 

 

LAT-1 function in C. elegans hermaphrodite fertility could originate in the gonad, 

which was shown to highly express lat-126. The C. elegans reproductive system was 

intensely studied in the past decades and this section shortly sums up the most 

important anatomical and functional features of both the somatic gonad and the 

germ cells (Figure 4). General anatomy and physiology is summarized in 114–117.   

Hermaphroditic nematodes contain two tubular U-shaped gonads. During larval 

stages of C. elegans the gonads are programmed to produce a fixed number of 

sperm, which are then stored in an organ called the spermatheca. In adults, gamete 

production is then switched to oocytes and seizes only, when all sperm from the 

spermatheca have been used for fertilization. Concerning the gonadal structure, 

germ cells are located in the center of the tube, surrounded by somatic cells that 

form plexus-like protrusions to enclose single germ cells and on the other hand limit 

the gonad to the body cavity. The somatic cell capping the end of the gonad is aptly 

called distal tip cell (DTC) and the others gonadal sheath cells. The germ cells 

within the tube undergo the stages of mitosis and meiosis as they wander from the 

distal towards the proximal end of the gonad. The specific stages of mitosis/meiosis 

can be easily defined via morphology of germ cell nuclei or certain stage markers, 

such as REC-8 and HIM-3, which show the transition from mitosis to meiosis118,119. 

The proliferative zone lies at the distal end of the gonad, where germ cells cycle 

through mitotic divisions. This zone is in part considered to be a stem cell pool and 

is controlled by Notch signaling (Figure 5). In particular, the Notch ligand LAG-2 on 

the DTC activates the Notch receptor GLP-1 on the germ cells120,121, which leads to 

expression and translation of LST-1 and SYGL-1 in distal germ cells122. These direct 

targets of Notch signaling cooperate with the RNA-binding proteins FBF-1 and 

FBF-2 to suppress various other pathways123–125. The most intensively studied 

targets of the resulting regulatory effects are GLD-1, which is an inhibitor of 

proliferation126,127, and GLD-2/3, which function as initiators of meiotic fate128,129.  

 
Figure 5: Notch signaling in the distal 
C. elegans germline. The Notch ligand 

LAG-2 on the distal tip cell (DTC) activates 
the Notch receptor GLP-1 on germ 
cells

120,121
, which leads to expression and 

translation of the direct Notch targets LST-1 
and SYGL-1

122
. These in turn repress 

various anti-proliferative (e.g. GLD-1)
126,127

,  
and meiosis-promoting (e.g. GLD2/3)

128,129
 

effectors, ultimately upholding the 
proliferative fate of germ cells in the distal 
germline. Image created with 
BioRender.com. 
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With increasing distance from the DTC – i.e. in more proximal parts of the gonad –

Notch signaling decreases and germ cells are able to enter meiotic prophase I, 

temporarily arrest in pachytene, differentiate to oocytes and complete meiotic 

divisions. During ovulation, oocytes are being pushed through the spermatheca by 

rhythmic contractions of the gonadal sheath cells and can then be fertilized by 

sperm. The fertilized oocytes are flushed into the uterus, where they form an egg 

shell, undergo first embryonic divisions and are then laid as eggs through the vulva. 

Containing all stages from stem cell to differentiated gamete in a linear organization 

makes the C. elegans gonad an excellent model to study the physiology of stem 

cells, the cell cycle and cues that affect the decision between proliferation and 

meiotic entry such as the Notch pathway. Since the latter is an evolutionary 

conserved mechanism for stem cell maintenance (summarized in 130,131) and 

mutations of Notch pathway components are found in a multitude of human cancers 

(summarized in 132), identifying new regulators will be essential for future medical 

and pharmacological research. Interestingly, there is evidence that Adhesion 

GPCRs can crosstalk with Notch133, which renders them promising targets in drug 

development. However, data on the mechanisms underlying the interaction of 

aGPCRs and components of the Notch pathway is scarce, which hinders progress 

in this direction. C. elegans has already been a linchpin in stem cell and Notch 

research in the past and would therefore also be an ideal system to elucidate the 

relationship of Notch and aGPCR signaling.  
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3 Aim of this study 

 

The class of Adhesion GPCRs has been found to have a multitude of important 

roles in mammalian physiology and is associated with severe human pathologies, 

many of which affect the nervous system. Despite their obvious relevance, 

knowledge about aGPCR signaling is rare. While there is a growing body of data 

concerning 7TM-dependent (cis) functions, molecular mechanisms of 

7TM-independent (trans) functions remain elusive. Since the latter possibly involve 

interactions with adjacent cells or extracellular matrix, in vivo analyses are 

indispensable to gain new insights. The Latrophilin homolog LAT-1 in the 

roundworm C. elegans presents a prototypic Adhesion GPCR with a known trans 

function in hermaphrodite fertility and, therefore, an ideal model to study this 

enigmatic mechanism in vivo. 

 

There is preliminary evidence for a function of LAT-1 in the C. elegans male, which 

could originate from neurons. Since previously published neuronal functions of 

Latrophilins have always been associated with cis signaling, it would be intriguing to 

see whether LAT-1 acts in cis or trans in the C. elegans nervous system. Hence, the 

following goals will be addressed in the first part of this study: 

1. Generate a detailed expression map of Latrophilin-1 in the C. elegans male. 

2. Elucidate whether the physiological role of Latrophilin-1 in the C. elegans 

male indeed involves neuronal functions. 

3. Discover whether LAT-1 acts in cis or trans in this context. 

 

Trans functions have been shown to be exerted by multiple Adhesion GPCRs in 

different contexts. However, it is still unknown if this mechanism indeed affects 

adjacent cells, if the receptor N terminus can act independently of full-length 

proteins and if signaling cascades can be activated in this way. The known trans 

function in C. elegans hermaphrodite fertility poses an ideal model to elucidate 

these questions in vivo. Therefore, the second part of this study will address the 

following goals: 

1. Generate a detailed physiological model of the LAT-1 trans function in the 

hermaphrodite’s gonad. 

2. Define whether the receptor influences the same cells it is expressed on or 

acts non-cell autonomously. 

3. Elucidate whether the splice variant repertoire of lat-1 contains N-terminal 

variants capable of fulfilling trans functions. 

4. Unravel whether LAT-1 trans function induces the activation of signaling 

cascades and define possible downstream effectors. 

 

In summary, the experiments presented in the following are to lay the groundwork 

for elucidating trans functions of Adhesion GPCRs and will hopefully facilitate further 

research in this intriguing field, possibly even leading to first approaches to tap into 

the pharmacological potential of these receptors. 
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ABSTRACT 

Latrophilins are highly conserved Adhesion GPCRs playing essential roles in the 

mammalian nervous system and are associated with severe neurological disorders. Recently, 

it has been shown that murine Latrophilins mediate classical G-protein signals to drive 

synaptogenesis. However, there is evidence that Latrophilins in Caenorhabditis elegans can 

also function independently of their seven-transmembrane domain and C terminus (trans 

function). Here, we show that Latrophilin-1 acts in trans to mediate morphogenesis of 

sensory structures in the C. elegans nervous system. This trans function is physiologically 

relevant in copulation behavior. Detailed expression and RNA-Seq analyses revealed 

specific LAT-1-positive neurons and first insights into the genetic network that is modulated 

by the receptor function. We conclude that 7TM-independent functions of Latrophilins are 

essential for neuronal physiology, possibly complementing canonical functions via G 

protein-mediated signaling. 

 

 

INTRODUCTION 

Adhesion G protein-coupled receptors (aGPCRs) have essential functions in the nervous 

system, such as in myelination [1, 2], axon tract formation [3], and synaptogenesis [4, 5]. 

Mutations in aGPCRs can result in severe neurological pathologies like bilateral 

frontoparietal polymicrogyria [6], Usher syndrome type II [7], and microcephaly with 

rhombencephalosynapsis [8]. Furthermore, certain variations of LPHN3/ADGRL3 lead to a 

pre-disposition to autism spectrum disorders [9]. Despite their relevance, data on aGPCR 

signaling are rare. One group of aGPCRs with essential functions in the nervous system of 

various species, which can be considered prototypic representatives of the aGPCR class due 

to their evolutionary age, are Latrophilins. In mice, LPHN2/ADGRL2 and LPHN3/ADGRL3 
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induce synaptogenesis in the cerebellum [4] and the hippocampus [5], in the latter by 

activating canonical G protein signals [10]. Furthermore, the Latrophilin homolog dCIRL in 

Drosophila melanogaster mediates neuronal mechanosensation via G proteins [11]. While 

there is evidence for neuronal expression of the Latrophilin homolog LAT-1 in the nematode 

Caenorhabditis elegans [12, 13], physiological functions of the receptor in neurons are still 

unknown. 

Here, we explored the conservation of neuronal Latrophilin functions in C. elegans males. 

Previous data suggested a function of LAT-1 in this sex [14], but the underlying processes 

remain elusive. We show that LAT-1 is expressed in a multitude of neurons, indicating a 

plethora of possible neuronal functions. Transcriptome analyses of lat-1 mutants suggest that 

the receptor is involved in neurodevelopment, mechanosensation, and copulation behavior. 

More detailed analyses found LAT-1 to modulate the morphogenesis of male sensory rays 

and head sensillia. Intriguingly, these functions are mediated by the sole LAT-1 N terminus, 

suggesting a non-canonical trans function. This trans function, which has also been shown 

previously to play a role in fertility [14], influences copulation behavior. We present 

C. elegans as a valuable model to understand the complex involvement of Latrophilins in the 

nervous system and how trans functions could complement established G protein-dependent 

signaling of aGPCRs in vertebrates. 

 

 

RESULTS 

LAT-1 is expressed in multiple neurons and neuronal support cells of male C. elegans 

To obtain a detailed expression map of lat-1 in neurons of the C. elegans male we used a 

lat-1p::GFP transcriptional reporter co-expressing the NeuroPAL marker (Supplementary 

Table 1, Fig. 1A) and identified individual neurons [15]. In the head, we found LAT-1-



24 
 

positive motor neurons, interneurons and various sensory neurons (Fig. 1B-C, 

Supplementary Table 1). Among these were ADL, ASI, ASK, AWA, AWC, and URY 

neurons, which mediate sexual attraction during copulation [16]. We also identified the non-

neuronal cephalic socket (Fig. 1D) and sheath cells (Supplementary Fig. 1A). 

In the midbody, lat-1 was present in ventral nerve cord neurons, and in the mechanosensory 

ALM and AVM neurons (Supplementary Fig. 1B, C, Supplementary Table 1). In the tail, we 

found LAT-1-positive neuronal cells relevant for copulation behavior [16]:  ray neurons 

(Fig. 1E-G), the sensory neurons HOB (Fig. 1H, I), PQR, PHA, and PHD (Supplementary 

Fig. 1D, E, Supplementary Table 1), which are essential for hermaphrodite sensing via 

mechano-/chemosensory cues. LAT-1 was also in PCA, PCB, PDC, PVY, SPC, SPD, and 

SPV, which coordinate sensory perception and motor function during mating 

(Supplementary Fig. 1F, G; Supplementary Table 1). The mechanosensory PLM and DVA 

neurons also strongly expressed lat-1 (Fig. 1E, G, Supplementary Fig. 1H, I), but have no 

reported function in mating. lat-1 was not detected in neuronal support cells of the tail. 

However, the anal depressor muscle was LAT-1-positive (Fig. 1H), which regulates spicule 

protraction together with the SPC neuron [17]. 

In summary, the lat-1 expression profile suggests different functions in C. elegans males and 

hints towards a role of the receptor in copulation. 

 

Transcriptome analyses suggest LAT-1 involvement in neurodevelopment, 

mechanosensation and copulation behavior 

We performed transcriptome analyses by RNA-Seq on lat-1(ok1465) null-mutant adult 

males to identify significantly regulated genes (Supplementary Table 2). Subsequent 

enrichment analyses determined cells, phenotypes and Gene Ontology (GO) terms 

overrepresented among these genes (Supplementary Table 3). In an effort to separate general 
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and male-specific functions, additional analyses were performed, only using regulated genes 

enriched in males/expressed in male cells. 

While upregulated genes gave no significant results, we identified neuronal/muscular cells 

among downregulated genes (Fig. 2A). In the subset of male-associated genes, neurons were 

more prominent (Fig. 2B). Most overrepresented phenotypes were associated with body 

morphology, locomotion and copulation (Fig. 2A). When analyzing male-associated genes, 

more phenotypes concerning copulation, locomotion, and neurodevelopment emerged 

(Fig. 2B). Significantly overrepresented GO terms featured ion homeostasis, 

extracellular/cytoskeletal filaments, metabolism, and neurodevelopment, the latter being 

represented more prominently in male-associated genes (Supplementary Table 3).  

As expression analyses did not reveal many muscular cells expressing lat-1, we investigated 

whether genes supporting muscle cell overrepresentation were also expressed in neurons. 

Over 50 % of male-associated genes seemed neuron-specific and most of the remaining 

genes were expressed in both investigated cell types (Fig. 2C, Supplementary Table 4). A 

mainly neuronal LAT-1 function is therefore possible.  

We further evaluated known functions of overrepresented neuronal cells. These comprised 

mainly neurodevelopment, locomotion, sensory functions (mostly mechanosensation), 

mating, and neuromodulation (Fig. 2D, Supplementary Table 5).  

These findings suggest a role of LAT-1 in the C. elegans male nervous system, likely 

influencing neurodevelopment, locomotion, mechanosensation, and copulation.  

 

LAT-1 exerts a 7TM-independent (trans) function in head sensillium and ray morphogenesis 

As transcriptome analyses suggested a role for LAT-1 in neurodevelopment, we screened 

lat-1-mutant adult males for neuronal defects and identified severe morphological 

aberrations in sensory head sensillia and tail rays (Fig. 3A-D). 
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lat-1-mutant males showed dysmorphic, crude/shortened head dendrites. Socket cell 

processes did not exhibit a triangular shape as in wild-types (Fig. 3A, C). In the tail, lat-1 

mutants displayed dysmorphic ray structures (Fig. 3B, D). These defects were ameliorated in 

a lat-1-mutant strain expressing solely the membrane-tethered LAT-1 N terminus (LNT) 

(Fig. 3A-D), indicating a 7TM-independent (trans) function. Furthermore, the nerve ring of 

lat-1 mutants was shifted anteriorly (Fig. 3E, F), which was not rescued by LNT expression. 

We did not observe axon migration defects along the ventral nerve cord (Fig. 3G), as was 

previously shown for mutants of the C. elegans aGPCR fmi-1 [18]. 

These data suggest 7TM-dependent and 7TM-independent neuronal functions of LAT-1. The 

identified defects in lat-1 mutants may be relevant for male copulation behavior. 

 

The 7TM-independent (trans) function of LAT-1 is essential for male copulation behavior 

To study a potential role of LAT-1 in mating, we determined copulation success by assessing 

sperm transfer to hermaphrodites. lat-1 males showed a significant decrease in successful 

copulations with wild-type hermaphrodites compared to wild-type controls (Fig. 4A). 

Male copulation behavior and the involved neurons are well studied [19]. The male is 

attracted to the hermaphrodite by pheromones. Once physical contact is established, chemo-

/mechanosensory stimuli lead to hermaphrodite recognition by the male rays. Subsequently, 

the male initiates backward locomotion. Upon vulval contact, a complex neuronal network 

leads to halting, spicule insertion and sperm transfer. 

Detailed behavioral analyses showed that lat-1-mutant males took longer to locate mates and 

spent less time copulating (Fig. 4B, C). They required significantly more hermaphrodite 

contacts to initiate copulatory behavior (Fig. 4D, E) and after backwards locomotion was 

initiated, lat-1-mutant males were defective in identifying the vulva, as seen by more vulva 

passes before attempting spicule insertion (Fig. 4F) and reduced vulval contact time (Fig. 
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4G). These defects were ameliorated by transgenic complementation of LNT (Fig. 4B-G), 

confirming a trans function. We also measured spicule protraction. While Oxotremorine M, 

a synthetic agonist of muscarinic acetylcholine receptors, induced spicule protraction in the 

majority of wild-type worms, lat-1 males responded at significantly lower levels (Fig. 4H). 

This phenomenon was also rescued by the LNT.  

Taken together, these data suggest that the trans function of LAT-1 is involved in multiple 

steps during copulation, which resonates with its vast neuronal expression profile (Fig. 1). 

 

 

DISCUSSION 

The involvement of Adhesion GPCRs and especially Latrophilins in the nervous system is 

highly interesting from a medical point of view since mutations in several receptors are 

associated with severe neurological and psychiatric pathologies [6-9]. Latrophilins mediate 

synaptogenesis in mammals [4, 5] via canonical G protein (cis) signaling [10]. Here, we 

show that the C. elegans homolog LAT-1 exerts 7TM-independent (trans) functions in the 

nervous system. 

The broad neuronal expression of lat-1 in the C. elegans male suggests that LAT-1 is 

relevant in the general organization of the nematode´s nervous system, not only in certain 

specific circuits. Many of the identified neurons also show lat-1 expression in the 

hermaphrodite [12], indicating possible sex-shared functions. However, although NeuroPAL 

[15] enabled precise neuron identification, cells harboring very low lat-1 levels might not be 

identified. We also observed lat-1 expression in cephalic sheath and socket cells forming the 

cephalic sensillium with CEM and CEP dendrites. Surprisingly, these neurons were LAT-1-

negative. However, CEM was overrepresented in enrichment analyses, indicating 

transcriptional changes specific to this neuron. Additionally, we observed the trans function 
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of LAT-1 to influence socket cell morphogenesis. These data suggest a function of the 

aGPCR in the cephalic sensillium, possibly influencing CEM neurons by determining socket 

cell morphology and/or function. Interestingly, the anal depressor muscle expresses lat-1, 

leaving the possibility of a muscular LAT-1 function. However, the muscle is not essential 

for copulation [20]. A mainly neuronal function of LAT-1 is further supported as almost 

100 % of male-associated genes dysregulated in lat-1 mutants were expressed in the nervous 

system, while only half showed expression in muscle cells. 

Enrichment analyses gave some indication for LAT-1 to be involved in neurodevelopment 

and copulation behavior, both of which were supported by physiological data. Dendrite 

morphogenesis depends on the interaction of neurons and extracellular matrix 

components [21]. It is conceivable that the LNT engages in such interactions, e.g. as a 

scaffold arranging cell-matrix adhesion. Defects in ray morphogenesis are mostly caused by 

alterations in ray structural cells or the adjacent hypodermis [22, 23]. However, correct 

positioning and morphogenesis of ray neurons also impacts ray morphology [24]. In lat-1 

mutants, ray morphology is altered, but expression of lat-1 is only present in sensory ray 

neurons and not in surrounding tissues. This could indicate a non-cell autonomous function 

of LAT-1, influencing ray structural cells from adjacent neurons. Our transcriptome analyses 

revealed many genes as possible targets of LAT-1 function in neuron morphogenesis. Of 

these, PLX-2 and UNC-27 have been associated with ray morphogenesis [25, 26] and UNC-

7 as well as UNC-55 were proposed to influence mating behavior [27, 28].  

Guided by expression and RNA-Seq analyses we chose mating behavior as a physiological 

readout for LAT-1 function. We showed that LAT-1 acts in trans in multiple steps of 

copulation, which is in line with its vast neuronal expression profile. Defective sensing of 

the hermaphrodite and its vulva in lat-1 mutants is especially intriguing, since it plausibly 

correlates with morphological defects we observed. LAT-1 seems to act in trans in several 
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contexts studied here. Although a LAT-1 trans function has been shown in fertility [14], this 

finding is intriguing, as previous neuronal functions of Latrophilins have consistently been 

associated with G protein-dependent signaling cascades and thus, with cis function [10, 11, 

29]. As LAT-1 function in early embryonic development of C. elegans also entails cis 

signaling [30], it is unlikely that neuron morphology alterations in lat-1 mutants result from 

defects in the embryo. However, the receptor could exert other canonical G protein-

dependent functions, e.g. in nerve ring development. It would be intriguing to know whether 

Latrophilin cis functions in synaptogenesis or modulation of mechanosensory stimuli [10, 

11] are evolutionary conserved and also present in C. elegans. A role of LAT-1 in 

mechanosensation surpassing the trans function in neurodevelopment is plausible 

considering the amount of LAT-1-positive mechanosensory neurons. The nature of the trans 

function and whether it involves signaling and/or adhesion remains to be determined. 

Our work shows that Latrophilins have functions in C. elegans neurons. It presents insights 

into physiologically relevant trans functions of these receptors, which could complement 

canonical cis signaling.  
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MATERIALS AND METHODS 

C. elegans maintenance and strains 

C. elegans strains were maintained according to standard protocols [31] on E. coli OP50 at 

22°C unless stated otherwise. For male generation, mixed populations were shifted to 34°C 

for 2 hours [31]. Strains used in the study are listed in Supplementary Table 6. 

 

Generation of transgenic C. elegans lines 

Transgenic strains were generated by DNA microinjection performed by NemaMetrix Inc. 

(Eugene, Oregon, USA). Injection mixes contained 1 ng/μl of a cosmid carrying the genomic 

locus of lat-1 with a GFP after amino acid 581 and a subsequent stop codon (pTL20 [14]), 

30 ng/μl myo-2p::mCherry-containing pPD118.33 (kind gift of Ralf Schnabel), and 89 ng/µl 

pBluescript II SK+ (Stratagene). Multiple independent transgenic lines were established. 

 

Transcriptome (RNA-Seq) and enrichment analyses 

Total RNA was extracted from 250 wild-type/lat-1-mutant C. elegans males in 5 samples 

(50 worms each) in TRIzol (ThermoFisher) following the manufacturer´s protocol. Indexed 

cDNA libraries with an average insert size of 300 bp were constructed using the SMARTer 

Stranded Total RNA-Seq Kit v2 – Pico Input Mammalian (Takara) following the 

manufacturer´s protocol with rRNA depletion. Paired-end sequencing of the samples was 

performed by Macrogen Europe using the NovaSeq6000 platform. 

Mapping of raw data to the C. elegans genome wbps14 was performed using hisat2 2.1.0 

[32] (Supplementary Table 7). Wild-type aliquot #5 was excluded based on low mapping 

percentage. Gene expression in fragments per kilobase per million mapped reads (FPKM) 

was obtained using stringtie v2.1.3b [33] based on transcript annotations in 

caenorhabditis_elegans.PRJNA13758.WBPS14.annotations.gff3 files. For shell scripts for 
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mapping (go.sh) and quality control (collect_stats.sh) see Supplementary files. Raw data can 

be accessed at the NCBI database (accession: PRJNA768843). 

Enrichment analyses of significantly regulated genes (p < 0.05) were done using the 

WormBase Enrichment Tool (q ≤ 0.1) [34, 35]. Male-associated genes were defined by 

being listed under the term “male” (WBbt:0007850) in WormBase. 

Characterization/categorizing of overrepresented terms was performed using information 

provided on Wormbase (WS280) and WormAtlas (http://www.wormatlas.org). 

 

Neuron/ray morphology analyses 

Z-stacks of 24 hours post-L4 males expressing lat-1(ok1465);qaIs7524[lat-1p::GFP::lat-

1+rol 6(su1006)] were analyzed for neuronal defects: (1) severe (ectopic dendrite position, 

grossly dysmorphic dendrites, missing terminal differentiation of the cephalic socket cell), 

(2) moderate (slight dendrite/socket cell dysmorphia), (3) wild-type morphology. Ray 

morphology was analyzed on DIC images. Defects were defined as follows: (1) severe 

(abnormally thick/very short/dysmorphic/crooked or missing rays), (2) moderate (slightly 

shortened/crooked rays) and (3) wild-type morphology.  

 

Analyses of copulation efficiency 

L4 males were isolated for 24 hours, stained with 10 µM MitoTracker Red CM-H2XRos 

(ThermoFisher) in M9 for 2 hours (dark) and left overnight to recover on E. coli OP50. 

15 stained males and 15 anesthetized hermaphrodites (300 µM levamisole, 30 minutes) were 

mated on a 5 µl spot of E. coli OP50. Every hour, hermaphrodites containing MitoTracker-

labelled sperm were counted.  
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Detailed analyses of copulation behavior 

Male copulation behavior was assessed as previously described [36]. 15 unc-64(e246) 24 h-

post-L4 hermaphrodites were incubated for 1 hour on plates with 5 µl E. coli OP50. Single 

age-matched males were added and recorded for 10 minutes or until insemination. 

Characteristic stages of male mating behavior were analyzed [19]: (1) time until first 

copulation (time until initiation of male backwards locomotion), (2) copulation time (time 

the male displays copulation behavior/entire observation period), (3) contacts until 

copulation (physical male-hermaphrodite contacts until initiation of backwards locomotion), 

(4) successful male-hermaphrodite contacts (contacts leading to copulation behavior/all 

observed contacts), (5) mean vulva passes (times males passed the vulva midline/times they 

stopped and attempted spicule insertion during the entire observation period) and (6) time at 

vulva (time attempting spicule insertion/ copulation time). 

 

Spicule protraction assay 

For a standardized readout of spicule protraction, we adapted previously established 

protocols [37]. 20-40 24 h post-L4 males were placed in 31.5 µL of water on a 2% agarose 

pad. 3.5 μl 100 μM Oxotremorine M or water (negative control) was added to induce spicule 

protraction. A coverslip was gently lowered onto the drop and protracted spicules were 

immediately assessed. 

 

Microscopy 

The following microscopes and settings were used. Confocal fluorescence imaging: LASX 

software on a Leica SP8 microscope (Z-stack spacing 0.3-0.5 μm). Previously described 

settings were applied for NeuroPAL imaging [15]. DIC imaging of ray morphology: Leica 

SP8, LASX software. Spicule protraction/copulation behavior: Leica M165FC. Video 
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recordings: Leica EC3 camera and LAS EZ software. Images/videos were evaluated using 

Fiji [38] or VLC media player. Neuron mapping was performed on multiple worms 

according to existing guidelines [15, 39].  

 

Statistical analyses 

Numerical assay data were analyzed using GraphPad Prism version 7.0. For normally 

distributed data, a two-tailed Student´s t-test or two-way ANOVA/Bonferroni post-hoc test 

were employed for comparing two/multiple groups, respectively. Categorical data was 

examined by Fisher’s exact test. Significantly regulated gene products in RNA-Seq analyses 

were defined by a two-sided Wilcoxon rank test. Statistical levels were: *p < 0.05, **p < 

0.01, *** p < 0.001, n.s. = not significant. 
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FIGURES AND FIGURE LEGENDS 

 

Figure 1:  C. elegans male neurons expressing lat-1. Neurons (positive for pan-neuronal 

TagRFP-T) were assessed for lat-1p::GFP expression (A, B, E, F, H). Neuron types were 

identified using the NeuroPAL color code (C, G, I) [15, 39]. (A) overview; (B-D) lateral 

head; (E, G): dorsal tail; (F): lateral tail; (H, I): ventral tail. For additional images see 

Supplementary Figure 1, for all identified neurons see Supplementary Table 1. Non-neuronal 

cells expressing lat-1: pharynx muscle, reproductive system (A), cephalic socket cells (D).  
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Figure 2: Enrichment analyses of lat-1 mutants. (A, B) Summary of overrepresented 

terms among significantly downregulated transcripts of lat-1 mutants compared to wild-type 

worms (n = 250, 5 aliquots). For details see Supplementary Tables 2 and 3. 

(C) Functions/expression profiles of male-associated genes. For details see Supplementary 

Table 4. (D) Functions of neurons identified during enrichment analyses according to 

WormBase (WS280). For details see Supplementary Table 5. 
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Figure 3: Defects in lat-1-mutant male neuron morphogenesis. (A) Abnormal dendritic 

(white triangles) and socket cell morphology in lat-1 mutants expressing lat-1p::GFP is 

ameliorated by the sole LAT-1 N terminus (LNT). (B) lat-1 mutants exhibit defective ray 

morphology, which is rescued by expressing the LNT. (C, D) Quantification of (A) and (B). 

n > 11. (E, F) The nerve ring in lat-1 mutants is shifted to the anterior. This phenotype 

cannot be ameliorated by LNT expression. n > 12. (G) lat-1 mutants show no defects of the 

ventral nerve cord. 
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Figure 4: Defective copulation behavior in lat-1-mutant males. (A) Copulation efficiency 

measured by successful transfer of MitoTracker-labelled sperm is significantly reduced when 

lat-1-deficient males are mated to wild-type hermaphrodites. The reciprocal experiment 

yields only slight reductions in copulation efficiency. n = 60. (B-G) Mating behavior of 

lat-1-mutant males reveals a complex behavioral defect (Supplementary files). All defects 

were ameliorated in lat-1 males expressing the LAT-1 N terminus (LNT). n > 15. 

(H) Oxotremorine M induces spicule protraction in wild-type males, but not that greatly in 

lat-1 mutants. This phenotype was rescued by expression of the LNT. n > 35. 

 

 

  



39 
 

REFERENCES 

[1] K.R. Monk, S.G. Naylor, T.D. Glenn, S. Mercurio, J.R. Perlin, C. Dominguez, C.B. 

Moens, W.S. Talbot, A G protein-coupled receptor is essential for Schwann cells to initiate 

myelination, Science, 325 (2009) 1402-1405. 

[2] S. Giera, Y. Deng, R. Luo, S.D. Ackerman, A. Mogha, K.R. Monk, Y. Ying, S.J. Jeong, 

M. Makinodan, A.R. Bialas, B.S. Chang, B. Stevens, G. Corfas, X. Piao, The adhesion G 

protein-coupled receptor GPR56 is a cell-autonomous regulator of oligodendrocyte 

development, Nat Commun, 6 (2015) 6121. 

[3] L.B. Lindenmaier, N. Parmentier, C. Guo, F. Tissir, K.M. Wright, Dystroglycan is a 

scaffold for extracellular axon guidance decisions, eLife, 8 (2019). 

[4] R.S. Zhang, K. Liakath-Ali, T.C. Sudhof, Latrophilin-2 and latrophilin-3 are redundantly 

essential for parallel-fiber synapse function in cerebellum, eLife, 9 (2020). 

[5] G.R. Anderson, S. Maxeiner, R. Sando, T. Tsetsenis, R.C. Malenka, T.C. Sudhof, 

Postsynaptic adhesion GPCR latrophilin-2 mediates target recognition in entorhinal-

hippocampal synapse assembly, J Cell Biol, 216 (2017) 3831-3846. 

[6] X. Piao, R.S. Hill, A. Bodell, B.S. Chang, L. Basel-Vanagaite, R. Straussberg, W.B. 

Dobyns, B. Qasrawi, R.M. Winter, A.M. Innes, T. Voit, M.E. Ross, J.L. Michaud, J.C. 

Descarie, A.J. Barkovich, C.A. Walsh, G protein-coupled receptor-dependent development 

of human frontal cortex, Science, 303 (2004) 2033-2036. 

[7] M.D. Weston, M.W. Luijendijk, K.D. Humphrey, C. Moller, W.J. Kimberling, Mutations 

in the VLGR1 gene implicate G-protein signaling in the pathogenesis of Usher syndrome 

type II, Am J Hum Genet, 74 (2004) 357-366. 

[8] M. Vezain, M. Lecuyer, M. Rubio, V. Dupe, L. Ratie, V. David, L. Pasquier, S. Odent, S. 

Coutant, I. Tournier, L. Trestard, H. Adle-Biassette, D. Vivien, T. Frebourg, B.J. Gonzalez, 

A. Laquerriere, P. Saugier-Veber, A de novo variant in ADGRL2 suggests a novel 

mechanism underlying the previously undescribed association of extreme microcephaly with 

severely reduced sulcation and rhombencephalosynapsis, Acta Neuropathol Commun, 6 

(2018) 109. 

[9] M. Arcos-Burgos, M. Muenke, Toward a better understanding of ADHD: LPHN3 gene 

variants and the susceptibility to develop ADHD, Atten Defic Hyperact Disord, 2 (2010) 

139-147. 

[10] R. Sando, T.C. Sudhof, Latrophilin GPCR signaling mediates synapse formation, eLife, 

10 (2021). 

[11] N. Scholz, C. Guan, M. Nieberler, A. Grotemeyer, I. Maiellaro, S. Gao, S. Beck, M. 

Pawlak, M. Sauer, E. Asan, S. Rothemund, J. Winkler, S. Promel, G. Nagel, T. Langenhan, 

R.J. Kittel, Mechano-dependent signaling by Latrophilin/CIRL quenches cAMP in 

proprioceptive neurons, eLife, 6 (2017). 

[12] M. Hammarlund, O. Hobert, D.M. Miller, 3rd, N. Sestan, The CeNGEN Project: The 

Complete Gene Expression Map of an Entire Nervous System, Neuron, 99 (2018) 430-433. 

[13] T. Langenhan, S. Prömel, L. Mestek, B. Esmaeili, H. Waller-Evans, C. Hennig, Y. 

Kohara, L. Avery, I. Vakonakis, R. Schnabel, A.P. Russ, Latrophilin signaling links anterior-

posterior tissue polarity and oriented cell divisions in the C. elegans embryo, Dev Cell, 17 

(2009) 494-504. 

[14] S. Prömel, M. Frickenhaus, S. Hughes, L. Mestek, D. Staunton, A. Woollard, I. 

Vakonakis, T. Schöneberg, R. Schnabel, A.P. Russ, T. Langenhan, The GPS motif is a 

molecular switch for bimodal activities of adhesion class G protein-coupled receptors, Cell 

Rep, 2 (2012) 321-331. 



40 
 

[15] E. Yemini, A. Lin, A. Nejatbakhsh, E. Varol, R. Sun, G.E. Mena, A.D.T. Samuel, L. 

Paninski, V. Venkatachalam, O. Hobert, NeuroPAL: A Multicolor Atlas for Whole-Brain 

Neuronal Identification in C. elegans, Cell, 184 (2021) 272-288 e211. 

[16] S.W. Emmons, Neural Circuits of Sexual Behavior in Caenorhabditis elegans, Annu 

Rev Neurosci, 41 (2018) 349-369. 

[17] L.R. Garcia, P.W. Sternberg, Caenorhabditis elegans UNC-103 ERG-like potassium 

channel regulates contractile behaviors of sex muscles in males before and during mating, J 

Neurosci, 23 (2003) 2696-2705. 

[18] A. Steimel, L. Wong, E.H. Najarro, B.D. Ackley, G. Garriga, H. Hutter, The Flamingo 

ortholog FMI-1 controls pioneer-dependent navigation of follower axons in C. elegans, 

Development, 137 (2010) 3663-3673. 

[19] M.M. Barr, L.R. Garcia, Male mating behavior, WormBook, (2006) 1-11. 

[20] L.R. Garcia, P. Mehta, P.W. Sternberg, Regulation of distinct muscle behaviors controls 

the C. elegans male's copulatory spicules during mating, Cell, 107 (2001) 777-788. 

[21] M.G. Heiman, S. Shaham, DEX-1 and DYF-7 establish sensory dendrite length by 

anchoring dendritic tips during cell migration, Cell, 137 (2009) 344-355. 

[22] J.E. Sulston, H.R. Horvitz, Post-embryonic cell lineages of the nematode, 

Caenorhabditis elegans, Dev Biol, 56 (1977) 110-156. 

[23] R.Y. Yu, C.Q. Nguyen, D.H. Hall, K.L. Chow, Expression of ram-5 in the structural 

cell is required for sensory ray morphogenesis in Caenorhabditis elegans male tail, EMBO J, 

19 (2000) 3542-3555. 

[24] S.E. Baird, D.H. Fitch, I.A. Kassem, S.W. Emmons, Pattern formation in the nematode 

epidermis: determination of the arrangement of peripheral sense organs in the C. elegans 

male tail, Development, 113 (1991) 515-526. 

[25] F. Nakao, M.L. Hudson, M. Suzuki, Z. Peckler, R. Kurokawa, Z. Liu, K. Gengyo-Ando, 

A. Nukazuka, T. Fujii, F. Suto, Y. Shibata, G. Shioi, H. Fujisawa, S. Mitani, A.D. Chisholm, 

S. Takagi, The PLEXIN PLX-2 and the ephrin EFN-4 have distinct roles in MAB-

20/Semaphorin 2A signaling in Caenorhabditis elegans morphogenesis, Genetics, 176 (2007) 

1591-1607. 

[26] L. Jia, S.W. Emmons, Genes that control ray sensory neuron axon development in the 

Caenorhabditis elegans male, Genetics, 173 (2006) 1241-1258. 

[27] P.A. Correa, T. Gruninger, L.R. Garcia, DOP-2 D2-Like Receptor Regulates UNC-7 

Innexins to Attenuate Recurrent Sensory Motor Neurons during C. elegans Copulation, J 

Neurosci, 35 (2015) 9990-10004. 

[28] G. Shan, W.W. Walthall, Copulation in C. elegans males requires a nuclear hormone 

receptor, Dev Biol, 322 (2008) 11-20. 

[29] M.A. Rahman, A.C. Ashton, F.A. Meunier, B.A. Davletov, J.O. Dolly, Y.A. 

Ushkaryov, Norepinephrine exocytosis stimulated by alpha-latrotoxin requires both external 

and stored Ca2+ and is mediated by latrophilin, G proteins and phospholipase C, Philos 

Trans R Soc Lond B Biol Sci, 354 (1999) 379-386. 

[30] A. Müller, J. Winkler, F. Fiedler, T. Sastradihardja, C. Binder, R. Schnabel, J. Kungel, 

S. Rothemund, C. Hennig, T. Schöneberg, S. Prömel, Oriented Cell Division in the C. 

elegans Embryo Is Coordinated by G-Protein Signaling Dependent on the Adhesion GPCR 

LAT-1, PLoS Genet, 11 (2015) e1005624. 

[31] S. Brenner, The genetics of Caenorhabditis elegans, Genetics, 77 (1974) 71-94. 

[32] D. Kim, J.M. Paggi, C. Park, C. Bennett, S.L. Salzberg, Graph-based genome alignment 

and genotyping with HISAT2 and HISAT-genotype, Nat Biotechnol, 37 (2019) 907-915. 

[33] M. Pertea, G.M. Pertea, C.M. Antonescu, T.C. Chang, J.T. Mendell, S.L. Salzberg, 

StringTie enables improved reconstruction of a transcriptome from RNA-seq reads, Nat 

Biotechnol, 33 (2015) 290-295. 



41 
 

[34] D. Angeles-Albores, N.L. RY, J. Chan, P.W. Sternberg, Tissue enrichment analysis for 

C. elegans genomics, BMC Bioinformatics, 17 (2016) 366. 

[35] D. Angeles-Albores, R. Lee, J. Chan, P. Sternberg, Two new functions in the 

WormBase Enrichment Suite, MicroPubl Biol, 2018 (2018). 

[36] B. LeBoeuf, L.R. Garcia, Caenorhabditis elegans Male Copulation Circuitry 

Incorporates Sex-Shared Defecation Components To Promote Intromission and Sperm 

Transfer, G3 (Bethesda), 7 (2017) 647-662. 

[37] S. Prömel, F. Fiedler, C. Binder, J. Winkler, T. Schöneberg, D. Thor, Deciphering and 

modulating G protein signalling in C. elegans using the DREADD technology, Scientific 

reports, 6 (2016) 28901. 

[38] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. 

Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J.Y. Tinevez, D.J. White, V. Hartenstein, K. 

Eliceiri, P. Tomancak, A. Cardona, Fiji: an open-source platform for biological-image 

analysis, Nat Methods, 9 (2012) 676-682. 

[39] T. Tekieli, E. Yemini, A. Nejatbakhsh, C. Wang, E. Varol, R.W. Fernandez, N. 

Masoudi, L. Paninski, O. Hobert, Visualizing the organization and differentiation of the 

male-specific nervous system of C. elegans, Development, 148 (2021). 

 

 

 

  



42 
 

4.2 The N terminus-only (trans) function of the Adhesion GPCR 

Latrophilin-1 cross-talks with the Notch pathway to control cell 

proliferation in the stem cell niche (manuscript) 

 

Authors: Daniel Matúš, Franziska Fiedler, Victoria Elisabeth Groß, 

Claudia Binder, Johanna Lena Schön, Julia Luterán, Alexander 

Bernd Knierim, Torsten Schöneberg, Simone Prömel 

 

 

Journal:  Journal of Cell Biology 

 

  

Impact Factor: 10.539 

 

  

Submitted:  23 Apr 2021 

 

  

Accepted:  n. A. 

 

  

Published:  n. A. 

 

  

References:  83 

 

  

Language:  English 

 

  

Publisher:  Rockefeller University Press 

 

  

PubMed ID:  n. A. 

 

  

DOI:   n. A. 

  



43 
 

TITLE 

The N terminus-only (trans) function of the Adhesion GPCR Latrophilin-1 cross-talks with 

the Notch pathway to control cell proliferation in the stem cell niche  

 

                                                         SHORT RUNNING TITLE 

The trans function of Latrophilin-1 in cell proliferation 

 

 

AUTHORS 

Daniel Matúš
1
, Franziska Fiedler

1
, Victoria Elisabeth Groß

1,3
, Claudia Binder

1
, Johanna 

Lena Schön
1
, Julia Luterán

1
, Alexander Bernd Knierim

1,2
, Torsten Schöneberg

1
, Simone 

Prömel
1,3*

 

 

AFFILIATIONS 

1
Rudolf Schönheimer Institute of Biochemistry, Medical Faculty, Leipzig University, 04103 

Leipzig, Germany  

2
Leipzig University Medical Center, IFB Adiposity Diseases, 04103 Leipzig, Germany 

3
Institute of Cell Biology, Department of Biology, Heinrich Heine University Düsseldorf, 

40225 Düsseldorf, Germany 

 

 

CONTACT INFORMATION 

*
Correspondence: proemel@uni-duesseldorf.de 

  



44 
 

SUMMARY 

Adhesion G protein-coupled receptors (aGPCRs) have versatile roles in numerous processes 

and show unique ways of signaling. Here, we show that the sole N terminus of the aGPCR 

Latrophilin-1 in the nematode C. elegans cross-talks with the Notch pathway to regulate cell 

proliferation rate and cell cycle progression in the gonadal stem cell niche. 

 

 

ABSTRACT 

Adhesion G protein-coupled receptors (aGPCRs) are unique molecules. They are able to 

transmit classical signals via G-protein activation as well as to mediate functions solely 

through their extracellular N termini, completely independent of the seven transmembrane 

helices domain (7TM) and the C terminus. This dual mode of action is highly unusual for 

GPCRs and allows for a plethora of possible cellular consequences. However, the 

physiological implications and molecular details of this N terminus-mediated signaling are 

not well understood. Here, we establish the N terminus-only (7TM-independent/trans) mode 

of the Caenorhabditis elegans aGPCR Latrophilin-1 (LAT-1) as a regulator of cell 

proliferation rate and cell cycle progression in the gonadal stem cell niche, which cross-talks 

with the Notch pathway. Mechanistic insights linking molecular details with in vivo effects 

show that LAT-1 functions in trans to negatively affect the Notch pathway by acting through 

distinct downstream effectors of the Notch receptor. These results further give insights into 

inhibitory Notch cues that solely affect germ cell proliferation, but not differentiation into 

meiotic cells. Finally, we provide evidence that this LAT-1 trans function does not engage 

simultaneous bidirectional signaling of the receptor and is probably realized by alternative 

splicing that specifically generates N terminus-only variants.  
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INTRODUCTION 

Cellular communication mediated by G protein-coupled receptors (GPCRs) typically relies 

on the transduction of an extracellular cue into a cell, which is mostly realized through the 

intracellular activation of G proteins via the seven transmembrane helices domain (7TM) of 

the receptor. This concept has recently also been confirmed for the class of Adhesion GPCRs 

(aGPCRs) (Bohnekamp and Schöneberg, 2011; Gupte et al., 2012). Like many other GPCRs, 

these receptors play essential roles in various physiological processes, but harbor structural 

features that distinguish them as a separate class within the GPCR superfamily (summarized 

in (Hamann et al., 2015)). One of these features is their extraordinarily long extracellular 

N terminus, comprising various domains and enabling the receptors to mediate signals and 

engage in cell-cell or cell-matrix adhesion (summarized in (Hamann et al., 2015)). 

Remarkably and in contrast to other GPCRs, members of the class of aGPCRs are capable of 

transmitting functions only via these complex N termini, indicating non-canonical signaling 

mechanisms completely independent of their 7TM. Thereby, these receptors cannot only 

transduce extracellular cues into the cell they are expressed on by classic G protein-mediated 

cascades, but are also able to affect adjacent cells. This dual mode of action is highly 

uncommon for receptors, especially GPCRs. Thus far, one of the few well-characterized 

examples of this so-called bidirectional signaling are Eph receptors and their ligands 

Ephrins, which transmit a dual function in opposing cells in several physiological contexts, 
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particularly during development. Upon ligand-binding, the receptor tyrosine kinase Eph 

mediates a signal into the cell it is expressed on via its receptor tyrosine kinase activity. 

Additionally, it triggers a signal transduced by the Ephrin upon the binding of the two 

(summarized in (Pasquale, 2008)).  

Our work and others´ suggest that several aGPCRs, such as Latrophilins (Prömel et al., 

2012), BAI1/ADGRB1 (Tu et al., 2018), GPR126/ADGRG6 (Patra et al., 2013), and 

CD97/ADGRE5 (Ward et al., 2018), harbor the ability to act bidirectionally, and there is 

further evidence for more (Okajima et al., 2010; Patat et al., 2016; Steimel et al., 2010). 

These cases imply that the dual mode of function is a common feature of this receptor class 

and data from several studies indicates that the sole N terminus independent of the 7TM is 

always sufficient to mediate effects (Patra et al., 2013; Prömel et al., 2012; Tu et al., 2018; 

Ward et al., 2018). However, while the understanding of the basic characteristics of the 

N terminus-only (7TM-independent) function and its cellular consequences is beginning to 

take shape, essential questions regarding the molecular models of this concept and its 

implications remain unanswered. For instance, it is unclear whether the whole receptor 

molecule is required at all times to fulfill both, classical G protein-mediated (cis) and 

N terminus-only/7TM-independent functions (trans), and whether the N terminus is attached 

to the entire receptor molecule, released or produced independently of the C-terminal parts to 

mediate its function. Autocatalytic cleavage at the G protein-coupled receptor proteolysis 

site (GPS) yielding an N-terminal fragment (NTF) and a C-terminal fragment (CTF) (Lin et 

al., 2004) is a hallmark feature of aGPCRs and might offer a possible mechanism for 

realizing the N terminus-only/7TM-independent function. However, our previous work 

showed that this cleavage is not vital for the 7TM-independent receptor mode of 

Latrophilin-1 (LAT-1) in Caenorhabditis elegans (Prömel et al., 2012), thus indicating that 

other mechanisms exist.  
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Addressing these questions on the details of the N terminus-only/7TM-independent aGPCR 

functions is particularly difficult as their physiological implications and the receiving cells 

remain unknown. Most insights have consequently been gained from in vitro and ex vivo 

studies, and information in a multicellular setting on the connection and integration of the 

classical G protein-mediated and the 7TM-independent function is sparse.  

Here, we provide evidence that the N terminus-only/7TM-independent function of the 

aGPCR Latrophilin-1 (LAT-1) in C. elegans is vitally involved in a wide spectrum of 

physiological processes within the nematode. We identify it as a regulator of proliferative 

activity of germ cells in the gonadal stem cell niche by modulating cell cycle rate. In this 

context, LAT-1 negatively controls germ cell proliferation and cell cycle progression 

without altering differentiation into meiotic cells in a non-cell autonomous manner from the 

adjacent somatic cell. Mechanistic analyses revealed that this function is realized in trans by 

the receptor modulating the Notch signaling pathway in germ cells, thereby highlighting 

LAT-1´s role in a cross-talk with Notch signals affecting proliferation without changing 

differentiation into meiotic cells. The absence of G protein-mediated LAT-1 function in this 

process indicates no simultaneous bidirectional signaling of LAT-1. Thus, we discuss the 

possibility of realizing the isolated trans signaling through alternative splicing of the 

receptor specifically generating N terminus-only variants and its impact on fine-tuning the 

Notch cascade. 
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RESULTS 

The 7TM-independent function of LAT-1 mediates multiple processes in fertility  

Previously, we showed that the membrane-tethered LAT-1 N terminus (aa 1-581, termed 

LNT) is sufficient to ameliorate fertility defects in C. elegans homozygous for the null allele 

lat-1(ok1465) (hereafter referred to as lat-1) (Langenhan et al., 2009; Prömel et al., 2012), 

indicating that the unusual 7TM-independent function of the receptor is involved in 

controlling aspects of reproduction. To gain insights into the mechanisms underlying this 

function, we first delineated its physiological impact by dissecting the lat-1 mutant defects. 

These are generally 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). At least three distinct processes 

involving the 7TM-independent LAT-1 function were identified in the self-fertilizing 

C. elegans hermaphrodite gonad, which produces a fixed number of sperm during larval 

development and variable amounts of oocytes in adulthood (Fig. 1A). Generation of both 

oocytes and sperm, are controlled by a complex network of mechanisms including Notch 

signaling (Fig. 1B). 

First, we 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 

produce approximately the same amount of sperm as wild-type individuals (Figs. 1C, S1A) 

and the number of anucleate residual bodies, which form during spermatogenesis as 

remainders of budding spermatids (summarized in (L'Hernault, 2006)), appears to be 

constant (Fig. S1B, C). These 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. To assess a possible decline in sperm amount during the fertilization period 

leading to the reduced number of offspring, we examined sperm in the spermatheca 48 hours 

after the first ovulation (Fig. 1D) and the course of egg-laying (Fig. S1D). As lat-1 
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nematodes lay 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. However, the sperm amount 48 hours after the first ovulation is not different from 

the amount in wild-types, indicating a significant loss of sperm during adulthood. This loss 

was evaluated by subtracting the number of laid eggs and residual sperm within the 

spermatheca from the initial sperm count (Fig. 1D). As sperm loss can be caused by 

impaired motility or defective directed locomotion and flushing out with 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 mutants, which is 

initially similar to the one of wild-type worms, declines more rapidly over time (Fig. S1E). 

This is plausible as in C. elegans, ovulation is stimulated by signals produced in 

spermatozoa (reviewed in (Han et al., 2010)). Both phenotypes are rescued by transgenic 

LNT (Figs. 1D, S1E), showing that its role in sperm movement is mediated by the 7TM-

independent function of LAT-1.  

Besides this effect on sperm movement, we found that secondly, the 7TM-independent mode 

of LAT-1 also affects oocytes. We observed an increase in germ cell apoptosis using 

SYTO-12-staining in lat-1 mutant hermaphrodites (Fig. 1E, F), which is rescued by the 

transgenic expression of LNT (Fig. 1F). Germ cells normally form oocytes in C. elegans 

adults and some undergo apoptosis as a physiological process during oogenesis (Fig. 1A) 

(summarized in (Gartner et al., 2008)).  

When investigating the germline of lat-1 mutants further, we observed an increase in mitotic 

events indicated by a greater number of nuclei stained with an anti-phospho-histone H3 

(Ser10) (PH3) antibody, which marks the mitotic (M) phase (Figs. 1G, 3A). This phenotype 

was rescued by transgenic complementation with LNT (Fig. 1G), finally highlighting a third 

role of the LAT-1 7TM-independent mode. As proliferation is a vital and highly conserved 
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process for generating germ cells in many species, we sought to uncover the specifics of 

LAT-1 function as a so-far unidentified molecule in this context in more detail. 

 

The loss of the 7TM-independent LAT-1 function increases proliferation without impairing 

the point of meiotic entry 

The generation of germ cells during the adult life of C. elegans hermaphrodites is a tightly 

regulated process that entails a balance between cell proliferation (self-renewal) in the 

gonadal stem cell niche and differentiation into germ cell progenitors (entry into meiosis) 

(Fig. 1A, B). To delineate the 7TM-independent LAT-1 function in these processes, we first 

quantified the characteristics of the proliferative (mitotic) zone and all other zones within the 

adult hermaphrodite gonad. DAPI staining was used to assess the spatial organization of the 

gonad based on nuclear morphology (Fig. 2A). As it is known that gonad properties differ 

from larval stage L4 into and throughout adulthood (Kocsisova et al., 2019; Roy et al., 

2016), hermaphrodites used in these and all subsequent analyses were exactly 24 hours post 

mid-L4. The worms were precisely staged, also to account for the fact that the majority of 

lat-1 mutants (70-80%) are developmentally slower than the wild-type controls (Langenhan 

et al., 2009) (Fig. S2). Although more nuclei of lat-1 mutants were in the M phase compared 

to wild-type nematodes (Fig. 1G), the overall number of nuclei in the proliferative zone as 

well as the zone size remained unchanged (wild-type: 236.1 ± 2.5 germ cells in 21.1 ± 0.2 

rows; lat-1: 239.9 ± 3.1 germ cells in 20.1 ± 0.3 rows) (Fig. 2A, B). The same was true for 

the transition zone. Interestingly, the pachytene appeared slightly enlarged (Fig. 2A, B). 

Although the determination of the proliferative zone based on nuclear morphology is a well-

established measure (Hirsh et al., 1976), it does not allow for a precise demarcation of the 

zone, since in its proximal part, pre-meiotic nuclei can be present, which are 

morphologically indistinguishable from mitotic ones. To circumvent this issue, we used 
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REC-8 as a proliferative zone nuclei marker and HIM-3 as a meiotic-specific marker 

(Hansen et al., 2004). Antibody staining against both proteins confirmed that the size of the 

proliferative zone in lat-1 mutants is not different from the one in wild-type hermaphrodites 

(Fig. 2C-F) despite the increased number of M-phase nuclei (Fig. 1G). These data also 

showed that the point of meiotic entry within the gonad in lat-1 mutant hermaphrodites is not 

impaired or altered. Using REC-8 and HIM-3 to validate the zone sizes defined by DAPI 

staining, we subsequently determined the mitotic index of lat-1 mutants, which is the 

percentage of M-phase (PH3-positive) nuclei within the total number of nuclei in the 

proliferative zone. This index, which accounts for potential zone size differences, was higher 

in lat-1 than in wild-type hermaphrodites (Fig. 2G), thus confirming the initially observed 

higher number of M-phase nuclei (Fig. 1G). These data indicate that the frequency of germ 

cell division is altered in lat-1 mutants.  However, together with the observation that the 

number of germ cells in the proliferative zone of lat-1 mutants is similar to the one in wild-

types, these data highlight that the point of meiotic entry within the gonad is unchanged. 

Thus, the balance between proliferation and the decision for meiotic entry is not disrupted. 

  

LAT-1 modulates the rate of germ cell proliferation 

To address the question of whether the elevated frequency of mitotic events in lat-1 mutants 

is due to an altered cell cycle (shift in the duration of cell cycle phases) or an increased cell 

proliferation rate (faster cell cycle progression) we assessed the cell cycle structure. EdU 

staining revealed that lat-1 mutants have also more synthesis (S-) phase nuclei (Fig. 3A, B) 

and thus, a higher S index (the percentage of S-phase [EdU-positive] nuclei of the total 

number of nuclei in the proliferative zone) (Fig. 3C). In contrast to the distribution of PH3-

positive nuclei, excessive S-phase nuclei in lat-1 mutants were mostly located in the 

proximal end of the zone (Fig. 3B). We next examined the relative length of the gap phases 
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(G1, G2) by evaluating the DNA content (2n or 4n) of cells in the proliferative zone using 

DAPI fluorescence intensities as previously described in (Fox et al., 2011). Nuclei positive 

for PH3 in the prophase/metaphase have 4n DNA content, whereas anaphase/telophase 

nuclei have 2n DNA content (but respective daughters were summed up as 4n in this 

analysis), which is reflected in different DAPI fluorescence intensities (Fig. 3D). These 2n 

and 4n cells formed the basis for estimating the DNA equivalents of all other nuclei based on 

their DAPI fluorescence intensities. Due to different stages of DNA synthesis S-phase nuclei 

(identified by EdU staining) have a range of DNA content between 2n and 4n (Fig. 3D). All 

PH3- and EdU-negative cells were either in gap phase G1 (2n) or gap phase G2 (4n). Our 

analyses revealed that the general distribution of DNA content over the entire proliferative 

zone is similar in lat-1 mutant and wild-type hermaphrodites, but with fewer nuclei in each 

of the gap phases (Fig. 3D). The ratio of the gap phase frequencies G1:G2 remained constant 

at ~1:20, as previously described for wild-type gonads (Fox et al., 2011). Taken together, 

these analyses led to an overall cell cycle structure of lat-1 mutant gonads in which the M 

and S phases were prolonged while the gap phases were equally shortened (Fig. 3E). These 

altered cell cycle phase lengths were shifted back towards the wild-type when reintroducing 

LNT. Additionally, we assessed cell cycle progression using pulse-chase experiments. 

Animals fed with EdU for a short time (< 30 minutes) were examined either directly after the 

incubation or after 4 hours (Fig. 3F, G). In lat-1 mutant, wild-type and lat-1;Ex[LNT] 

gonads dissected immediately after staining, all EdU-labeled cells were REC-8-positive (i.e. 

proliferative) (Fig. 3F). Interestingly, after 4 hours, more of these EdU-positive cells had 

entered meiosis in lat-1 mutants than in wild-type (Fig. 3F), yielding faster cell cycling, 

which is also rescued by the LNT (Fig. 3G). 

In summary, these results suggest a role of the 7TM-independent LAT-1 function in the 

control of cell cycle speed and thus, germ cell proliferation rate rather than sole changes in 
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cell cycle phases. Consistent with the observation that the pachytene of lat-1 mutants 

contained more nuclei than that of wild-types worms (Fig. 2A, B), more cells enter meiosis 

due to the faster cell cycle although the point of meiotic entry itself within the gonad is not 

changed.  

 

The N terminus of LAT-1 elicits a function from the DTC in a non-cell autonomous manner  

In order to control proliferation and maintain the balance between self-renewal and meiotic 

entry, germ cells receive different signals from neighboring cells in the somatic gonad. As 

the 7TM-independent mode of LAT-1 is itself not able to mediate classical G protein-

dependent signals into a cell, questions arose regarding where the LAT-1 function originates 

from and whether it is cell autonomous. Utilizing an integrated transcriptional lat-1p::gfp as 

well as an integrated translational lat-1::gfp, we observed strong lat-1 expression in the 

entire somatic gonad of adult hermaphrodites, including the distal tip cell (DTC), the 

gonadal sheath cells and the spermatheca, but not in germ cells (Figs. 4A-C, S3A). To verify 

that the lack of germline expression was not due to silencing effects of the transgenes, a 

single-copy integrated transcriptional lat-1p::mCherry was employed, which was generated 

using CRISPR/Cas9 genome editing. Like the two other two constructs, this single-copy 

integrated lat-1p::mCherry also showed the expression of lat-1 in the DTC and the gonadal 

sheath cells, but not in germ cells (Fig. 4D, E). Thus, the expression profile of the receptor 

suggests that it elicits its effect on germ cell proliferation from the surrounding somatic 

tissues in a non-cell autonomous manner. Since the main source of the signal controlling cell 

proliferation in the proliferative region is known to be the DTC (Fig. 1B) (Kimble and 

Crittenden, 2005), we elucidated the morphology of this cell in precisely staged 24 hours 

post mid-L4 lat-1 hermaphrodites. While the plexus length was indistinguishable from that 

of wild-type nematodes, the cap length was slightly but significantly reduced (Fig. 4F, G). 
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To test whether the DTC was the origin of LAT-1 function, we employed a tissue-specific 

expression of LNT in the DTC as well as the gonadal sheath cells and spermatheca of lat-1 

mutants, respectively. Since LNT expression in the spermatheca (driven by plc-1p) did not 

ameliorate the reduced brood size in lat-1 mutants (Fig. S3B), we focused further analyses 

on the other two tissues. The sole presence of LNT in the DTC (driven by lag-2p) resulted in 

a reduction of the mitotic index to wild-type levels (Fig. 4H). Interestingly, the expression of 

LNT in the gonadal sheath cells (lim-7p-driven) also significantly ameliorated the elevated 

mitotic index, albeit only partially (Fig. 4H). Further, LNT was able to rescue the elevated 

number of apoptotic cells in lat-1 mutants when specifically present in the gonadal sheath 

cells, while it was not able to ameliorate this defect when expressed in the DTC (Fig. 4I). 

These data support the finding that the 7TM-independent function of LAT-1 in cell 

proliferation is separate from its role in the regulation of germ cell apoptosis. Further, they 

show that the presence of the LAT-1 N terminus in the DTC is sufficient to control cell 

proliferation in the proliferative zone of the hermaphrodite gonad in a non-cell autonomous 

manner - and thus in trans.  

 

The LAT-1 splice variant repertoire contains N terminus-only receptor versions 

As the LAT-1 7TM-independent function acts in a completely different 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 produced only 

when 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 

autoproteolysis, 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 transcripts 
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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 

transcriptome data generated by RNA-Seq from day 1 adult wild-type hermaphrodites (Chen 

et al., 2015), in which the coverage was sufficient for splice variant analyses (Fig. 5A). 

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 

(exons 1-8), approximately 2.3% of the variants comprised only the N-terminal exons in 

different combinations and versions, which are potentially able to transmit the 7TM-

independent function (Fig. 5B). A 3‘ rapid amplification of cDNA-ends with PCR (RACE-

PCR) from the mRNA of wild-type hermaphrodites confirmed the general presence of N 

terminus-only variants (Fig. 5C), suggesting that these variants of lat-1 exist in vivo. It has to 

be noted that, to ensure correct transcript composition, rescue analyses were always 

performed with constructs containing the genomic locus of lat-1 or modifications of it.  

 

LAT-1 regulates Notch downstream targets 

One key signaling cascade promoting germ cell proliferation, repressing meiotic entry, and 

thus, controlling the balance between them, is the Notch pathway. In C. elegans, the initial 

signal in this highly conserved cascade originates from the DTC, among others expressing 

the DSL ligand lag-2. The interaction of this membrane molecule with the Notch receptor 

GLP-1 on adjacent germ cells triggers the activation of the direct transcriptional targets 

SYGL-1 and LST-1. There is evidence that both subsequently function together with the 

RNA-binding proteins FBF-1 and FBF-2 to act via a multitude of different genes, such as 

GLD-1 and GLD-2, to promote proliferation and repress meiotic entry (Fig. 1B) 

(summarized in (Kimble and Crittenden, 2005) and (Hubbard and Schedl, 2019)). Some of 

the defects in lat-1 nematodes resemble phenotypes reported in mutants of these Notch 
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pathway components. For instance an increased amount of proliferating cells accompanied 

by a higher mitotic index have been observed in the glp-1 gain-of-function mutant 

glp-1(ar202) (Maciejowski et al., 2006). However, in contrast to this glp-1 mutant, lat-1 

hermaphrodites did not display an enlarged proliferative zone, which is generally a sign for a 

shifted balance of proliferation versus meiotic cell fate. Proliferation and meiotic entry are 

both controlled by GLP-1; the molecule promotes proliferation and represses meiotic entry 

by acting through its direct targets, LST-1 and SYGL-1, which in turn activate gld-1 

repressors and other meiotic proteins. Only downstream, their regulation becomes more 

separated and diverse (Fig. 1B). Thus, we asked whether lat-1 affects downstream targets 

that control cell proliferation without directly influencing meiotic entry and therefore the 

proliferative zone size. For this purpose, we examined a potential interplay of lat-1 with gld-

1, which inhibits cell proliferation (Francis et al., 1995; Kimble and Crittenden, 2005). First, 

we analyzed gld-1 expression in lat-1 mutants. While in wild-type hermaphrodites, gld-1 

expression starts and intensifies when the repressing effect of the Notch signal ceases at 

some distance from the DTC (Schumacher et al., 2005), a significant downregulation of 

gld-1 was observed in the absence of lat-1 in the distal gonad (Fig. 6A, B). We also 

quantified gld-1 expression in more detail at three benchmark points as they give insights 

into gld-1 regulation (Brenner and Schedl, 2016): the base level in the most distal germ cells 

(yellow dot) as well as the levels at the start of meiotic entry (red dot) and at the end of 

meiotic entry (blue dot). As wild-type and lat-1 mutant gonads display the same zone 

distribution (Fig. 2A-F), these points were identical in both strains: base at 1 germ cell row, 

point of meiotic entry at ~19 germ cell rows, and end of meiotic entry at ~25 germ cell rows 

(Fig. 6A, B). We found that the levels at all three points were significantly reduced in lat-1 

mutants compared to the wild-type controls (Fig. 6C-E). However, it has to be noted that the 
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gld-1 expression level in lat-1 mutants eventually reached the same level as in wild-type 

gonads, but in more proximal rows (Fig. 6B).  

Next, we analyzed a genetic interaction of lat-1 and gld-1 to test whether both molecules act 

in the same pathway. The hypomorph gld-1(op236) appeared to almost phenocopy lat-1 in 

distinct aspects: It did not have an enlarged proliferative zone (wild-type: 236.1 ± 2.5 germ 

cells; lat-1: 239.9 ± 3.1 germ cells, gld-1: 180.3 ± 8.5 germ cells) (Fig. 6F, H), but it did 

have an increased number of M-phase nuclei (Fig. 6F, H, Table S1) and a consistently higher 

mitotic index than wild-type and lat-1 individuals (Fig. 6G, H). Such an elevated 

proliferation had already been shown for other gld-1 mutants (Pinkston et al., 2006), which 

also display defects in meiotic entry and proximal germline tumors. For a better 

comparability, all our mitotic index analyses focus on the proliferative zone in the distal 

gonad. M-phase nuclei as well as M indices in the proliferative zone of gld-1;lat-1 double 

mutants were indistinguishable from those of gld-1(op236) single mutants (Fig. 6F, G, H, 

Table S1). These data suggest that gld-1 might act downstream of lat-1 function.  

To further corroborate this notion, we elucidated FBF-1, the RNA-binding protein inhibiting 

GLD-1 (Crittenden et al., 2002). The fbf-1(ok224) null mutant had a slightly smaller 

proliferative zone (wild-type: 236.1 ± 2.5 germ cells; fbf-1: 206.6 ± 5.3 germ cells) (Fig. 6F, 

H) and also fewer M-phase nuclei (Table S1). This resulted in a decreased mitotic index 

(Fig. 6G, H) and thus, showed the opposite effect as a loss of lat-1.  

Lastly, we tested a potential link between lat-1 and lst-1 and sygl-1, the only two known 

direct downstream targets of the Notch receptor GLP-1. The lst-1(ok814); sygl-1(tm5040) 

double mutant displayed a shortened proliferative zone (wild-type: 236.1 ± 2.5 germ cells; 

lst-1(ok814); sygl-1(tm5040): 156.6 ± 4.8 germ cells) and a slightly elevated mitotic index 

compared to the wild-type (Fig. 6 G, H, Table S1). The lst-1; sygl-1; lat-1 triple mutant had 
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a mitotic index much higher than those in either of the two mutants lst-1; sygl-1 and lat-1 

(Fig. 6G, H, Table S1), pointing to a parallel function of lat-1 and lst-1/sygl-1. 

Taken together, these results potentially suggest that LAT-1 can act as a positive regulator of 

the Notch downstream effector GLD-1 controlling germ cell proliferation, potentially acting 

via FBF-1, but not the direct targets of the Notch receptor, LST-1 and SYGL-1. 

 

The function of the LAT-1 N terminus is dependent on glp-1 

Our results suggest that LAT-1 modulates cell proliferation rate, but not differentiation into 

meiotic cells as such. 

The discrepancy observed in lat-1 mutants of increased proliferation without a change in 

proliferative zone size and the finding that LAT-1 likely acts through Notch downstream 

targets raised the question of whether LAT-1 function also involves the molecules of the 

Notch core pathway. Expression analyses revealed that LAT-1 levels are increased in the 

glp-1 gain-of-function mutant glp-1(ar202) (Figs. 7A, S4). Further, the absence of LAT-1 

leads to a reduced expression of the Notch ligand lag-2 (Figs. 4F, S4), suggesting regulatory 

effects of LAT-1 on Notch pathway components and vice versa.  

We then investigated whether there is also functional cross-talk between LAT-1 and the 

Notch core pathway components GLP-1 and LAG-2. Hermaphrodites carrying single loss-

of-function (lf) or gain-of-function (gf) mutations in these molecules combine defects in 

germ cell proliferation and meiotic entry, leading to altered proliferation rates as well as a 

changed proliferative zone length (Figs. 6H, 7B-D, Table S1). As in the loss-of-function 

single mutant glp-1(e2141)(lf) the fewer observed PH3-positive germ cells (Figs. 6H, 7B) 

were proportional to a shorter proliferative zone (Figs. 6H, 7C), and the mitotic index was 

the same as in the wild-type (Figs. 6H, 7D) (Fox and Schedl, 2015; Michaelson et al., 2010). 

Interestingly, when crossed into a lat-1 mutant background, the increase in PH3-stained cells 
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typical for lat-1 single mutants was not detected (Figs. 6H, 7B) and the mitotic index of lat-

1;glp-1(lf) mutants was consequently indistinguishable from the glp-1(lf) single mutant 

(Figs. 6H, 7D). Conversely, glp-1(ar202)(gf) mutants displayed a larger proliferative zone 

(Figs. 6H, 7B, C) with an increased mitotic index (Figs. 6H, 7D), indicating high 

proliferative activity. The additional lat-1 mutation in this background did not affect this 

phenotype (Fig. 7B-D). This indicates that the LAT-1 function is potentially dependent on 

GLP-1. Interestingly, a lat-1;lag-2(lf) double mutant using the allele lag-2(q420) displayed 

an additive effect on the mitotic index in comparison to lat-1 single mutants (Figs. 6H, 7D), 

indicating no genetic interaction between the two. 

These data suggest that lat-1 function might involve glp-1, but acts in parallel to lag-2 to 

implement its role in the control of germ cell proliferation. 

 

 

DISCUSSION 

Besides classical signal transduction via G proteins, Latrophilins are able to mediate 

functions solely through their extracellular N termini independent of 7TM and the 

C terminus (Prömel et al., 2012). Although it is becoming increasingly clear that this highly 

unusual dual function is inherent to several aGPCRs (Patra et al., 2013; Tu et al., 2018; 

Ward et al., 2018), the physiological impact and molecular details of such functions and 

especially how they are integrated in vivo are poorly understood. In the present study, we 

show that this 7TM-independent mode is a frequently employed concept involved in 

different physiological and cellular contexts and that, in contrast to other aGPCRs (Tu et al., 

2018; Ward et al., 2018), does not engage in simultaneous bidirectional signaling of the 

receptor. While we identified three contexts of N-terminus activity, it is conceivable that 
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several more exist, and although we did not detect any germline expression with our 

constructs, a LAT-1 function with effects in the germline cannot be ruled out entirely. 

 

We provide mechanistic evidence that the 7TM-independent LAT-1 mode modulates germ 

cell proliferation in the stem cell niche of the gonad by acting solely in trans. Although it 

cannot be excluded that the three identified functions of the LAT-1 N terminus involve the 

same cascades on a molecular level, they all contribute to ensuring the correct brood size via 

different, independent processes that require LAT-1 in distinct cells. Thereby, the LAT-1 

7TM-independent/trans mode of action affects both gamete types and their function with 

seemingly diverse effects on sperm movement, germ cell apoptosis, and cell proliferation.  

Although it does not appear to be involved in sperm development, the LAT-1 trans function 

seems to be essential to sperm locomotion (Figs. 1C, D, S1). The sperm loss occurring in the 

course of lat-1 mutant adulthood might be a result of impaired sperm movement. One cause 

of this could be faulty sperm guidance, which is generally characterized by sperm being 

flushed out of the reproductive system with laid eggs (reviewed in (Han et al., 2010)), or 

defective sperm, as previously suggested (Prömel et al., 2012). The details of this function 

require further investigation, as does the effect of LAT-1 on the regulation of germline 

apoptosis (Fig. 1E, F). A compensatory role of increased apoptotic events as a result of 

increased germ cell proliferation is unlikely. This is especially the case, as the 7TM-

independent LAT-1 function in germ cell proliferation is separable from its role in apoptosis, 

with the latter being exerted solely from the gonadal sheath cells.  

 

Our data show that LAT-1 mostly functions from the DTC (and to a lesser extent from the 

neighboring gonadal sheath cells) to modulate cell proliferation in the gonadal stem cell 

niche by toning down cell cycle progression (Figs. 3, 4). It is conceivable that this reduction 
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in cell cycle speed is a mechanism to fine-tune the proliferation rate in the gonad to regulate 

overall germ cell numbers. The potential role of the slightly reduced DTC cap size of lat-1 

mutants in this context remains elusive and requires further investigation. It has to be noted 

that the increase of the cell proliferation rate in lat-1 mutants likewise leads to more germ 

cells entering meiosis although the point of meiotic entry within the gonad remains 

unaltered. This effect can also explain the observed elevated number of cells in the 

pachytene (Fig. 2A, B).  

Even though a small impact of LAT-1 on meiotic entry cannot be excluded, it is most 

striking that the size of the proliferative zone remains unchanged in this context. This is 

highly unusual, as the balance between germ cell proliferation and entry into meiosis is 

tightly controlled by the Notch pathway, which stimulates proliferation and suppresses 

meiotic entry (Austin and Kimble, 1987; Berry et al., 1997; Fitzgerald and Greenwald, 1995; 

Henderson et al., 1997; Kimble and Crittenden, 2005; Lambie and Kimble, 1991). Thus, 

changes in one of the processes are coercively accompanied by an alteration in the other. A 

possible separate regulation of cell proliferation and meiotic entry has not been 

unambiguously described despite some indication in its favor. For instance, glp-1(ar202) 

gain-of-function mutants exhibit an increase in mitotically dividing germ cells that exceeds 

the amount expected by their enlarged proliferative zones (Maciejowski et al., 2006). 

Mutations in the Notch downstream effector fbf-1 do not result in a dramatic change in 

proliferative zone size compared to glp-1 loss-of-function mutants (Austin and Kimble, 

1987). Likewise, gld-1 mutations lead to a zone size reduction despite high proliferative 

activity (Jeong et al., 2011; Lamont et al., 2004). Further, in glp-4 mutants, germ cells fail to 

proliferate properly but do not enter meiosis, showing that a decrease in proliferation does 

not automatically lead to germ cells differentiating into meiotic cells (Beanan and Strome, 

1992). Consistently, previous works have already speculated that proliferation and 
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differentiation into meiotic cell fate are separable (Hubbard, 2007), and these studies suggest 

that a sole modulation of proliferative activity in the respective zone could be possible 

through selective downstream effectors.  

Indeed, our findings show that LAT-1 appears to affect the function of the regulator of germ 

cell proliferation GLD-1 by modulating its protein level. In combination with functional 

analyses these data suggest LAT-1 acts upstream of GLD-1 (Fig. 6). It has to be noted that it 

remains elusive as to why gld-1 loss-of-function mutants exhibit a slightly reduced 

proliferative zone size, which is astonishing considering the increase in germ cell 

proliferation. Further support for the scenario in which LAT-1 feeds into this downstream 

leg of the Notch pathway (Fig. 1B) stems from our gld-1 expression analyses in lat-1 

gonads, which among others showed reduced GLD-1 levels (Fig. 6A-E). Base levels of 

GLD-1 have been previously shown to depend on Notch pathway components such as GLP-

1 and FBF-1 activity (Brenner and Schedl, 2016), so an involvement of LAT-1 in the 

function of these molecules is conceivable. The fact that the curve describing GLD-1 levels 

in lat-1 mutants resembles the opposite of the respective curves for glp-1 and fbf-1 loss-of-

function mutants (Brenner and Schedl, 2016), but reaches the peak of expression several cell 

rows after the end of meiotic entry, indicates that LAT-1 might be a general inhibitor of gld-

1. It is interesting that the pattern of gld-1 expression in lat-1 mutants is shifted proximally 

and is thus not entirely concomitant with the expression of the meiotic protein him-3 (Fig. 

2D, F).  

These data are in line with our fbf-1 analyses. In accordance with the phenotype of 

previously reported fbf-1(ok91) mutants (Lamont et al., 2004), the fbf-1(ok224) 

hermaphrodites used in this study exhibited a slightly decreased zone size (Fig. 6F). Further 

investigation also revealed a reduction in the mitotic index. It is plausible that this phenotype 

is converse to the one in lat-1 mutants when LAT-1 acts upstream of this transcription factor 
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influencing gld-1. Thus, the reduced mitotic index in fbf-1 null mutants and the epistatic 

effect of the lat-1 null mutation in the gld-1 loss-of-function mutant background support the 

hypothesis that these two Notch downstream effectors are targets of LAT-1 functions. 

It is puzzling that LAT-1 modulation in this part of the Notch downstream pathway appears 

to involve the Notch receptor GLP-1 to a certain extent, although it circumvents its direct 

downstream targets LST-1 and SYGL-1 as well as its ligand LAG-2. This conclusion is 

highlighted by our studies of the lat-1 effect on germ cells in sensitized backgrounds. As 

such, the mitotic index in lat-1 mutant gonads, which increases in a lag-2(lf) or a lst-1;sygl-1 

mutant background, vanishes in glp-1(lf) mutants (Figs. 6, 7), suggesting the dependency of 

LAT-1 function on the GLP-1 receptor. Further, the lack of increase in the mitotic index in 

lat-1;glp-1(ar202) double mutant proliferative zones compared to the respective single 

mutants also points towards the two cross-talking with each other. The observation that lag-2 

expression is reduced in the lat-1 mutant (Figs. 4F, S4) could be explained by a 

compensatory effect. In the absence of LAT-1 and its potential negative modulatory 

influence on Notch signaling, the stimulatory effect of LAG-2 increases. To prevent a 

potential “overshoot of proliferation”, lag-2 could be downregulated. 

The details on how LAT-1 is able to fulfill its function without changing Notch-dependent 

cell fate decisions by acting through Notch downstream molecules remain to be determined. 

Parallel pathways of lat-1 and lag-2/sygl-1/lst-1 are possible, which feed into a joint pathway 

through fbf-1 and gld-1 further downstream. However, consistent with the observation that 

LAT-1 only modulates cell proliferation rate but not meiotic entry, our expression and 

genetic analyses could potentially also support a scenario in which GLP-1 is regulated by 

LAT-1, but in a spatially distinct manner compared to LAG-2. Activity of the Notch ligand 

LAG-2 is at its highest in the first few distal cell rows of the germline, then decreasing with 

distance from the DTC (Crittenden et al., 2006; Henderson et al., 1994) (Fig. 7E). This is the 
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same region to which direct GLP-1 function is restricted through its downstream effectors 

SYGL-1 and LST-1 (Kershner et al., 2014; Shin et al., 2017) (Fig. 7E). However, GLP-1 is 

present in the entire proliferative zone (summarized in (Hubbard and Schedl, 2019)), 

suggesting other potential ligands and immediate effector molecules. Our tissue-specific 

rescue experiments support the notion that LAT-1 function may be required relatively 

uniformly in the entire proliferative zone and parts of the transition zone (Fig. 7E), as the 

elevated mitotic index in lat-1 mutants is rescued by the receptor in the DTC and in the 

gonadal sheath cells, which are in close vicinity to the DTC (Fig. 4B). Thus, it might be 

conceivable that LAT-1 function in cell cycle progression is dependent on GLP-1 throughout 

the proliferative zone engaging FBF-1 and GLD-1, while the classical LAG-2/GLP-1 

function via LST-1 and SYGL-1 is confined to the more distal region.  

There are several ways in which LAT-1 might cross-talk with the Notch pathway. One 

plausible explanation is that LAT-1 function employs mechanisms that feed into the fbf-1 

and gld-1 cascade. For instance, it might well involve components of the cell cycle control 

machinery. A cross-talk between these components with Notch signaling has been shown in 

C. elegans (Fox et al., 2011; Furuta et al., 2018; Jeong et al., 2011). Generally, the regulation 

of cell cycle progression by Notch for instance via cyclins or cyclin-dependent kinases has 

been reported in several organisms, including humans (Joshi et al., 2009).  

A more speculative scenario is that LAT-1 constitutes a non-canonical Notch ligand. 

Although the key players of the Notch pathway have been well characterized in many 

species, novel molecules involved in Notch receptor modulation – including non-canonical 

ligands – are constantly being identified (summarized in (D'Souza et al., 2010)). Forming a 

highly diverse group of proteins all lacking the classical DSL domain, such ligands are able 

to mediate distinct effects and/or trigger different downstream effectors of the Notch 

pathway (summarized in (D'Souza et al., 2010)). For instance, one of these ligands identified 
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in C. elegans is osm-11, which has an activating effect on signaling of the Notch receptor 

LIN-12 in vulva development and cooperates with the classical Notch ligand DSL-1 

(Komatsu et al., 2008). Likewise, LAT-1 might modulate the GLP-1 pathway.  

 

Our findings on LAT-1 are especially intriguing since only the N terminus of the aGPCR is 

required to modulate parts of the Notch pathway. This function clearly mediates a non-cell 

autonomous trans effect elicited from the DTC, as demonstrated by the tissue-specific 

expression analyses as well as the lack of LAT-1 on germ cells or differentiated gametes 

(Figs. 4, S3A). Despite the clear evidence that several aGPCRs are able to engage in similar 

7TM-independent modes of action (Patat et al., 2016; Patra et al., 2013; Tu et al., 2018; 

Ward et al., 2018), it is still debated whether this function is purely signaling or if it mainly 

involves adhesion. While adhesive components in LAT-1 function cannot be excluded, its 

modulatory role in the Notch pathway as well as the almost unchanged morphology of lat-1-

expressing cells and their surrounding tissues clearly suggest an involvement in signaling. In 

this context, LAT-1 does not act bimodally in cis and in trans. Intriguingly, the trans 

function also seems to be separable at a molecular level due to alternative splicing, giving 

rise to a multitude of transcript variants (Fig. 5). 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 aGPCRs, 

highlighting a huge tissue-specific transcriptional variability as a potential common principle 

in the regulation of aGPCR function (Boucard et al., 2013; Knierim et al., 2019; Röthe et al., 

2019). It has to be noted that no information is available on the presence of N-terminal 

variants in C. elegans somatic gonad cells, only data on whole adult hermaphrodites are 

available. The small proportion of N-terminal variants (2.3%) might be due to this fact. 

Besides different splice variants it is also conceivable that the 7TM-independent function is 
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brought about by the liberation of the N terminus through autoproteolysis at the GPS. This 

mechanism, which is a hallmark feature of many aGPCRs, has been described for LAT-1, 

but in previous studies we found that cleavage does not have a major impact on receptor 

function (Prömel et al., 2012). However, we cannot exclude a small effect of LAT-1 

cleavage. In addition to the aspect of cell specificity, it would be highly interesting to gain 

insights into the dynamics of the different transcripts. It is known that LAT-1 cis function is 

essential for early embryonic development (Langenhan et al., 2009). Thus, the question 

arises whether lat-1 transcription is switched to synthesize N-terminal variants in the somatic 

gonad of adult hermaphrodites compared to embryos as well as which molecular 

mechanisms underlie such switches. While cis and trans function seem to be involved in 

different developmental stages, it has to be noted that future analyses can unravel LAT-1 cis 

effects in adult nematodes and trans functions in the embryo. The latter is especially 

interesting as it is conceivable that the role of LAT-1 in the Notch pathway could be an 

essential complementary effect to its function in spindle orientation (Langenhan et al., 2009; 

Müller et al., 2015). 

 

In summary, our results show that the LAT-1 N terminus acts in trans as a negative regulator 

of germ cell proliferation by toning down cell cycle speed. This effect is likely realized via 

the Notch receptor GLP-1 downstream effectors GLD-1 and/or possibly FBF-1, but not its 

ligand LAG-2 or the downstream effectors SYGL-1 and LST-1. The modulatory effect of 

LAT-1 on germ cell proliferation without an effect on mitotic/meiotic cell fate decision 

possibly involves so-far unidentified molecules or even an atypical Notch function to 

warrant the separation of both processes. Nonetheless, our data represent yet another set of 

evidence that germ cell proliferation and mitotic/meiotic cell fate decision are not 

inseparable. 
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Our study gives first insights into the mechanisms that integrate the trans action of an 

aGPCR in an in vivo context. It would be highly interesting to see whether this unusual 

signaling mode is conserved among species and is moreover applicable to the trans functions 

of other aGPCRs. Transcript analyses of the aGPCR Gpr126 in Notch-deficient mice 

(D'Amato et al., 2016) gives a preliminary indication that several aGPCRs might indeed be 

candidates for a cross-talk with the Notch pathway. This is especially interesting since the 

significance of Notch for development, tissue homeostasis and stem cell balance (Kimble 

and Seidel, 2008; Kopan and Ilagan, 2009; Siebel and Lendahl, 2017) makes new potential 

regulators of the Notch pathway highly relevant for pharmacological and medical research.  
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MATERIALS AND METHODS 

Materials and Reagents 

All standard chemicals were from Sigma Aldrich, ThermoFisher Scientific or Carl Roth 

GmbH unless stated otherwise. All enzymes were obtained from New England Biolabs. The 

following reagents and resources were used: 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and Virus Strains  

E. coli DH5α ThermoFisher 

Scientific 

18258012 

E. coli OP50 CGC N/A 

E. coli SW106 NCI Frederick N/A 

Antibodies    

Rabbit anti-HIM-3 Monique Zetka Zetka et al., 1999 

Rabbit anti-REC-8  Novus Biologicals 49230002 

Rabbit anti-phospho Histone H3 (Ser10)  Merck Millipore 06-570 

Goat anti-rabbit IRDye 680RD-conjugated  LiCor 926-68071 

Chemicals 

4,6 diamidine-2-phenylindole (DAPI) Sigma D9542 

Fluoromount G  ThermoFisher 

Scientific 

00-4958-02 

Levamisole hydrochloride Applichem A4341.0010 

SYTO12 Green fluorescent nucleic acid stain ThermoFisher 

Scientific 

S7574 

Critical Commercial Assays   

Click-iT EdU Alexa Fluor 488 Imaging Kit  ThermoFisher 

Scientific 

C10337 

TOPO TA Cloning Kit ThermoFisher 

Scientific 

450641 

2
nd

 generation 5’/3’ RACE Kit  Roche 3353621001 

Expand High Fidelity PCR System  Roche 11732650001 
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Experimental Models: Cell Lines   

N/A   

Experimental Models: Organisms/Strains   

Caenorhabditis elegans strains, see C. elegans 

maintenance and strains 

This paper N/A 

Oligonucleotides   

Primers, see Table S3 SeqLab N/A 

Scientific instruments   

LSM7 Leica  

DMi8 confocal microscope Leica  

Axiovert Observer Z1 microscope Zeiss  

 

C. elegans maintenance and strains 

C. elegans strains were maintained according to standard protocols (Brenner, 1974) on 

E. coli OP50 at 22 °C unless stated otherwise. All temperature-sensitive strains were kept at 

15 °C (permissive temperature) for general cultivation and were shifted to 22 °C for 

experiments as embryos (glp-1(ar202) and lat-1(ok1465); glp-1(ar202)) or as adults for 

6 hours (glp-1(e2141), lag-2(q420), lat-1(ok1465); glp-1(e2141), lat-1(ok1465); lag-

2(q420), lst-1(ok814); sygl-1(tm5040), and lst-1(ok814); sygl-1(tm5040); lat-1(ok1465)).  

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) and 

fbf-1(ok224) (both generated by the C. elegans gene knockout consortium), glp-1(e2141) 

(Kodoyianni et al., 1992), glp-1(ar202) (Pepper et al., 2003), gld-1(op236) (Schumacher et 

al., 2005), lag-2(q420) (Lambie and Kimble, 1991), lst-1(ok814); sygl 1(tm5040) (Kershner 

et al., 2014; Singh et al., 2011), ozIs5[gld-1::GFP + unc-119(+)] (Schumacher et al., 2005),  

qIs153[lag-2p::MYR::GFP + ttx-3p::DsRed] (Byrd et al., 2014), and tnIs6 [lim-7p::gfp + 
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rol-6(su1006)] (Hall et al., 1999). The alleles qaIs7524[lat-1p::GFP::lat-1 rol-6(su1006)] 

and aprEX77[pSP5 rol-6(su1006) pBSK] were previously generated (Langenhan et al., 

2009; Prömel et al., 2012) and ItIs37 [pAA64; pie-1::mCherry::his-58; unc-119 (+)] was 

generously provided by Diana S. Chu (San Francisco State University, USA). The following 

strains containing extrachromosomal or integrated arrays were generated in this study: 

lat-1(ok1465) aprEx192[pTL20; mCherry; pBSK], lat-1(ok1465) aprEx193[pJL13 mCherry 

pBSK], lat-1(ok1465) aprEx194[pJL14 mCherry pBSK], lat-1(ok1465) aprEx216[pDM3 

mCherry pBSK], and lat-1(ok1465) aprIs1[pTL20 rol-6(su1006) pBSK]. The strain lat-

1(knu846 [lat-1 KO/KI mCherry intronic loxP::hygR::loxP]) was generated by NemaMetrix 

Inc. (Eugene, Oregon) using CRISPR/Cas9 genome editing. The following combination of 

transgenes/alleles were obtained using standard genetic techniques (Brenner, 1974): 

ItIs37[pAA64; pie-1::mCherry::his-58; unc-119(+)]; qaIs7524[lat-1p:gfp::lat-1 rol-

6(su1006)], lat-1(knu846 [lat-1 KO/KI mCherry intronic loxP::hygR::loxP]) II; tnIs6 [lim-

7p::gfp + rol-6(su1006)], lat-1(knu846 [lat-1 KO/KI mCherry intronic loxP::hygR::loxP]) 

II; qIs153[lag-2p::myr::gfp + ttx-3p::DsRed], lat-1(ok1465) qIs153[lag-2p::myr::gfp + 

ttx-3p::DsRed], lat-1(ok1465); glp-1(ar202), glp-1(ar202); qaIs7524[lat-1p::gfp::lat-1 

rol-6(su1006)], lat-1(ok1465); glp-1(e2141), lat-1(ok1465); ozIs5[gld-1::gfp + unc-119(+)], 

lat-1(ok1465); lag-2(q420), gld-1(op236); lat-1(ok1465), lst-1(ok814); sygl-1(tm5040); lat-

1(ok1465)). 

 

Generation of transgenic C. elegans lines 

All transgenic strains with stably transmitting extrachromosomal arrays were generated 

using DNA microinjection performed by NemaMetrix Inc. (Eugene, Oregon). Plasmids were 

injected 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 
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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 

syncytical gonad of hermaphrodites. Transgenic progeny were isolated and stable lines were 

selected. Multiple independent transgenic lines were established for each transgene tested. 

For array integration in strain lat-1(ok1465) aprIs1[pTL20 rol-6(su1006)] pBSK, gamma 

irradiation was employed (Evans, 2006) on the strain carrying the respective 

extrachromosomal array that had previously been generated (Prömel et al., 2012). 

 

Brood size 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 hours. Each day, progeny was 

counted until egg laying ceased. Sterile and semi-sterile (less than 25 eggs) mothers were 

excluded from the assay.  

 

Larval development assay 

To assess the time of development, at least 800 synchronized wild-type and lat-1 L1 larvae 

were placed on OP50-seeded NGM plates and incubated at 22 °C. After 8, 16, 24, 36, and 48 

hours, the number of larvae in different developmental stages (L1, L2, L3, L4, adult) was 

scored. 

 

Ovulation rate assay 

Ovulation rate was determined in hermaphrodites 24 hours and 96 hours post mid-L4, 

respectively. Hermaphrodites were separately placed on E. coli OP50-seeded NGM plates 

and eggs/oocytes inside the uterus were counted. After 4 hours at 22 °C, eggs/oocytes on the 

plate and inside the uterus of the mother were counted. Ovulation rate per gonad was 
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calculated as ([eggs in and out of uterus after 4 hours] – [initial eggs inside 

uterus]) / (2 * 4 hours).  

 

Fixation and antibody/DAPI staining 

Antibody and DAPI staining were performed on extruded germlines. For this purpose, 

germlines of precisely synchronized 24 hours post mid-L4 hermaphrodites were dissected, 

fixed and stained as previously described (Francis et al., 1995; Jones et al., 1996). Anti-

REC-8 staining was adapted from (Mohammad et al., 2018) and anti-HIM-3 staining was 

modified from (Bukhari et al., 2012). Adult hermaphrodites (24 hours post mid-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 fixed in 4% formaldehyde/PBST solution for 15 minutes for anti-

phospho Histone H3 (anti-PH3) staining and 5 minutes in 3% formaldehyde/PBST solution 

for anti-REC-8 staining. After washing with PBST, the specimens were incubated in 100% 

ice-cold methanol at -20 °C for 5 minutes (anti-PH3) or 1 hour (anti-REC-8), respectively.  

For anti-HIM-3 staining gonads were directly dissected on a superfrost slide 

(ThermoFisher), fixed in 1% formaldehyde/PBST solution for 5 minutes, and freeze-cracked 

by submerging slides with coverslips into liquid nitrogen and quickly removing the coverslip 

(Miller and Shakes, 1995). Subsequently, the gonads were post-fixed in 100% ice-cold 

methanol at -20 °C for 1 minute and were washed three times with PBST.  

Blocking was performed for 30 minutes in 30% goat serum in PBST (anti-REC-8) or 1 hour 

in 1% bovine serum albumine in PBST (anti-HIM-3). No blocking step was necessary in 

anti-PH3 staining. Thereafter, the gonads were incubated overnight at 4 °C with rabbit anti-

phospho Histone H3 (Ser10) (Millipore) 1:200 in 0.1% bovine serum albumine (BSA)-

containing PBST, rabbit anti-REC-8 (Novus Biologicals) 1:100 in 30% goat serum/PBST, or 
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rabbit anti-HIM-3 (kindly provided by Monique Zetka) (Zetka et al., 1999) 1:100 in 1% 

BSA/PBST, respectively. For anti-HIM-3 staining, a piece of parafilm was added to the slide 

to prevent it from drying out. After washing three times with PBST, the gonads were 

incubated overnight in the dark at 4 °C with secondary goat anti-rabbit IRDye 680RD-

conjugated antibody (LiCor) 1:1000 in PBST/0.1% BSA (anti-PH3), 1% BSA (anti-HIM-3) 

or 30% goat serum (anti-REC-8) and 1 ng/µl 4,6-diamidine-2-phenylindole (DAPI, Sigma). 

The gonads were mounted on 2% agarose pads in Fluoromount-G (ThermoFisher) for 

microscopy. To stain gonads exclusively with DAPI, fomaldehyde/methanol-fixed gonads 

(as for anti-PH3 staining) were incubated for 2 hours at 4 °C in the dark with 1 ng/µl DAPI. 

Gonads were washed three times with M9 and mounted as described above.  

Since the single copy integrated lat-1p::mCherry reporter used in this study shows only very 

faint expression, which is further reduced by even short formaldehyde fixation, we employed 

native microscopy to image the respective worm strains. Thereby, worms were dissected 

directly on a coverslip in 15 µl of 0,1% PBST containing 300 µM levamisole, which was 

subsequently inverted onto a glass slide and imaged immediately. 

 

EdU labelling and pulse chase experiments 

5-ethynyl-2´-deoxyuridine (EdU) staining of worms was conducted as previously 

described (Fox et al., 2011; Kocsisova et al., 2018). 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, 1 mM MgSO4, and 

20 µM EdU (Click-iT EdU Alexa Fluor 488 Imaging Kit, ThermoFisher) and was grown for 

24 hours at 37 °C. Staged adult hermaphrodites (24 hours post mid-L4) were transferred to 

NGM plates seeded with these bacteria and incubated for 30 minutes in the dark at room 

temperature. Subsequently, worms were washed off the plates and gonads were extruded and 
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fixed as described above. EdU staining was completed using the Click-iT EdU Alexa Fluor 

488 Imaging Kit (ThermoFisher) according to the manufacturer´s protocol. When combining 

antibody stainings with EdU labelling, antibody staining was performed between fixation 

and the Click-iT reaction.  

EdU pulse-chase experiments were adopted from (Fox et al., 2011). After incubation on 

EdU-containing MG1693, worms were washed with M9 and transferred to a fresh NGM 

plate seeded with E. coli OP50. To evaluate the progression of cells in the gonad over time, 

nematodes were washed off at 0 and 4 hours after the EdU pulse. Gonads were extruded, 

fixed and stained as described above. Co-staining with the anti-REC-8 antibody allowed for 

the determination of the amount of EdU-positive/REC-8-negative cells. Since EdU is only 

incorporated into S-phase cells, EdU-positive/REC-8-negative cells must be daughters of 

these cells having entered meiotic division, but are carrying on the EdU labelling of their 

progenitors. By comparing the amount of such daughter cells at different timepoints, the 

amount of cells produced in the proliferative zone within a given time period was calculated.  

 

DNA content quantification 

DNA content quantification was performed as previously described (Fox et al., 2011). 

Images of gonads from 24 hours post mid-L4 hermaphrodites triple-stained with EdU, anti-

PH3 and DAPI as indicated above were acquired with a Z-stack spacing of 0.3 μm. Every 

nucleus was marked by a manually defined region of interest (ROI) in each stack using Fiji 

(Schindelin et al., 2012). The mean DAPI fluorescence intensity of all ROIs for one nucleus 

was measured, summed up, and the background fluorescence of an empty space within the 

rachis of the gonad was subtracted. This intensity correlates with the DNA content of a given 

nucleus. Fluorescence values of PH3-negative/EdU-positive cells (S phase) and PH3-/EdU-

negative (G phase) cells were subsequently normalized to those of PH3-positive cells (4n for 
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pro- and metaphase nuclei, 2n for daughters in ana- and telophase) to obtain a relative 

measure of DNA content expressed as multiples of the haploid genome equivalent (1n). 

When plotting these values for G phase cells in a histogram, two maxima (2n and 4n) occur: 

Cells of the 2n maximum were defined as G1, cells of the 4n maximum were defined as G2. 

 

SYTO staining 

Adult hermaphrodites (24 hours post mid-L4) were washed off NGM plates with NGM 

lacking phosphate buffer. Worms were then incubated overnight in the dark at room 

temperature with 33 µM SYTO12 Green fluorescent nucleic acid stain (ThermoFisher) in 

NGM and a small amount of E. coli OP50. To remove the stained bacteria, worms were 

washed three times with NGM and transferred to NGM plates with fresh E. coli OP50 for 

1 hour. Subsequently, stained worms were anesthetized with 300 µM levamisole 

(Applichem) in M9 and were mounted on 2% agarose pads for microscopy. 

 

Microscopy 

All specimen were imaged using confocal imaging techniques. Differential interference 

contrast (DIC) and fluorescence imaging were performed using LASX software on a Leica 

SP8 microscope and Olympus Fluoview FV1000 software on an Olympus microscope, 

respectively. Z-stacks were taken with a spacing of 0.3-2 μm, depending on the specimen 

(2 μm for whole worms, 0.5-1 μm for germlines, 0.5 μm for sperm, and 0.3 μm for DNA 

content analyses). Microscopic images were evaluated using Fiji (Schindelin et al., 2012) 

and ImageJ (Schneider et al., 2012). 
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Plexus and cap measurements of the DTC 

To analyze DTC morphology, adult nematodes (24 hours post mid-L4) expressing 

qIs153[lag-2p::myr::gfp + ttx-3p::DsRed] were anesthetized with 300 µM levamisole 

(Applichem) in M9 and mounted on 2% agarose pads for microscopy. A Z-projection of the 

resulting stacks of images was used to asses cap length (spanning the solid body of the cell) 

and plexus length (spanning the cap and processes of the cell up to the last visible 

intercalating process). Measurements were based on DTC morphology described in (Byrd et 

al., 2014). 

 

Quantification of GLD-1 levels 

To asses GLD-1 protein expression gonads of worms 24 hours post mid-L4 containing 

ozIs5[gld-1::gfp + unc-119(+)] were extruded, fixed and stained with DAPI as described 

above and subsequently mounted on 2% agarose pads for microscopy. To compare 

expression in different strains images were acquired with same exposure and detection 

settings. Z-projections of the resulting stacks of images were analysed as previously 

described (Brenner and Schedl, 2016) by using the “Plot Profile”-function in ImageJ 

(Schneider et al., 2012) to generate expression profiles of the distal germ cell rows of the 

gonad (ROI: a 35 pixel-wide line spanning 35 germ cell rows [wild-type] or 45 germ cell 

rows [lat-1 mutants]). Fluorescence intensities of each germ cell row were obtained by 

dividing the plot profile into 35 or 45 equal sections, respectively. For each germ cell row, a 

mean fluorescence value was calculated by pooling fluorescence intensities of multiple 

germlines. Three essential points of the resulting distribution of GLD-1::GFP-fluorescence 

were then defined as shown previously (Brenner and Schedl, 2016): Base level (first row), 

start of meiotic entry (row with the most distal HIM-positive nucleus on average, deduced 
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from anti-HIM-3 stainings), and end of meiotic entry (the most proximal row on average 

where the last REC-8-positive cell is located).  

 

Generation of transgenes 

To generate constructs, recombineering was conducted. Accordingly, 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 antibiotic selection. All transgenes 

are based on a construct comprising the genomic locus of lat-1 containing lat-1p::lat-1(1-

581)::gfp (pTL20) (Prömel et al., 2012). To introduce the respective promoter upstream of 

lat-1, a recombineering targeting cassette consisting of two parts, a spectinomycin selection 

cassette and the promoter sequence, was generated. For primer sequences, see Table S3. 

 

lag-2p::lat-1(1-581)::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 (ThermoFisher). 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 primers lat1_1080F (introducing an overhang with a homology 

to pTL20) and lat1_1081R (containing a PstI site). Both fragments were digested by PstI 

(NEB) and ligated together using a T4 DNA Ligase (NEB). The ligated cassette was 

subsequently recombineered into pTL20 (lat-1p::lat-1(1-581)::gfp) replacing the lat-1 
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promoter using electrocompetent SW105 cells with a heat-induced recombinase of the λ-Red 

recombinase system (Warming et al., 2005).  

 

plc-1p::lat-1(1-581)::gfp (pJL14) 

The promoter region of plc-1 (2 kb) was obtained via 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 (ThermoFisher), the promoter was amplified with 

primers lat1_1086F/ lat1_1087R. While the forward primer introduced a PstI site, the 

reverse primer contained an overhang with a homology to the vector pTL20. In parallel, the 

sequence of the spectinomycin resistance gene was amplified from the Gateway cloning 

vector backbone pDON223 (Invitrogen) with primers lat-1_1080F (containing an overhang 

with a homology to pTL20) and lat-1_1081R (introducing a PstI site). Both fragments were 

digested by PstI (NEB), ligated with a T4 DNA Ligase (NEB) and the resulting fragment 

was recombineered into pTL20 (lat-1p::lat-1(1-581)::gfp) replacing the lat-1 promoter using 

electrocompetent SW105 cells with heat-induced recombinase of the λ-Red recombinase 

system (Warming et al., 2005).  

 

lim-7p::lat-1(1-581)::gfp (pDM3) 

The promoter region of lim-7 (2 kb) was retrieved by PCR with primers 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, 

USA) (Hall et al., 1999). In parallel, primers lat1_1080F (containing an overhang with 

homologies to pTL20) and lat1_1081R (introducing 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 
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(NEB). The resulting fragment was recombineered into pTL20 (lat-1p::lat-1(1-581)::gfp), 

replacing the lat-1 promoter using electrocompetent SW105 cells with a heat-induced 

recombinase of the λ-Red recombinase system (Warming et al., 2005).  

 

RNA extraction and rapid amplification of 3’ cDNA ends with PCR (RACE-PCR) 

Total RNA was extracted from a mixed population of wild-type hermaphrodites using 

TRI Reagent (Sigma) according to the manufacturer’s protocol and were transcribed into 

cDNA with the 2
nd

 generation 5’/3’ RACE Kit (Roche) in combination with the Expand 

High Fidelity PCR System (Roche) as described in the supplier´s instructions. To ensure 

cDNA synthesis from mainly mRNA, a specific oligo(dT)-anchor primer was used. The 

cDNA mix was directly utilized as a template for the RACE-PCR. Amplification was run 

with a PCR anchor primer corresponding to the sequence of parts of the oligo(dT)-anchor 

primer used for cDNA synthesis and the gene-specific primers lat1_1365F and lat1_1394F, 

respectively. PCR products were separated via gel electrophoresis, 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 (ThermoFisher) for further analysis. For primer sequences, 

see Table S3. 

 

Splice variant analyses 

Publicly available RNA-Seq datasets from adult wild-type hermaphrodite C. elegans var. 

Bristol N2 were downloaded via the Sequence Read Archive (Kodama et al., 2012; Leinonen 

et al., 2011), reads were aligned to the WBcel235 genome (Howe et al., 2017) using STAR 

(Dobin and Gingeras, 2015) and transcript assembly was performed using StringTie (Pertea 

et al., 2015). Full-length transcripts were inspected and further analyses including 
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visualization were conducted with the Integrated Genomics Viewer (Robinson et al., 2011). 

Accession numbers and mapping statistics are given in Table S4. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistical analysis 

Numerical assay data were analyzed with GraphPad Prism version 7.0 (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 two-way ANOVA in combination with a Bonferroni post-hoc test for 

comparing multiple groups, respectively. P values of p ≤ 0.05 were considered statistically 

significant. All details are given in the respective Figure legend. 

 

 

DESCRIPTION OF SUPPLEMENTAL MATERIAL 

The supplemental material contains four figures and four tables.  

Fig. S1 shows that nematodes lacking lat-1 display a normal sperm development and a 

reduced ovulation rate. Fig. S2 proves that lat-1 nematodes display an impaired larval 

development. Fig. S3 is a representation of lat-1::GFP expression and tissue-specific rescue 

of lat-1 mutant brood size. Fig. S4 is a quantification of fluorescence levels of images given 

in Fig. 7A and Fig. 4F. 

Table S1 contains PH3- and EdU-positive cell counts and denominators for index 

calculation.  

Table S2 is a list of exon positions of lat-1 variants analyzed in this study. Table S3 shows 

the sequences of primers used in the study. Table S4 lists all accession numbers and 

mapping statistics for transcript analysis of lat-1 variants.  
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FIGURES AND FIGURE LEGENDS 

 

Fig. 1. Three distinct defects rescued by transgenic complementation with the LAT-1 

N terminus (LNT) are the cause for reduced fertility in lat-1 mutant hermaphrodites. 

(A) Shown is one of the two symmetrical U-shaped gonad arms of a C. elegans adult 

hermaphrodite. In the fourth larval stage, a fixed number of sperm (approximately 150 per 

gonad) is 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 
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by a complete membrane but reside in a common cytoplasm. They continually self-renew by 

mitotic division (dark blue) in the proliferative zone, which is distally enclosed by the distal 

tip cell (DTC) plexus and in part referred to as stem cell niche. Subsequently, germ cells 

enter meiotic divisions (crescent-shaped nuclei) in the transition zone and progress further 

through meiosis in the pachytene, where some germ cells undergo apoptosis (marked in 

green). Transition zone and pachytene are surrounded by the gonadal sheath cells (not 

shown). Near the loop, nuclei start to cellularize and to obtain 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). (B) Simplified model of the core 

Notch pathway components in the distal gonad (adapted from (Kimble and Crittenden, 2005) 

and (Hubbard and Schedl, 2019)). The Notch ligand LAG-2 (located on the DTC) binds the 

Notch receptor GLP-1 (located on germ cells). Proteolytic cleavage of the latter activates 

several transcriptional pathways. One thoroughly studied mechanism is the activation of the 

RNA-binding proteins FBF-1 and FBF-2, which are activated through the direct targets of 

GLP-1, LST-1 and SYGL-1. FBF-1 and FBF-2, which undergo mutual inhibition, further 

and together with LST-1 and SYGL-1 suppress transcription of various downstream 

effectors, such as GLD-2/GLD-3, which are responsible for initiation of meiosis, and GLD-

1, which inhibits proliferation. By modulating these effectors, the Notch pathway ensures 

germ cell proliferation in the DTC niche of the C. elegans gonad. (C) DAPI staining reveals 

that the number of sperm residing inside the spermatheca of young adult lat-1 mutants is not 

significantly different from the one in wild-type nematodes, albeit a little less. Nematodes of 

both strains were synchronized and selected for staining just after the first couple of 

ovulations to ensure that only a minimal amount of sperm was already used in fertilization or 

flushed out of the spermatheca. Data are shown as box plots with 90% confidence interval, n 
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≥ 20. n.s. = not significant. (D) Sperm amount 48 hours post the first ovulation. Sperm was 

DAPI-stained and sperm loss was calculated as follows: ((initial sperm in spermatheca) - 

(sperm in spermatheca after 48 hours) - (eggs laid in 48 hours)) / (initial sperm in 

spermatheca). This loss is ameliorated in transgenic lines expressing LNT. n ≥ 15. (E) 

Germlines of lat-1 mutants exhibit more SYTO 12-stained germ cells compared to wild-type 

controls. Living adult nematodes 24 hours post mid-L4 were stained with SYTO 12 as a 

marker for apoptotic cells. (F) Quantification of SYTO 12 stainings from (E). Data are 

shown as box plots with 90% confidence interval, n ≥ 33. ** p < 0.01; *** p < 0.001. 

(G) Elevated number of M-phase nuclei in the distal gonad of lat-1 mutants stained with 

anti-PH3-antibody is rescued in a transgenic strain expressing LNT. Data are shown as box 

plots with 90% confidence interval, n ≥ 41. *** p < 0.001. 
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Fig. 2. Loss of the 7TM-independent LAT-1 function elevates the mitotic index but does 

not change the meiotic entry point. (A) Germ cells visualized by DAPI-staining in the 

gonads of wild-type and lat-1 mutant nematodes 24 hours post mid-L4 (left: distal; right: 

proximal). While proliferative and transition zone (TZ) of the germline are unaltered in lat-1 

gonads, the pachytene seems to contain more germ cells. Zones were defined by nuclear 

morphology (Hirsh et al., 1976). The start of the TZ was defined as the first row containing 

more than one crescent-shaped nucleus, which mark leptotene/zygotene of meiotic 
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prophase I (Crittenden et al., 2019). Nuclei in rows distal to the TZ were counted as part of 

the proliferative zone. Equally, the most proximal row containing at least two crescent-

shaped nuclei was defined as the end of the TZ and all nuclei proximal of this point were 

considered the pachytene. The pachytene reached till the loop of the gonad, where nuclear 

morphology changes due to chromatin remodeling. (B) Quantification of germline cell rows 

(given as germ cell diameters) in DAPI-stained gonads from (A) confirms unchanged 

proliferative and transition zones, but enlarged pachytene in lat-1 mutants compared to wild-

type. Data are shown as boxplots with 90% confidence interval, n ≥ 16. n.s. = not significant; 

* p < 0.05. (C) REC-8 staining shows no difference in the size of the proliferative zone of 

lat-1 mutants compared to wild-type. Extruded gonads of 24 hours post mid-L4 

hermaphrodites were stained with an anti-REC-8 antibody (purple) and DAPI (blue) (left: 

distal; right: proximal). (D) HIM-3 staining showed no difference in the point of meiotic 

entry in lat-1 mutants compared to wild-type. Extruded gonads of 24 hours post mid-L4 

hermaphrodites were stained with an anti-HIM-3 antibody (yellow) and DAPI (blue) (left: 

distal; right: proximal). (E), (F) Quantification of the antibody stainings shown in (C) and 

(D) confirms no change in the transition from proliferative (REC-8-positive cells) to meiotic 

(HIM-3-positive cells) fate between lat-1 mutant and wild-type germlines. Percentages were 

calculated as the amount of REC-8- or HIM-3-positive cells, respectively, from all nuclei in 

the corresponding germ cell row. n ≥ 26 (REC-8), n ≥ 12 (HIM-3). (G) Dividing the PH3-

positive nuclei by the total number of nuclei in the proliferative zone (assessed by DAPI-

staining) of lat-1 mutants reveals an elevated mitotic index compared to the wild-type. This 

phenotype can be ameliorated by the sole expression of the LAT-1 N terminus. Raw data of 

PH3-positive cell counts and denominators for index calculation are shown in Table S1. n ≥ 

20, *** p < 0.001. 

  



87 
 

 

Fig. 3. LAT-1 regulates the cell cycle phase distribution and its speed of progression. 

(A) The distal germline of lat-1 mutant hermaphrodites displays more PH3-positive (M 
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phase) and EdU-positive (S phase) nuclei than wild-type controls. Hermaphrodites were 

stained 24 hours post mid-L4 with EdU by feeding of preincubated MG1693 bacteria, 

dissected and subsequently stained with DAPI (blue) and anti-PH3 antibody (magenta). 

Finally, EdU (green) was visualized by performing a Click-It reaction on the stained gonads. 

(B) PH3- and EdU-stained germlines reveal a higher incidence of M- as well as S-phase 

nuclei in the proliferative zone of lat-1 mutants compared to wild-type gonads. While the 

increase of PH3-positive M-phase nuclei in lat-1 mutants appears to be spanning the entire 

proliferative zone, excessive S-phase (EdU-positive) nuclei are localized more proximally. 

Differences between lat-1 mutant and wild-type are colored in grey. n ≥ 19. (C) The 

increased S index (calculated as the percentage of the number of EdU-positive nuclei from 

all nuclei in the proliferative zone) of lat-1 mutant germlines is rescued by expression of the 

lat-1 N terminus LNT. Raw data on EdU-positive cell counts and the denominators for index 

calculations are given in Table S1. Data are shown as boxplots with 90% confidence interval, 

n ≥ 20. ** p < 0.01; *** p < 0.001. (D) DNA content analysis of proliferative cells revealed 

more S-phase and less G-phase nuclei in lat-1 mutants. Gonads of 24 hours post mid-L4 

hermaphrodites were triple-stained with DAPI, EdU and anti-PH3 and nuclei were assessed 

for M phase, S phase and unlabeled Gap (G) phase. DAPI fluorescence intensity for each 

nucleus was measured and normalized to a fourth of the mean fluorescence intensity of PH3-

positive M-phase nuclei (= 4n; anaphase and telophase daughters were summed up to one 4n 

nucleus) to obtain DNA content values as haploid genome equivalents (1 n). No significant 

changes in the distribution of DNA content were observed between wild-type and lat-1 

nuclei (M phase at 4n, S phase in the range between 2n and 4n and G phase as two maxima 

at 2n (G1) and 4n (G2)). However, the exceeding amount of M-phase and S-phase nuclei in 

lat-1 mutants is accompanied by a general reduction in G1 and G2 nuclei. A rescue strain 

expressing the LNT resembled wild-type distributions. (E) Relative cell cycle phase 
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durations based on (C), (D) and Fig. 2G. G1 and G2 indices were deduced from DNA 

content analysis in (D) (G1 index: (1-[M index + S index]) * G1/[G1+G2]; G2-index: (1-[M 

index + S index]) * G2/[G1+G2]). While lat-1 mutants show extended M and S phases of 

proliferative cells, G1 and G2 phases are equally shortened. Expressing the LNT in lat-1 

mutants reverses the observed shift towards a wild-type cell cycle. (F) In lat-1 mutant 

gonads, cell cycle progression is faster. EdU-pulse chase experiments were performed on 

24 hours post mid-L4 hermaphrodites. Worms were stained with EdU by feeding of 

preincubated MG1693 bacteria, dissected directly after feeding or after 4 hours and 

subsequently stained with REC-8 antibody (purple). Finally, EdU (green) was visualized by 

performing a Click-It reaction on the stained gonads. While in gonads extruded directly after 

EdU incorporation (0 hours) all EdU-positive cells show a proliferative fate (REC-8-

positive), after 4 hours several EdU-positive cells have entered meiosis (REC-8-negative). 

The number of these cells was significantly increased in lat-1 mutants in comparison to the 

wild-type and was rescued by supplementing LNT. (G) Quantification of (F). Data are 

shown as boxplots with 90% confidence interval, n ≥ 15. * p < 0.05; ** p < 0.01. 
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Fig. 4. The LAT-1 N terminus acts from somatic cells of the C. elegans gonad. (A)-

(E) Expression of lat-1 in the gonad. The receptor is present in all somatic cells of the gonad: 

distal tip cell (DTC), gonadal sheath cells and spermatheca (Spth). However, no expression 

is detectable inside germ cells, as well as in fully differentiated sperm or oocytes. For 

visualizing lat-1 expression, either a multi-copy integrated lat-1p::gfp (A)-(C) or a 
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CRISPR/Cas9 genome-edited single-copy integrated lat-1p::mCherry (D), (E) was 

employed. Germ cell nuclei (C) were labeled by expressing pie-1::mCherry::his-58, gonadal 

sheath cells (D) by expressing lim-7p::gfp and DTC (E) by using lag-2p::myr::gfp. (F) 

Wild-type (left) and lat-1 mutant (right) DTC visualized by lag-2p::gfp expression in 

24 hours post mid-L4 animals. The morphology of the lat-1 mutant DTC is largely intact 

compared to the wild-type DTC. Loss of lat-1 only leads to a slightly reduced cap length, 

while the extension of the plexus over the proliferative zone is unchanged. Marker 

expression appears fainter in lat-1 mutants. Quantification of expression levels are shown in 

Fig. S4.  (G) Quantification of DTC parameters shown in (F) confirm the significantly 

reduced cap length of the DTC in lat-1 mutants compared to wild-type controls. Data are 

shown as box plots with 90% confidence interval, n ≥ 42. n.s. = not significant; 

*** p < 0.001. (H), (I) Tissue-specific expression of the LAT-1 N terminus (LNT) using 

promoters with activity restricted to distinct cell types in the somatic gonad reveals in which 

location LAT-1 is required to fulfil specific functions. While the increase of the mitotic 

index in lat-1 mutants can be ameliorated by expression of LNT in the DTC driven by lag-2p 

and also, to a lesser extent, by its presence in the gonadal sheath cells (driven by lim-7p) (H), 

the elevated rate of apoptotic cells (indicated by SYTO 12-staining) is only rescued by 

lim-7p-driven expression of lat-1, restricting its presence to the gonadal sheath cells (I). Raw 

data on PH3-positive cell counts and denominators for index calculation can be found in 

Table S1. Data are shown as boxplots with 90% confidence interval. n ≥ 17 (H), n ≥ 38 (I). 

n.s. = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Fig. 5. 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) Transcript variant repertoire of lat-1 identified from RNA-Seq data (Chen et 

al., 2015). Several full-length variants exist which mostly differ in their N-terminus 

composition. N terminus only-containing variants make up 2.3% of the total lat-1 variants in 

the hermaphrodite and seem mostly not to be membrane-anchored. Other variants, which 
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lack the N terminus, constitute less than 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 blue boxes) and size-condensed introns (faint blue 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 open reading frame (ORF) is depicted in thick 

green boxes while the non-protein coding 5′ and 3′ untranslated regions (UTRs) are 

displayed thinner and in light green. 3′ end exons with minor differences in length but 

identical 5′ splice acceptor sites are considered as one 3′ end exon. Different composition 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 Table S2. (C) 3’ 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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Fig. 6. LAT-1 exerts its effect on germ cell proliferation via distinct downstream 

effectors of the Notch pathway. (A) Expression of gld-1 commences more proximal and is 
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fainter in lat-1 mutant (bottom) than in wild-type (top) individuals. Gonads of gld-1::gfp-

expressing (green) hermaphrodites of both genotypes 24 hours post mid-L4 were stained 

with DAPI (blue) and analyzed. (B)-(E) Quantification of gld-1::gfp expression and 

distribution in lat-1 mutant and wild-type gonads by measuring fluorescence intensity 

(arbitrary units) with increasing distance from the distal tip cell based on images shown in 

(A). The absence of lat-1 leads to a shift of gld-1 expression to more proximal rows 

compared to wild-type. However, the same maximal expression level is reached eventually 

(B). Curves were calculated as described in the Methods section. Each point is shown as 

mean ± SEM. Physiologically relevant points of expression were examined in more detail: 

base level (most distal row of the gonad, yellow, (C)), start of meiotic entry (mean most 

distal HIM-3-positive nucleus (based on Fig. 2D, F), red, (D)) and end of meiotic entry 

(most proximal REC-8-positive nucleus (based on Fig. 2C, E), blue, (E)). Expression at all 

these points in lat-1 mutants is lower than in wild-type controls. Data are shown as boxplot 

with 90% confidence interval with n ≥ 16. * p < 0.05; ** p < 0.01; *** p < 0.001. (F) Length 

of proliferative zones and amount of M-phase nuclei (magenta) in dissected and DAPI-

stained (blue) gonads from wild-type, lat-1, gld-1(op236), gld-1(op236);lat-1, fbf-1(ok224), 

lst-1(ok814);sygl-1(tm5040), and lst-1(ok814);sygl-1(tm5040);lat-1(ok1465) 

hermaphrodites. (G) Mitotic index quantification from DAPI- and PH3-stained gonads. lat-1 

and gld-1 mutants exhibit increased mitotic indices. The gld-1;lat-1 double mutant shows the 

same phenotype as the gld-1 single mutant. fbf-1 null mutants show a decreased mitotic 

index. While lst-1;sygl-1 double mutants have a slightly increased mitotic index, the lst-

1;sygl-1;lat-1 triple mutant display a mitotic index higher than the lst-1;sygl-1 and the lat-1 

mutant. The mitotic index was calculated by dividing all PH3-positive cells by the total 

amount of germ cells in the respective proliferative zone. Proximal tumors of gld-1 mutants 

were excluded from this analysis. Raw data on PH3-positive cell counts and denominators 
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for index calculation can be found in Table S1. Data are shown as boxplot with 90% 

confidence interval, n ≥ 19. (D) and n ≥ 27 (E). n.s. = not significant; * p < 0.05; *** p < 

0.001. (H) Schematic summary of all single and double mutant analyses conducted in this 

study. Changes in proliferative zone size, PH3-positive nuclei and mitotic index compared to 

wild-type nematodes are based on data from Figs. 6G and 7D.  
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Fig. 7. LAT-1 function in proliferation depends on GLP-1, but not on LAG-2. 

(A) Expression of lat-1p::gfp in the distal tip cell (circle) of wild-type (left) and glp-
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1(ar202) (gain-of-function, gf) mutants (right). In glp-1(gf) distal tip cells, lat-1 expression 

appears upregulated compared to the expression in the wild-type. Quantification of levels are 

shown in Fig. S4. (B) Comparison of proliferative zones of Notch pathway component single 

mutants and respective double mutants with lat-1. Gonads were dissected and DAPI- (blue) 

and PH3- (magenta) stained to visualize general and M-phase nuclei. (C) Quantification of 

proliferative zone sizes from dissected DAPI-stained gonads revealed that lat-1;glp-1(gf) and 

lat-1;glp-1(lf) double mutants have a similar zone size as the respective glp-1 single mutants 

glp-1(ar202)(gf) and glp-1(e2141)(lf). Data are shown as boxplot with 90% confidence 

interval, n ≥ 19. n.s. = not significant; ** p < 0.01; *** p < 0.001. (D) Mitotic indices of 

different Notch single mutants and respective double mutants carrying lat-1. glp-1(gf) 

mutants (glp-1(ar202)) display an increase in the mitotic index, indicating high proliferative 

activity. The additional lat-1 mutation does not affect this phenotype. Conversely, the glp-

1(lf) mutant (glp-1(e2141)) as well as the respective double mutant with lat-1 have a mitotic 

index similar to the one of the wild-type. The lag-2(lf) (lag-2(q420)) mutant shows an 

increase in the mitotic index. In lat-1;lag-2(lf) double mutants an additive effect of the single 

mutant indices is observed. The mitotic index was calculated by dividing all PH3-positive 

cells by the total amount of germ cells in the respective proliferative zone. Proximal tumors 

of glp-1(gf) mutants were excluded from this analysis. Raw data on PH3-positive cell counts 

and denominators for index calculation can be found in Table S1. Data are shown as boxplot 

with 90% confidence interval, n ≥ 19. n.s. = not significant; * p < 0.05; ** p < 0.01. (E) 

Expression/Function of Notch pathway components throughout the proliferative zone and 

the transition zone of the gonad (adapted from (Hubbard and Schedl, 2019)). LAT-1 is 

present in the entire region in a pattern similar to the ones of GLP-1 and FBF-1.  
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ABBREVIATIONS 

7TM    Seven transmembrane helices domain 

ADGR Consensual abbreviation for mammalian Adhesion GPCR 

genes, followed by a capital letter, indicating the receptor 

subfamily and a number corresponding to the individual 

subtype (e. g. ADGRL1) 

aGPCR   Adhesion G protein-coupled receptor 

C. elegans   Caenorhabditis elegans 

CTF    C-terminal fragment 

DIC    Differential interference contrast 

DTC    Distal tip cell 

E. coli    Escherichia coli 

EdU    5-Ethynyl-2'-deoxyuridine 

FBF-1    Fem-3 mRNA binding factor 1 

FBF-2    Fem-3 mRNA binding factor 2 

G1 phase   Gap phase 1 

G2 phase   Gap phase 2 

GAIN    G protein-coupled receptor autoproteolysis-inducing domain 

GLD-1    Defective in germline development 1 

GLD-2    Defective in germline development 2 

GLP-1    Abnormal germline proliferation 1 

GPCR    G protein-coupled receptor 

GPS    G protein-coupled receptor proteolysis site 

HIM-3    High Incidence of Males 3 

HRM    Hormone-binding domain 

LAG-2    Lin-12 and Glp-1 phenotype 2 

LAT-1    Latrophilin-1 

LIM-7    LIM domain family 7 

LIN-12   Abnormal cell lineage 12 

LNT    Membrane-tethered Latrophilin-1 N terminus 

LST-1    Lateral signaling target 1 

M index   Mitotic index 

M phase   Mitotic phase 

NGM    Nematode growth medium 

NTF    N-terminal fragment 

OSM-11   Osmotic avoidance abnormal 11 

PBST    Phosphate Buffered Saline with Tween 

PH3 antibody   Anti-phospho-histone H3 (Ser10) antibody 

PIE-1    Pharynx and Intestine in Excess 1 

PLC-1    Phospholipase C 1 

RACE-PCR rapid amplification of cDNA-ends with polymerase chain 

reaction 

RBL    Rhamnose-binding lectin domain 

REC-8    Recombination abnormal 8 

ROI    Region of interest 

ROL-6    Roller 6 

S index   Synthesis index 

S phase   Synthesis phase 

Spth    Spermatheca 
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SYGL-1   Synthetic germline proliferation defective 1 

TZ    Transition zone 

UNC-119   Uncoordinated 119 
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Abstract: Many vital processes during C. elegans development, especially the establishment and
maintenance of cell polarity in embryogenesis, are controlled by complex signaling pathways.
G protein-coupled receptors (GPCRs), such as the four Frizzled family Wnt receptors, are linchpins
in regulating and orchestrating several of these mechanisms. However, despite being GPCRs,
which usually couple to G proteins, these receptors do not seem to activate classical heterotrimeric
G protein-mediated signaling cascades. The view on signaling during embryogenesis is further
complicated by the fact that heterotrimeric G proteins do play essential roles in cell polarity during
embryogenesis, but their activity is modulated in a predominantly GPCR-independent manner via G
protein regulators such as GEFs GAPs and GDIs. Further, the triggered downstream effectors are
not typical. Only very few GPCR-dependent and G protein-mediated signaling pathways have been
unambiguously defined in this context. This unusual and highly intriguing concept of separating
GPCR function and G-protein activity, which is not restricted to embryogenesis in C. elegans but can
also be found in other organisms, allows for essential and multi-faceted ways of regulating cellular
communication and response. Although its relevance cannot be debated, its impact is still poorly
discussed, and C. elegans is an ideal model to understand the underlying principles.

Keywords: GPCRs; G proteins; development; receptor-independent function

1. GPCRs and G Proteins—Together and Apart

G protein-coupled receptors (GPCRs) and heterotrimeric G proteins are molecules, which together
form one of the key systems essential to transduce extracellular cues into cells and mediate signals.
Thereby, GPCRs are seven transmembrane receptors binding the G proteins with their intracellular
parts. These G proteins are trimers composed of α, β, and γ subunits with the α subunit being able
to bind the guanine nucleotide GDP when attached to the receptor. Upon receiving a stimulus such
as photons, hormones, proteins, or peptides, the GPCR acts as a guanine nucleotide exchange factor
(GEF) exchanging the GDP bound to the Gα for a GTP. This activates the G protein, which is then able
to mediate signals by both the Gα subunit and the dissociated Gβγ complex. Subsequently, the GTP
is subject to hydrolysis, thereby inactivating the G protein, which re-associates as a trimer with the
GPCR and thus completing this so-called G-protein cycle (Figure 1).

In the last few decades, many studies have shown that the classical interaction between G
proteins and the corresponding receptor is not the only way these molecules can signal. For GPCRs,
an increasing body of data suggests that they are able to signal completely independently of G proteins,
for instance via arrestins (reviewed in [1]) or Jak-Kinases [2]. Similarly, heterotrimeric G proteins can
function in the absence of GPCRs [3,4]. These findings paved the way for the notion that GPCRs and G
proteins can fulfill a plethora of functional roles beyond classical signaling. However, many details of
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the mechanisms and the relevance of G protein-independent GPCR signaling and GPCR-independent
G-protein signaling remain poorly understood.
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Figure 1. Classical G-protein cycle. (1) An inactive GPCR is associated intracellularly with a 
heterotrimeric G protein. This G protein has bound GDP on its Gα subunit. (2) Upon activation of the 
GPCR by an agonist, the receptor acts as a GEF for the G protein and exchanges GDP for GTP. (3) The 
active G protein dissociates into Gα and a Gβγ complex, both of which can mediate signals. (4) After 
signals have been elicited, the GTP bound to Gα is hydrolyzed rendering the G protein inactive. The 
G protein subunits re-associate and bind the GPCR. 

2. GPCRs and G Proteins Are Essential for C. elegans Development 

As GPCRs and G proteins are involved in many physiological processes and are vital in health 
and disease, it is not surprising that they are also found to be linchpins for orchestrating signaling 
processes during development in many organisms. The Caenorhabditis elegans genome encodes for 
more than 1000 GPCRs [5] and its heterotrimeric G protein repertoire comprises 21 Gα subunits, 2 
Gβ and 2 Gγ proteins [6]. Throughout C. elegans development and especially during early 
embryogenesis, several essential processes are governed by GPCRs and/or G proteins, together or 
separately. This offers an ideal and well-characterized system to gain insights into the mechanisms 
underlying the diverse functions of GPCRs and G proteins as well as their fundamental impact in 
biology. Although certainly not all processes, in which GPCRs/G proteins have a function, are fully 
uncovered yet, several examples highlight the potential of the system. 

2.1. Gα Subunits Dictate Asymmetric Spindle Postitioning 

Already during the first cell division, G proteins are involved in asymmetric positioning of the 
mitotic spindle in the one-cell-stage embryo to ultimately promote asymmetric cell division. The two 
maternally required Gα subunits GOA-1 and GPA-16 are in part redundantly required for 
transducing polarity cues to generate pulling force on the mitotic spindle during cell cleavage [7,8] 
(Figure 2A). While GOA-1 is a Gαo subunit, homology comparison of the structurally similar GPA-16 

Figure 1. Classical G-protein cycle. (1) An inactive GPCR is associated intracellularly with a heterotrimeric
G protein. This G protein has bound GDP on its Gα subunit. (2) Upon activation of the GPCR by an
agonist, the receptor acts as a GEF for the G protein and exchanges GDP for GTP. (3) The active G
protein dissociates into Gα and a Gβγ complex, both of which can mediate signals. (4) After signals
have been elicited, the GTP bound to Gα is hydrolyzed rendering the G protein inactive. The G protein
subunits re-associate and bind the GPCR.

2. GPCRs and G Proteins Are Essential for C. elegans Development

As GPCRs and G proteins are involved in many physiological processes and are vital in health and
disease, it is not surprising that they are also found to be linchpins for orchestrating signaling processes
during development in many organisms. The Caenorhabditis elegans genome encodes for more than
1000 GPCRs [5] and its heterotrimeric G protein repertoire comprises 21 Gα subunits, 2 Gβ and 2 Gγ

proteins [6]. Throughout C. elegans development and especially during early embryogenesis, several
essential processes are governed by GPCRs and/or G proteins, together or separately. This offers
an ideal and well-characterized system to gain insights into the mechanisms underlying the diverse
functions of GPCRs and G proteins as well as their fundamental impact in biology. Although certainly
not all processes, in which GPCRs/G proteins have a function, are fully uncovered yet, several
examples highlight the potential of the system.

2.1. Gα Subunits Dictate Asymmetric Spindle Postitioning

Already during the first cell division, G proteins are involved in asymmetric positioning of the
mitotic spindle in the one-cell-stage embryo to ultimately promote asymmetric cell division. The two
maternally required Gα subunits GOA-1 and GPA-16 are in part redundantly required for transducing
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polarity cues to generate pulling force on the mitotic spindle during cell cleavage [7,8] (Figure 2A).
While GOA-1 is a Gαo subunit, homology comparison of the structurally similar GPA-16 with
mammalian Gα subunits does not allow for its clear identification as a Gαo protein [6]. In wild-type
embryos prior to the first cell cleavage, centrosomes align along the anterior–posterior axis by a
rotation during prophase [9] and pulling forces are exerted along this axis. These are asymmetric
in the way that the posterior spindle pole moves closer to the cortex than the anterior pole [10,11],
subsequently leading to the generation of two cells of unequal size. Embryos mutant for gpa-16
exhibit a reduced and more symmetric pulling force during cell cleavage [12]. Similarly, loss of
function of goa-1 and gpa-16 causes a loss of nuclear rotation as well as reduced pulling of the spindle
toward the posterior [7,8] yielding two symmetric cells. Both G proteins exert a pulling force on astral
microtubules in a ternary complex comprising the GoLoco motif-containing GPR-1 or GPR-2 and the
coiled-coil protein LIN-5 [7,8,13–15]. Through its myristoylation, the Gα protein anchors the complex
to the plasma membrane and in parallel binds GPR-1/2, which also associates with LIN-5 [15–18].
How the asymmetric pulling is subsequently realized is not entirely understood, but several studies
show the involvement of microtubules and dynein in this process [17,19,20]. Dynein appears to
serve as a connecting molecule between the ternary complex and astral microtubules [21]. However,
whether it is the core force generator is still debated. Interestingly, the polarity cue triggering the
asymmetric spindle pulling is not elicited by a GPCR but rather by cortically localized cytoplasmic
PAR proteins (reviewed in [22]) and modulated mostly via regulators of G protein signaling (RGS) such
as RGS-7, guanine-nucleotide dissociation inhibitors (GDIs) [8], and GEF proteins such as RIC-8 [23].
The molecular details of G-protein activation involving these modulators and the mechanisms behind
its function will be discussed in Section 3.

Not only the Gα subunits but also the associated Gβ and Gγ proteins have been identified to be
involved in spindle positioning and pulling force generation. Both β subunits present in C. elegans
are expressed in embryos [24,25], but only GPB-1 seems to be required for spindle positioning [7,25],
functioning with the Gγ subunit GPC-2 [7]. The distinct roles of Gβ and Gγ remain elusive to a certain
extent. It has been postulated that one function of GPB-1 in this context might be the regulation of Gα

availability by forming a heterotrimer as the amount of unbound α subunits influences pulling forces.
Deficiency of GPB-1 or GPC-2 increases pulling forces toward the anterior and elevates rotational
movement [8,23,26], suggesting that the Gβγ complex is negatively regulating force generation. In line
with these data, its amount and distribution within the cell is asymmetric and dynamic during cell
division [27].

Several lines of evidence show that positioning of mitotic spindles and dictating pulling force
during later cell divisions are also likely to be guided by the G proteins GOA-1 and GPA-16. In embryos
lacking both Gα subunits, the nucleus in the P1 blastomere does not rotate, and mitotic spindle
directionality does not form correctly [7]. Further, embryos contain polyploid nuclei and fewer
cells [15]. A second line of evidence using a temperature-sensitive gpa-16 mutant highlights that
spindle orientation is defective in the EMS blastomere when shifting mutant embryos to the restrictive
temperature after the second cell division [8]. However, this effect is not fully penetrant, most likely
due to the partially redundant signaling of the MES1/SRC-1 pathway [8]. This pathway has also been
shown to be involved in controlling spindle polarity via the intracellular modulator LET-99 [28].

As a variation of the aforementioned mechanism of asymmetric spindle positioning can be
considered the role of GPA-16 in the establishment of left-right (l-r) asymmetry. In C. elegans, l-r
asymmetry first becomes apparent at the six-cell stage when the blastomeres ABal/ABpl are located
more anteriorly than ABar/ABpr [29,30]. The mechanism underlying cell positioning is based on
mitotic spindle orientation. In this context, it has been demonstrated that a temperature-sensitive
gpa-16 mutant displays a randomized ABa/p spindle skew handedness, suggesting that the Gα subunit
is required for the positioning of ABa and ABp spindles preceding skewing [31]. The role of other G
protein signaling components in this context as well as the downstream targets that execute spindle
orientation remain to be clarified.
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Figure 2. Independent and classical functions of GPCRs/G proteins in different processes during
C. elegans embryonic development. In the early embryo, all three mechanisms occur in different biological
contexts: the receptor-independent G-protein function (GOA-1/GPA-16) (A), the G protein-independent
GPCR function (MOM-5) (B), and the classical GPCR/G protein pathway (C). (A) GOA-1 and GPA-1
control pulling force on astral microtubules leading to two asymmetric cells after the first division.
The Gα proteins function in a ternary complex with GPR-1/GPR-2 and LIN-5 and are modulated by the
GEF RIC-8 and the RGS RGS-7. Further, the Gβ and Gγ subunits GPB-1 and GPC-1 are hypothesized
to contribute to regulation of pulling forces. (B) The Frizzled class GPCR MOM-5 mediates a signal
from the P2 blastomere polarizing the neighboring EMS cell. Upon activation by the Wnt ligand
MOM-2, MOM-5 activates the disheveled homologs MIG-5/DSH-2 and subsequently involves the
β-catenin WRM-1. Note that asymmetric localization of the different components is not depicted.
(C) A classical GPCR/G protein pathway in embryonic development is realized by the Adhesion GPCR
LAT-1, which controls anterior–posterior cell division of several blastomeres including ABal. LAT-1
activates the Gs pathway via the Gα protein GSA-1 yielding an increase in the second messenger cAMP.
For the physiological relevance of each GPCR/G-protein function, see Section 1. Mechanistic details
are discussed in Sections 2 and 3.

2.2. The GPCR Frizzled Is Involved in Polarity and Spindle Orientation

The roles of several heterotrimeric G proteins in spindle orientation and cell division in early
C. elegans embryogenesis has been firmly demonstrated in numerous studies (Section 2.1). However,
these G-protein functions are independent of any GPCR and thus are termed “receptor-independent.”
GPCRs are also associated with early embryonic cell division and polarity establishment. The most
prominent GPCRs in this context are the four Frizzled family Wnt receptors, which control spindle
polarity in the fourth round of cell division. In nematodes mutant for components of the Wnt pathway,
spindles are tilted compared to those of wild-type embryos leading to severe defects, which in part also
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result in embryonic lethality [32–36]. The Wnt signaling pathway is required for anterior–posterior
fate decisions. It polarizes the EMS blastomere for asymmetric cell division by conveying a signal
from the neighboring P2 blastomere [34,35,37,38] (Figure 2B). Thereby, the cue produced by P2 is the
Wnt ligand MOM-2 and the Frizzled homolog is MOM-5 [39]. The signals mediated by Wnt/Frizzled
in this context involve components of the canonical Wnt signaling pathway, which is realized by
several downstream molecules including Disheveled and β-catenin homologs (reviewed in [40,41],
for some mechanistic details, see Section 2). However, to date no G proteins have been found to act in
this context.

Further, Wnt receptors are involved in other developmental processes, e.g., vulva and larval
development, in which they also signal G protein-independently via a canonical pathway (summarized
in [42]).

2.3. The GPCR LAT-1 Signals via G Proteins in Oriented Cell Division

As discussed above, GPCRs and G proteins are essential players in controlling spindle positioning
and oriented cell division. However, in all these cases both molecules act independently of each
other. Despite clear indications, GPCR-dependent and G protein-mediated signaling pathways had
not been unambiguously defined for a long time [43,44]. Recently, the Adhesion GPCR Latrophilin-1
(LAT-1) has been identified to mediate spindle orientation in an anterior–posterior direction in distinct
blastomeres from the 12-cell stage during symmetric cell division. This GPCR signals via the Gαs

protein GSA-1, ultimately increasing intracellular cAMP levels [45–47] (Figure 2C). Mutants null for
lat-1 display skewed division angles of the ABal blastomere (and some daughter cells), in a way that
this division plane is almost perpendicular to MS, whereas in wild-type embryos the cell divides in an
anterior–posterior direction. Although the details of the underlying mechanism such as whether it is
a permissive or an instructive signal, the cell on which the signal is localized and the identification
of other pathway components are yet to be clarified. This example shows that classical GPCR/G
protein-mediated pathways are present in C. elegans development.

2.4. GPCRs and G Proteins in Patterning and Induction of the Vulva

GPCRs and G proteins also play a role in C. elegans development beyond early cell cleavages.
One process in which both exert functions is the development of the vulva. The vulva of a
hermaphrodite connects the uterus to the surrounding environment. It is formed from ventral
epidermal precursors during larval development [30]. Besides Wnt/Frizzled signaling, which plays
several roles during vulval development, including signaling through the HOX gene lin-39 to generate
six epidermal precursor cells and cell polarity [48,49], the Gαq protein EGL-30 positively affects vulva
development [50]. Whether this G protein is activated by a GPCR remains to be clarified. However,
there is evidence that it might act in parallel to RAS and involve Wnt signals [50]. Further, the Gα

protein GPA-5, which shares some homology with mammalian Gαi proteins, negatively affects vulval
development upon classical activation of the GPCR SRA-13 and by affecting RAS/MAPK signaling [51].
The site of action in this case is not determined, but the effect might be cell autonomous or stem from
sensory neurons [51]. Further, large-scale RNAi screens have also revealed roles for GOA-1 in vulval
development [52,53].

2.5. GPCRs and G Proteins in Neuronal Development

Neuronal migration is another process in postembryonic development that has been demonstrated
to engage G proteins as well as GPCRs. Several lines of evidence point toward a role for the G proteins
GOA-1 and EGL-30, as well as the GPCR Flamingo (FMI-1) in the migration of different neurons.
GOA-1 is a serotonin effector in migrating neurons, with the N-type calcium channel homolog UNC-2
being a target for this signal [54]. Further, gain-of-function mutants of egl-30 display defects in
neuronal cell migration [54]. Whether these are GPCR-dependent functions remains to be determined.
However, there is a GPCR known to be involved in neuronal cell migration: the Adhesion-GPCR
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FMI-1, a Flamingo/CELSR homolog that controls axon guidance. Loss-of-function alleles of fmi-1
causes axon navigation defects of pioneer and follower axons in the ventral nerve cord [55]. The signal
transduction and the molecular details of this receptor remains to be determined, but it has so far not
been linked to any G protein activation.

2.6. Further Roles of G Proteins

Besides the relatively well understood processes discussed above, in which GPCRs and G proteins
mediate functions in development, several studies point toward additional, yet not well understood,
roles of G proteins. Whether these are dependent or independent of GPCRs will be interesting to be
determined. For instance, there is some indication that GPB-1 appears to be involved in germline
development. A gpb-1 loss-of-function mutant displays, besides the defects during cell division in early
embryonic development, abnormalities at later stages [24]. Some adults rescued by a gpb-1 transgene
in a mosaic manner are sterile and have abnormal germlines [24].

Considering their broad involvement in a plethora of functions, it is likely that many more of the
still unknown functions of GPCRs and G proteins will be uncovered in the years to come.

In summary, it can be noted that GPCRs and G proteins in C. elegans development do act as
both a functional unit and independently of each other, with the latter being a major part of early
development, while classical G-protein function is more often found in later developmental stages.
One possible reason for this could be the expansion of potential cellular contacts, which ask for
increased communication and coordination. Future investigations will need to focus on the details of
canonical and atypical G-protein functions, such as additional pathway components and especially
their physiological impact.

3. G Protein-Independent Function of GPCRs

The main G protein-independent function of GPCRs in various aspects of C. elegans embryonic
and larval development is the Wnt/Frizzled signaling pathway. A canonical versus a non-canonical
one can be discriminated, which involve partially overlapping effector molecules. These pathways
are conserved among species; however, in C. elegans cascades involving Wnt homologs and their
receptors, which are slightly different from the ones found in mammals or Drosophila melanogaster, have
been described. The details are summarized and discussed in [40,41]. The Wnt pathway controlling
cell division and polarization of the EMS blastomere is mostly referred to as non-canoncial despite
involving β-catenin (WRM-1). It is somewhat similar to the canonical pathway but also entails
asymmetric localization of different components as a general mechanism. Downstream of the GPCR
MOM-5, a Frizzled homolog binding the Wnt ligand MOM-2, key molecules such as the Disheveled
homologs MIG-5 and DSH-2 and, subsequently, WRM-1 (Figure 2B) are recruited. Further mechanistic
details of the different Wnt signaling pathways have been dissected in several studies and are described
elsewhere (reviewed in [40,41]). While in other organisms it has been shown that the Wnt receptors
Frizzled can act as classical GPCRs coupling to G proteins (reviewed in [56]), this information is lacking
for C. elegans. However, it will be intriguing to see whether there is an intersection of the Wnt cascade
with G proteins.

4. Mechanisms of GPCR-Independent Functions of Heterotrimeric G Proteins

Although it becomes increasingly clear that, during C. elegans development, several
GPCR-independent functions of G proteins are key modulators in various processes, the control
of spindle positioning in asymmetric cell division via GOA-1 and GPA-16 is by far the best understood.
It is one key example of how G proteins are regulated by several modulators and what mechanisms
are underlying this process.

For a long time, the common belief was that G proteins are activated solely by GPCRs and only
convey signals received by an extracellular cue into cells. In the mid-1990s, it became clear that G
proteins can be regulated; thus, signaling can be fine-tuned by various accessory proteins such as GDIs
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or GTPase-activating proteins (GAPs). Both inhibit the activity of the Gα subunit and consequently
inactivate the G protein, but through different mechanisms: GDIs prohibit the exchange of GDP for
GTP, whereas GAPs, which are also called regulators of G protein signaling (RGS), enhance the GTPase
activity of Gα subunits. RGS proteins contain a name-coining RGS domain. While first described in
yeast (reviewed in [57]), they are present in many species. The C. elegans genome encodes more than
20 proteins with one or more RGS domains [58]. Although not for all of them, the Gα subunit they
regulate has been identified, RGS proteins play extensive roles in the nervous system and influence
behaviour, chemosensation, and egg laying.

The only RGS protein which has been beyond doubt identified to be involved in controlling G
protein activity during development is RGS-7, which regulates GOA-1 in spindle positioning [13,59].
Loss of rgs-7 leads to increased Gα activity and subsequently to a hyper-asymmetric cell division due
to reduced pulling forces on the anterior pole of the dividing cell [59]. RGS-7 function is complemented
by two other accessory proteins: the GDIs GPR-1 and GPR-2. Both show homologies to the Pins
(partner of insecutable) from Drosophila melanogaster. Similar to the Pins, they contain a GoLoco/GPR
motif through which they are thought to associate with the G protein and inhibit dissociation of GDP
when binding to GOA-1 [13,14,23]. Similarly to depletion of the G protein [7], loss of GPR-1/GPR-2
leads to almost no spindle movement due to a lack of pulling forces [13]. Together with LIN-5 they
form the ternary complex.

Interestingly, the G protein cycle regulated by RGS-7 and GPR-1/2 is not activated by a GPCR.
In this receptor-independent pathway, GOA-1/GPA-16, bound to the Gβ subunit GPB-1 and the Gγ

subunit GPC-2 [7], are activated by a cytoplasmic GEF. Discovery of these non-receptor GEFs came as
a surprise, but they are now established in many different species [60,61]. The receptor-independent
GEF controlling activation of the Gαo during early cell division in C. elegans is RIC-8 (Synembrin).
This widely known GEF, which has also been shown to function in neurons [62] and potentially
regulates the Gαq EGL-30 [63,64], functionally couples to Gαo during the first divisions of the C. elegans
embryo [16,23,62]. RIC-8 can physically interact with both GOA-1 and GPA-16 and has been shown
to act as a GEF for GOA-1 [16,23]. Loss of ric-8 leads to slower nuclear migration, decreased pulling
forces, and overall embryonic lethality [23,62]. Even though RIC-8 function has been characterized in
great detail, not only in C. elegans but also in Drosophila and mice [65,66], no binding motif for the G
protein interaction has been identified to date.

That a non-receptor GEF rather than a GPCR serves as an activator in the case of G protein-controlled
asymmetric cell division at a very early embryonic stage is a conceivable concept. Especially so, as in
the two-cell-stage embryo, there is not much communication with the environment due to the egg being
in a shell-confined space. Although details of the cues triggering the spindle positioning are not the
focus of this review, it is interesting to note that this receptor-independent function of heterotrimeric G
proteins to control spindle positioning during cell division is not unique to C. elegans. There is evidence
from several studies starting to surface suggesting that it is a more general mechanism, which is highly
conserved. The ternary complex comprising the G protein, GPR-1/2, and LIN-5, which is required for
correct spindle orientation and functions to anchor and localize GPR-1/2 [7,15], has the counterpart
Gαi/LGN/NuMA in mammals that is also essential for spindle positioning [67–69]. Further, it was
shown in HeLa cells that the GEF RIC-8, the homolog of C. elegans ric-8, seems to be involved in this
process [69].

As discussed above, the G protein cycle of the receptor-independent function of the Gαo proteins
GOA-1 and GPA-16 is completed by RGS-7, which harbors an intrinsic GTPase activity. However,
it is puzzling that, while GAPs normally inactivate G proteins, in this case the opposite is true [59].
These data raise the question of the relevance of GTP hydrolysis in the receptor-independent G-protein
function. There is some evidence that indeed GTPase activity is required. Firstly, direct anchoring of
microtubules to the cortex via dynein is insufficient for cell division [70], indicating that the anchoring
apparatus is not just a simple attachment and that pulling force generation is a critical part of its
function. This issue was resolved by identifying LIN-5 as the main regulator of force generation
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within the anchoring complex, suggesting that no further function is expected of the G protein [70].
Secondly, it is known that, in the ternary complex, GOA-1 and GPA-16, respectively, are interacting
with GPR-1/2, which are GDIs and therefore depend on the GDP-bound state to stably interact with
the G protein [71]. Furthermore, GPB-1 and GPC-2 act as a competitor of GPR-1/2, as GPB-1 is also a
GDI and thus also binds Gα. This is supported by the observation that loss-of-function mutations of
gpb-1 or gpc-2 result in increased pulling force-phenotypes in C. elegans embryos [8,23,26]. Lastly, it has
been shown that cortical enrichment of RGS-7 positively regulates spindle movement [70], which is
conceivable in the context of the GDP-bound form of the Gα subunit being the point of connection of
the ternary complex to the membrane (Figure 2A). Several models have been suggested describing
GOA-1 activation and function. However, no model exists that accommodates all the findings on this G
protein. The classical G protein cycle certainly does not explain the GOA-1 function. For instance, it has
been proposed that the active unit mediating pulling force is the Gα-GDP/GPR complex, as GOA-1
and GPR-1/2 positively modulate this process [13,14,23]. However, it cannot be ignored that Gα-GTP
is the active form, since the GEF RIC-8 also positively influences force generation [15]. Thus, further
analyses are required to obtain a more refined model, which also accomodates the role of GPA-16.

Together, while this data suggests that GTPase activity is relevant for G protein function in
early C. elegans development, one key experiment shows that this does not seem to be entirely true.
Fielmich et al. showed that spindle positioning and cortical pull are not significantly compromised
when both GPR-1/2 and the Gα protein are replaced by an arbitrary membrane anchor [70].
This indicates that, indeed, the basis of G-protein function in the zygote might be GTPase-independent
membrane anchoring. Nevertheless, as the G protein can act as a switch between an active and inactive
state, it is obvious that throughout evolution this system has evolved to be regulated by various
mechanisms (stated above), stressing the need for flexibility and fine tuning during spindle alignment
and cell division. It would be interesting to search for regulators of other GTPases with their main role
in structure and scaffolding, such as tubulin.

5. The Relationship of GPCRs and G Proteins over Time

The concept of GPCRs and G proteins being able to function together as well as separately renders
a versatile system to control cellular processes and a plethora of functional possibilities. While in
C. elegans all three combinations, GPCR/G-protein function, GPCR-independent G-protein function,
and G protein-independent GPCR function, can be extensively found during embryonic development,
other species also make use of them. For instance, the Wnt receptor Frizzled in mammals can couple
to G proteins but also act independently (for a summary, see [56]). The effectors and modulators such
as non-receptor GEFs, GAPs, or RGS are highly conserved (see Section 4) during evolution, suggesting
that the independent system has not just developed recently. A closer look at evolutionary aspects of
GPCRs and G protein manifests this notion.

5.1. Origin of the GPCR System

G protein and GPCR functions are some of the oldest signaling mechanisms observed to date
with strong conservation among a multitude of species and, based on the prevalence of their precursor
genes in both prokaryotes and eukaryotes, likely originated from one universal common ancestor
(UCA) [72–74]. Still, since there are species containing only GPCRs or G proteins, it is clear that
the two do not always have to function together but have also developed independent signaling
pathways [60]. Furthermore, in species in which GPCR-dependent G protein signaling is observed,
there is considerable variation in the number of pathway components [60]. This observation was
previously explained by the system being highly adaptable and modulative, increasing and sometimes
decreasing in complexity over time [60,72,75]. Even though unicellular organisms do sense their
environment and have mechanisms of signal perception [76–78], there was still a need for more
diverse and intricate signaling mechanisms during development of multicellularity [79,80]. This was
especially the case as metazoans were faced not just with receiving cues from their environment but
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also with the task of coordinating the development, structure, and function of tissues and organs.
These circumstances explain the dramatic expansions of different signaling systems, such as the
receptor tyrosine kinases [81–83] and the GPCR system, especially in metazoans [60,72,84].

5.2. Origin of G Proteins

G proteins are descendants of the extended clade of Ras-like GTPases, which most likely underwent
a split in prokaryotes, giving rise to the ancestors of small G proteins (the Ran-Ras-Rho-Rab-like group)
and of Gα subunits (the MglA-Arf-Gα group), with the latter originally being involved in membrane
trafficking. Interestingly, only later in evolution they were recruited to act as downstream signaling
molecues of membrane receptors [85–89]. The ancestral Gα as well as the classical G protein cycle are
likely to have originated in the last eukaryotic common ancestor (LECA) [60,90]. However, all human
Gα subunits (Gs, Gi/o, Gq, and G12/13, as well as the Gv type—which is constrained to marine
animals and some insects), two precursors of Gβ, and one of Gγ can only be dated back to the common
ancestor of holozoans [91,92].

In the same way as GPCRs, heterotrimeric G proteins have expanded to a great extent in some
eukaryotic species [60,72,91], which was accompanied by strong diversification in genetic sequences
(e.g., human and plant Gα subunits have approximately 33% similarity). Still, the crystal structures
remain nearly identical [90], indicating conserved functions while also enabling different interactions
due to sequential differences. On the other hand, there are eukaryotic clades—such as alveolates,
kinetoplastids, and diplomonads—in which no evidence for heterotrimeric G proteins can be found
to date [72]. A summary of the development of G proteins and their functions over time is shown in
Figure 3.
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species [84]. However, many invertebrates including C. elegans underwent species-specific 
expansions of G proteins, even to a greater extent than, for example, humans [91,93], which could be 
a sign of acquisition of GPCR-independent pathways [90]. C. elegans in particular is truly interesting 
in this manner, since it harbors almost double the number of G proteins and GPCRs compared to 
humans [61], both of which have species-specific representatives that do not seem to be related to 
other species. In the case of GPCRs and many of the G proteins, this could be due to the extreme 
development of the chemosensory pathways of the nematode [6,94–96]. 
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Figure 3. Development of G proteins (blue) and their functions (yellow) over time. First ancestors
of G proteins and GPCRs have likely arisen in the universal common ancestor (UCA) of eukaryotes
and prokaryotes, whereafter both underwent dramatic expansion and diversification. While the first
appearance of a Gα protein is thought to be in the last common eukaryotic ancestor (LECA), precursor
proteins of human Gα families as well as Gβ and Gγ subunits seem to have diverted in holozoans,
suggesting that Gα could have had β/γ-independent functions pre-dating heterotrimerization.
Before G proteins were recruited as downstream signals of membrane-bound receptors, they possibly
functioned in membrane trafficking. Over time, not only their regulation through GEFs (such as
GPCRs) but also other regulatory proteins (GAPs, GDIs) underwent expansion and gave rise to the
multitude of G proteins signaling mechanisms we observe today.

In general, genes for GPCRs have expanded and undergone variation in higher frequency
compared to G protein genes, leading to them having a smaller number of orthologs in more distant
species [84]. However, many invertebrates including C. elegans underwent species-specific expansions
of G proteins, even to a greater extent than, for example, humans [91,93], which could be a sign of
acquisition of GPCR-independent pathways [90]. C. elegans in particular is truly interesting in this
manner, since it harbors almost double the number of G proteins and GPCRs compared to humans [61],
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both of which have species-specific representatives that do not seem to be related to other species.
In the case of GPCRs and many of the G proteins, this could be due to the extreme development of the
chemosensory pathways of the nematode [6,94–96].

5.3. Atypical G-Protein Functions across Species

It is not easy to discuss whether GPCR-independent functions of G proteins existed before
GPCR-dependent ones, as even though the two protein families appear to have emerged independently,
the origins of both lay as far back in evolution as we are able to peek into (see above). However,
most signaling pathways are composed of a rigid set of cytoplasmic elements, which can be modulated
by various cues, and are transduced by a highly dynamic set of receptors [83,97,98]. This allows us to
hypothesize the core signaling system (e.g., heterotrimeric G proteins and their respective downstram
effectors) as a receptor-independent machinery that autonomously fulfills essential functions of the
cell and ultimately constraints evolution. At the same time, receptors are present to modulate these
functions and over the course of time develop different regulatory mechanisms (GEF/GAP), depending
on what regulation is needed for the current state of G protein activity [90].

There is some data that supports this hypothesis: First of all, some evolutionary clades—such
as embryophytes or unicellular holozoans—have been described to have no detectable or a reduced
number of GPCRs or G proteins, respectively [60,91], suggesting that, indeed, they can function
independently of each other. In the case of GPCRs, it is most likely that they use different downstream
effectors (e.g., arrestins) and in the case of G proteins different regulators such as non-receptor GEFs,
GDIs, and GAPs (addressed above). However, it has to be noted that the sole lack of a gene family is
not necessarily a sign for an independent evolutionary origin, as loss during evolution can also be a
result of irrelevance. For instance, transmembrane receptors are dispensable in the case of intracellular
parasitism. In analogy to the lack of GPCRs, there are some species deficient of entire sets of G
protein regulatory networks. For instance, in the early-branching eukaryotes such as Trichomonas and
Cyanophora paradoxa, no β or γ subunits could be identified to date [60,72], suggesting that Gα acts
independently of the other subunits. These data could further implicate that Gα subunits functioned
on their own at first and only later partnered with Gβγ complexes. This hypothesis is consistent with
the fact that Gα proteins seem to have emerged earlier in evolution (Figure 3).

However, the incredible variety of possible genetic constitutions of G protein signaling systems in
different species does not entirely clarify the question of which of the regulatory elements arose first,
but rather underlines the extreme modularity and flexibility of this network. Such flexibility allowed
for classical and atypical functions to evolve independently, probably with many pathways diverging
and converging throughout evolution. Thus, one challenge of future analyses on the entire spectrum
of G-protein functions throughout the tree of life is to explain their evolutionary origin.

6. Tools for Studying GPCRs and G Proteins in C. elegans

Future studies need to focus on elucidating the mechanistic details of GPCR and G-protein
function separately and together as well as gaining further insights into understanding their impact on
development. Several tools have been developed in recent years to facilitate these research endeavors.

6.1. GPCR- and G Protein-Based Methods for Studying C. elegans Development

Even though many details of non-canonical functions of heterotrimeric G proteins in C. elegans
development remain unclear, a solid foundation of knowledge is now established allowing for
manipulations of known regulatory elements. The aim is to create new methods and model systems
for developmental or general C. elegans research. One recent breakthrough was the establishment of a
non-mendelian genetics system [99] (Figure 4A). This system is based on overexpression of the pulling
force regulator gpr-1, which creates two unipolar spindles rather than a bipolar one in the C. elegans
zygote. This impairs fusion of maternal and parental pronuclei, ultimately leading to genetically
different AB and P1 blastomeres. One of them carries only maternal chromosomes, while the other
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inherits the parental counterparts. It remains unclear how the sets of chromosomes achieve diploidity,
yet somehow about 30% of embryos survive to form lineage-specific hybrid nematodes and, as germ
cells are descendants of the P1-lineage, the F2 generation is genetically identical to one of the parents,
depending on which pronucleus was pulled to P1. This model can be used as a toolbox for many
different approaches. The authors already described the relevance of parental/maternal hybrid animals
as a means to investigate epigenetics, lineage-specific knockouts and mitochondrial or gonosomal
gene transmission. It is conceivable that these model strains can also be employed in developmental
research. For instance, now it is possible to easily create embryos which lack the ability to produce
cues for cell division (in the style of the Wnt signal, that the P2 cell inflicts onto the EMS) to investigate
the necessary communication between neighboring cells during development. In this way, not only
necessity but also the directionality of signals between blastomeres can be thoroughly investigated.
Furthermore, in tissues which are composed of both AB and P1 descendants such as the hypodermis,
it could be possible to distinguish between genes required in every single cell of the tissue and genes,
whose mere diffuse presence in the tissue is relevant.
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Figure 4. Novel methods for studying G-protein functions. (A) Non-mendelian genetic system.
By overexpressing gpr-1 in the C. elegans zygote instead of one bipolar spindle, two unipolar spindles
are created, which impeaches pronuclear fusion and leads to chimeric embryos. Progeny of these can
be genetic replicates of either the mother or the father, depending on which pronucleus localized
to the P1 cell. (B,C) Specific induction of G-protein signaling. Distinct G protein cascades can
be activated either by stimulating a DREADD, which cannot bind its cognate agonist anymore,
with the inert drug clozapine-N-oxide (B) or by directly activating downstream effectors of certain
G proteins such as an adenylyl-cyclase (downstream of a Gs protein) via photoinduction (C).
(D) The PDZ-LOV-system. Exposure to blue light enables PDZ-tagged cytoplasmic proteins (such
as GPR-1) to bind to LOV-domains, which are in parallel tethered to the membrane via a PH-anchor.
Fluorescent molecules allow for the control of proper localization.
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Further, designer receptors and inducible downstream effectors can be used to study the
impact of a GPCR or a G protein signaling pathway. Designer receptors exclusively activated by
designer drugs (DREADDs) have been developed for the selective control of signaling in vivo in
several organisms [100–102]. These modified muscarinic acetylcholine receptors are activated by
the inert drug clozapine-N-oxide, but not by their endogenous agonists carbachol or acetylcholine.
A DREADD activating the Gq signaling cascade has recently been developed for use in C. elegans [103]
(Figure 4B). Another way to stimulate GPCR pathways is the use of photoactivatable cyclases producing
cyclic AMP [104,105], which is a second messenger downstream of Gs-coupled GPCRs (Figure 4C).
Both techniques could be used to selectively activate potential GPCR pathways to gain insights into
their role in development.

6.2. Novel Methods Used to Investigate Atypical G-Protein Function

Several techniques potentially useful for G protein research in C. elegans have been introduced
in the past years. An optogenetic system using a PDZ-tag on cytosolic proteins in combination with
a membrane bound PH::LOV fusion protein was developed to selectively upregulate the surface
expression of relevant proteins in the early embryo by exposure to blue light [70] (Figure 4D).
One intriguing application of this technique was the interchangeability of G proteins in the early
blastomeres by the PH::LOV-anchor, which solidifies the working model that GOA-1 and GPA-16 can
fulfill their functions independent of their GTPase activity. However, this method harbors even more
potential as it enables the selective upregulation of different regulators of cell division and cortical
force generation in both wild-type and various mutant backgrounds, to characterize the effects on
single cells as well as on the development of the entire embryo. It would also be interesting to express
proteins ectopically at the cell surface to investigate their effects on the wild-type machinery.

In contrast to selective upregulation of protein expression, a recently developed method employs
cell specific knockdown of mRNA by nonsense-mediated decay (NMD) [106]. In this system, a gene
fusion was generated containing a gene of interest and part of the 3’-UTR of let-858, which is known
to induce NMD on upstream genes [107], as their physiological stop codons are being recognized as
premature. Secondly, a NMD-rescuing construct was designed, coding for one of the NMD machinery
proteins (SMG-5), under the influence of a cell-specific promoter.

Coexpression of these two in nematodes lacking both smg-5 and the protein of interest leads to the
first transgene rescuing gene activity in all cells except the ones defined by the promotor of the second
transgene, ultimately leading to cell-specific knockdown. This system was used to show that GOA-1
has a specific function in HSN neurons controlling egg laying behavior, but we further propose the
possibility of using blastomere-specific promoters to investigate functions of developmentally relevant
proteins such as G proteins or G protein regulators in single blastomeres. Unfortunately, since active
transcription only starts at the 8- to 12-cell stage [108], earlier blastomeres cannot be affected in this
way. However, as stated above, it is possible to create embryos with genetically different AB and P1

cells by gpr-1 overexpression, so that at early stages blastomere-specific knockdown could be achieved
by mating mutant and wild-type parents and then generating hybrid offspring. These methods
have the potential to increase our knowledge of spatio-temporal requirements of different proteins
throughout development.

7. Conclusions and Outlook

The paradigm that GPCRs exclusively activate G proteins and that these heterotrimeric units act
solely as signal transducers for the receptors has been disproven in the past decades by the discovery
of GPCR effectors such as arrestins as well as different G protein regulators. We are just starting
to begin to understand the principles as well as the relevance of this mutual infidelity. C. elegans
development, especially embryonic development, is a prime example in which the density of GPCRs
and G-protein function is high. However, the two do not necessarily act together. We can learn about
how the GPCR/G protein system works in different contexts by looking at C. elegans development.
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For instance, the role of G proteins in left–right asymmetry in C. elegans embryos can offer a foundation
for the understanding of some basic mechanisms in cardiogenesis. Overexpression of Gα during
cardiogenesis in mice causes cardiac contractile failure [109] and left–right-handedness might be
essential in this pathology. Further, the loss of the GEF Ric8A in mouse B cells causes a severe B cell
immunodeficiency, likely due to reduced Gαi protein activity and potential reduction in asymmetric
cell division events [110]. Although the underlying mechanisms to establish left–right asymmetry
are likely not entirely the same in mammals and C. elegans, knowledge of the role of G proteins or
regulators such as RIC-8 in C. elegans can provide invaluable information to further understand and
elucidate some of these processes in mammals. This knowledge transfer from basic principles to
pathologies will be one major challenge in the future.

Understanding the GPCR/G protein mechanisms will be tremendously helpful in gaining insights
into developmental processes. The question of why GPCR as well as separate G-protein functions
mediate similar processes in spindle positioning and polarity during early cell division is highly
intriguing, as are the potential GAP-independent G-protein functions. Further, there is evidence for
several additional, yet undescribed G-protein functions in C. elegans. For instance, the presence of
the GEF GBAS-1, which in other organisms preferably activates Gα monomers in contrast to GPCRs,
which have higher affinity to heterotrimers (reviewed in [111]), has recently been shown [61].

Our understanding of GPCR and G-protein function in C. elegans is constantly growing and has
yielded the development of a set of valuable tools to further investigate the signaling mechanisms
and physiological concepts controlled by them and ultimately to answer the many remaining
fundamental questions.
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Adhesion G protein-coupled receptors (aGPCRs) are fascinating molecules that 

have been found to be relevant in a multitude of physiological and pathological 

contexts. As members of the GPCR superfamily they are able to mediate canonical 

G protein- and therefore seven transmembrane helices domain (7TM)-dependent 

(cis) functions. However, there is also evidence for receptor functions that can be 

exerted by the sole extracellular N terminus, independently of the 7TM (trans 

functions). The huge N terminus can be composed of a plethora of different 

domains, allowing for a multitude of possible interactions with other molecules. This 

versatility in interaction partners and signaling modes makes aGPCRs putatively 

capable of multifaceted signaling mechanisms. However, very little is known about 

how trans functions are implemented in vivo, whether they indeed trigger signaling 

pathways, and how they are mediated on a molecular level.  

Latrophilins are prototypical aGPCRs with essential functions in mammalian 

neurodevelopment and mechanosensory neurons of Drosophila melanogaster 

(D. melanogaster), both of which have been shown to entail canonical cis signaling. 

Interestingly, the Latrophilin homolog LAT-1 in Caenorhabditis elegans (C. elegans) 

has a known cis function in embryonic development as well as a trans function in 
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hermaphrodite fertility, making it the perfect model to study Latrophilin and, by 

extension, aGPCR signaling capabilities.  

There is preliminary evidence hinting towards an involvement of LAT-1 in the 

C. elegans male nervous system. The first part of this study was therefore focused 

on elucidating whether LAT-1 exerts a neuronal cis function as has been shown in 

other organisms or employs the intriguing trans mode. The following main results 

were obtained: 

1. lat-1 expression could be shown in a multitude of neurons and distinct 

neuronal support cells (cephalic socket cell) of the C. elegans male via a 

transcriptional reporter (lat-1p::GFP), suggesting the receptor to be essential 

in the nervous system. 

2. Individual neuron types were defined by using the multicolor neuronal marker 

NeuroPAL. Interestingly, many of the identified lat-1 expressing neurons have 

known functions in male mating behavior, integrating chemo- and 

mechanosensory cues to coordinate hermaphrodite recognition, vulva 

localization and sperm transfer. 

3. As an unbiased screening for neuronal LAT-1 functions, RNA-Seq data of 

wild-type worms and lat-1(ok1465) null mutants were compared to identify 

significantly regulated gene products. Subsequent enrichment analyses of 

these genes pointed – among others – towards a role in copulation, 

locomotion, cytoskeleton and extracellular matrix organization, and 

neurodevelopment. 

4. Since LAT-1 has a known cis function in embryonic development, following 

up on a possible role of LAT-1 in neurodevelopment was of special interest. 

Adult lat-1 mutants were therefore screened for morphological defects in the 

nervous system. Intriguingly, multiple neuronal defects were identified: Head 

sensory neurons displayed dysmorphic and crude dendrites, processes of 

cephalic socket cells failed to establish their characteristic triangular shape 

and rays of the tail were often shortened, dysmorphic or missing entirely.  

5. Interestingly, these defects were ameliorated in a lat-1 mutant strain 

expressing the sole LAT-1 N terminus tethered to the membrane by a single 

transmembrane helix, indicating a trans function of the receptor in neuron 

morphogenesis.  

6. lat-1 mutants also showed a displaced nerve ring, which is a complex 

network localized in the head composed of axons and dendrites of various 

neurons. Surprisingly, this defect was not affected by the expression of the 

sole LAT-1 N terminus, suggesting that certain aspects of LAT-1 function in 

the C. elegans nervous system could still be dependent on cis signaling. 

7. Finally, the question arose, if the observed neuronal LAT-1 trans function 

could also influence male behavior. Since both lat-1 expression and 

RNA-Seq data pointed towards a possible role in copulation and the latter is 

an established model to study neuronal functions, lat-1 mutants have been 

screened for defects in mating. Indeed, lat-1 mutant males displayed defects 

in multiple steps of copulation. In particular, they were impaired in finding and 
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recognizing the hermaphrodite as well as its vulva, all of which lead to a 

decrease in successful copulations. The observed defects were ameliorated 

by expression of the sole LAT-1 N terminus, confirming the suspected trans 

function to influence copulation behavior. 

In summary, the data presented in the first part of this study strongly suggest a 

neuronal trans function of LAT-1, mediating neurodevelopment of sensory neurons 

and neuronal support cells. The trans function is furthermore essential for male 

physiology by influencing multiple aspects of mating behavior. It would be intriguing 

to see, whether neuronal trans functions also play roles in vertebrates, possibly 

complementing the previously described cis functions in synaptogenesis. 

 

The goal of the second part of this work was to create a detailed image of the 

mechanisms underlying trans functions and their implementation in an in vivo 

setting. The starting point for this was the known trans function of LAT-1 in 

C. elegans hermaphrodite fertility. Interestingly, unpublished data from the Prömel 

lab showed lat-1 mutants to have an increased amount of M phase cells within the 

proliferative zone of the gonad, pointing towards a role of LAT-1 in germ cell 

proliferation. Pursuing these findings, the main results obtained in this study were 

the following: 

1. An increase of cells in M phase can result from a change in the total amount 

of germ cells undergoing mitosis within the proliferative zone of the 

C. elegans gonad, which leads to a concomitant increase in M phases. 

Alternatively, this finding can point towards a deregulated cell cycle, which 

would not necessarily lead to a change in proliferative zone size. Antibody 

stainings directed specifically at germ cells within the proliferative zone 

showed its size in lat-1 null mutant and wild-type gonads not to be 

significantly different, making a LAT-1 function in cell cycle regulation more 

likely. 

2. In a next step, cell cycle phases of germ cells in the proliferative zone were 

analyzed, revealing relatively longer M and S phases on one hand and 

decreased duration of G1 and G2 phases on the other.  

3. Such a shift in cell cycle phase distribution could either result from slower 

progression through M and S phases or an increased cell cycle speed, 

leading to a relatively shorter time in the G phases. To differentiate between 

these two scenarios, pulse chase analyses of germ cell progression were 

performed, which revealed an increase in germ cell production in lat-1 

mutants, suggesting a faster cell cycle.  

4. All of the defects mentioned above were ameliorated in a lat-1 mutant strain 

expressing the sole LAT-1 N terminus, supporting a trans mode of function in 

this context.  

5. Trans functions can putatively affect adjacent cells, but also the same cell the 

receptor is expressed on. To determine the origin and direction of the LAT-1 

trans function, lat-1 expression in the reproductive system was analyzed in 

single-cell resolution. A single-copy integrated transcriptional lat-1p::mCherry 
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reporter revealed strong expression in the cells of the somatic gonad (distal 

tip cell (DTC) and gonadal sheath cells), but none in the germ cells 

themselves, which was in line with previously obtained data from the Prömel 

lab using a transgenic lat-1p::GFP reporter. Since LAT-1 clearly alters germ 

cell proliferation, these data suggest a non-cell autonomous function of the 

receptor N terminus originating from somatic cells of the gonad. 

6. To verify this hypothesis, the LAT-1 N terminus was selectively expressed in 

somatic cells of the gonad of lat-1 mutants using tissue-specific promoter 

constructs. Thereby, defective proliferation could be ameliorated by 

expression in the DTC or the gonadal sheath cells, respectively. This 

confirms the LAT-1 N terminus to influence germ cell proliferation 

non-cell autonomously from cells of the somatic gonad. 

7. Another question to be answered was whether isolated N termini could carry 

out trans functions independently of full-length receptors. Such molecules 

could be generated for example via receptor autoproteolysis or alternative 

splicing. While previous data showed receptor autoproteolysis to be 

dispensable for LAT-1 function in fertility, analyses of RNA-Seq data 

predicted the presence of lat-1 variants comprised only of the N terminus. In 

order to discover the full splice variant repertoire of lat-1, in silico analyses of 

publicly available high-coverage RNA-Seq data were performed. These 

suggested the existence of multiple N-terminal splice variants of lat-1. 

8. Intriguingly, unpublished data from the Prömel lab confirmed the presence of 

such variants in vivo via 3‘ rapid amplification of cDNA-ends with PCR 

(RACE-PCR). Therefore, LAT-1 trans functions could be realized 

independently of the full-length receptor via N-terminal splice variants. 

9. Lastly, it remained to be answered whether LAT-1 trans function can trigger 

signaling cascades in affected cells. Interestingly, protein levels of the Notch 

downstream effector and inhibitor of proliferation GLD-1 were found to be 

downregulated in the germline of lat-1 mutants, suggesting cross-talk of the 

receptor with the Notch pathway.  

10. Furthermore, gld-1 loss-of-function mutants exhibited an increase in M phase 

cells, similar to lat-1 mutants. To elucidate whether lat-1 and gld-1 lie in the 

same genetic pathway, epistasis analyses were performed. Thereby, defects 

of gld-1; lat-1 double mutants were compared to those of the respective 

single mutants. An additive effect in the double mutant would suggest the two 

genes to lie in parallel pathways, while a defect similar to one of the single 

mutants (= epistasis) suggests them to lie upstream/downstream of each 

other. Indeed, analyses of a worm strain containing both mutated lat-1 and 

gld-1 alleles and comparison to the single mutants revealed the effects on 

germline proliferation to be epistatic. Therefore GLD-1 likely is a downstream 

effector of LAT-1 function. 

11. To understand the effect of LAT-1 on the Notch pathway, similar epistasis 

analyses were performed using loss-of-function mutants of the Notch 

receptor glp-1, the Notch ligand lag-2 and the direct downstream effectors of 
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Notch lst-1 and sygl-1. While lat-1 double mutants containing lag-2, lst-1 and 

sygl-1 mutations, respectively, showed an additive effect on the mitotic index, 

no proliferation phenotype was detected in lat-1; glp-1 double mutants. 

Furthermore, a double mutant containing the lat-1 null allele and a glp-1 gain-

of-function allele showed epistasis when compared to the single mutants. 

This suggests LAT-1 to regulate GLD-1 independently of most of the 

canonical Notch-signaling components, but dependent on the presence of the 

Notch receptor GLP-1.  

Taken together, the data obtained in the second part of this study give evidence for 

the ability of the LAT-1 trans function to non-cell autonomously trigger signaling 

cascades on germ cells within the proliferative zone of the C. elegans 

hermaphrodite gonad, thereby regulating proliferation. Furthermore, this effect could 

be realized independently of full-length receptors via the generation of N-terminal 

splice variants. 

 

This study presents a comprehensive view of LAT-1 trans functions in the model 

organism C. elegans, revealing them to be essential in multiple physiological 

contexts and giving first insights into the underlying molecular mechanisms. In 

particular, it is shown that trans functions can coexist with cis functions as it is likely 

the case in the C. elegans nervous system, but can also be found independently of 

canonical receptor function, as is shown for the role of LAT-1 in germ cell 

proliferation. For the latter, evidence is presented that suggests the separation of 

cis- and trans functions on a molecular level via the generation of N-terminal splice 

variants. Additionally, it is shown, that trans functions can trigger signaling cascades 

on adjacent cells and are therefore not limited to adhesion. These data lay the 

groundwork for understanding the complex signaling capabilities of Adhesion 

GPCRs and can be used as a starting point for analyses of trans functions in other 

organisms, possibly even leading to pharmacological applications in the future. 
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7 Appendix 

 

7.1 Supplemental material for “Latrophilin-1 drives neuron 

morphogenesis and shapes chemo- and mechanosensation-

dependent behavior in C. elegans via a trans function” 

 

Supplementary Figure 1 
 

 

Supplementary Figure 1: Additional representative images of the lat-1 expression map 

using NeuroPAL [1, 2]. lat-1 expression has been observed in the cephalic sheath cells (A) 

as well as neurons of the ventral nerve cord (B, C), the lumbar ganglion (D, E), the cloacal 

ganglion (F, G) and the dorsal ganglion (H, I). 

 

  



138 
 

Supplementary Table 1 
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Supplementary Table 1: Identified lat-1 expressing neurons of the C. elegans male. 

Depicted is a list of all neurons, which expressed the lat-1p::GFP reporter, sorted by 

localization within the male ganglia. Neurons were mapped by assessing their respective 

location, morphology and NeuroPAL color [1, 2]. Male-specific neurons and neurons shared 

by the two C. elegans sexes were listed separately. Neurons that play a role in copulation 

behavior according to the WormBase database (http://www.wormbase.org) are colored in 

grey. 
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Supplementary Table 2 
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Supplementary Table 2: Significantly down- and upregulated genes of lat-1 mutant 

males identified by RNA-Seq analysis. FPKM values of all gene products which were 

significantly lower or higher in lat-1 mutant males than in wild-type controls in a RNA-Seq 

analysis using 250 nematodes of each genotype are given. A two-sided Wilcoxon rank test 

was performed to determine significance (p < 0.05). Genes colored in grey are known to be 

enriched in males or expressed in male cells and were identified by determining the 

intersection of all significantly regulated genes found in our analysis and all genes that were 

listed under the GO term “male” (WBbt:0007850, 2656 genes) in the WormBase database 

(WS280, http://www.wormbase.org). 
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Supplementary Table 3 
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Supplementary Table 3: Enrichment analysis of significantly regulated genes in lat-1 

mutant males identified by RNA-Seq analysis. Overrepresented cells/tissues, phenotypes 

and GO terms that were obtained by analyzing up- and downregulated genes in lat-1 mutants 

found in our RNA-Seq analysis (Supplementary Table 2) with the Wormbase Enrichment 

Analysis Tool [3, 4] are listed. We considered overrepresented terms with a q value < 0.1 as 

significant. We performed the analysis once using all significantly up- or downregulated 

genes, respectively, and once with a subset of genes, that has been previously associated 

with the male sex (Supplementary Table 2). Terms are displayed in substantively matching 

groups. Expected gene numbers (according to the WormBase Enrichment Tool) and 

observed gene numbers (from our RNA-Seq analysis) are given. Enrichment analyses of 

upregulated genes gave no significant results. 
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Supplementary Table 4 
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Supplementary Table 4: Expression profiles of differentially regulated genes of lat-1 

mutant males. Male-associated regulated genes identified in our RNA-Seq analysis 

(Supplementary Table 2) which are expressed in neurons, muscles or in both tissues, based 

on data from the WormBase database (WS280) are listed. To also match possible functions 

of LAT-1 to muscles and/or neurons we displayed the genes in substantively matching 

groups. 
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Supplementary Table 5 
 

 

Supplementary Table 5: Functions of overrepresented neurons from our enrichment 

analysis. A summary of known functions of the neurons that we identified in our tissue 

enrichment analyses of significantly regulated genes in lat-1 mutant males, based on data 

from the WormBase database (WS280) is shown.  
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Supplementary Table 6 
 

 

Supplementary Table 6: Genotypes of C. elegans strains used in this study. 
a
full 

genotype see [2]. 
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Supplementary Table 7 
 

 

Supplementary Table 7: Read mapping results. % mapped: percentage of reads mapped 

to the reference genome. % properly paired: percentage of reads with both sequenced ends 

mapping into the same genomic region (e.g. not to different chromosomes). 
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Supplementary Files 
 
Supplementary videos and shell scripts related to this article can be accessed at 

https://doi.org/10.1016/j.bbrc.2021.12.006.  



164 
 

Supplementary References 
 
[1] T. Tekieli, E. Yemini, A. Nejatbakhsh, C. Wang, E. Varol, R.W. Fernandez, N. Masoudi, L. 

Paninski, O. Hobert, Visualizing the organization and differentiation of the male-specific nervous 

system of C. elegans, Development, 148 (2021). 

[2] E. Yemini, A. Lin, A. Nejatbakhsh, E. Varol, R. Sun, G.E. Mena, A.D.T. Samuel, L. Paninski, V. 

Venkatachalam, O. Hobert, NeuroPAL: A Multicolor Atlas for Whole-Brain Neuronal Identification 

in C. elegans, Cell, 184 (2021) 272-288 e211. 

[3] D. Angeles-Albores, N.L. RY, J. Chan, P.W. Sternberg, Tissue enrichment analysis for C. elegans 

genomics, BMC Bioinformatics, 17 (2016) 366. 

[4] D. Angeles-Albores, R. Lee, J. Chan, P. Sternberg, Two new functions in the WormBase 

Enrichment Suite, MicroPubl Biol, 2018 (2018). 

 

  



165 
 

7.2 Supplemental material for “The N terminus-only (trans) function of 

the Adhesion GPCR Latrophilin-1 cross-talks with the Notch pathway 

to control cell proliferation in the stem cell niche” 

 

Supplementary Figure 1 
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Supplementary Figure 2 
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Supplementary Figure 3 
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Supplementary Figure 4 
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Supplementary Table 1 
 

 

Table S1. PH3- and EdU-positive cell counts and denominators for index calculation.   
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Supplementary Table 2 
 

 

Table S2. 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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Supplementary Table 3 
 

 

Table S3. Sequences of primers used in the study.   
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Supplementary Table 4 
 

 

Table S4. Accession numbers and mapping statistics for transcript analysis of lat-1 variants.   
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