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ABSTRACT OF THE DISSERTATION 

Tissue-specific roles of endoplasmic reticulum – plasma membrane 

contact site proteins in Caenorhabditis elegans  

by 

Christopher Piggott 

 Doctor of Philosophy in Biology 

University of California San Diego, 2020 

Professor Yishi Jin, Chair 

 

 

This dissertation explores the roles of endoplasmic reticulum (ER) – plasma membrane 

(PM) contact site proteins in Caenorhabditis elegans physiology. I first investigated the roles of 

ER-PM contact site proteins in axon regeneration after injury by examining mutants affecting 

conserved ER-PM contact site components. While most ER-PM components are individually 

dispensable, the sole C. elegans junctophilin jph-1 is required for axon regeneration. Additionally, 

the partial deletion allele jph-1(ok2823) enhances regenerative axon fusion. I further studied 

junctophilin using jph-1(0) null alleles generated by CRISPR-Cas9. By in vivo confocal imaging 

of tagged proteins, I found that junctophilin is expressed in muscles and neurons. In muscles, JPH-

1 co-localizes with calcium channels EGL-19 and UNC-68 at ER-PM contact sites. I used tissue-



 xi 

specific rescue constructs to demonstrate that junctophilin is required in the pharyngeal and body 

wall muscles for feeding and locomotion, respectively. In neurons, JPH-1 co-localizes with the 

neuronal ER-PM contact site protein ESYT-2. Using pharmacological assays, I showed that both 

jph-1 and esyt-2 modulate neurotransmission at the neuromuscular junction. Interestingly, jph-1 

and esyt-2 mutants displayed mutual suppression in their responses to the drug aldicarb, suggesting 

that they have antagonistic roles in neuromuscular synaptic transmission. Lastly, I investigated the 

interactions between jph-1 and calcium channels by generating double mutants, which revealed 

that junctophilin functions in overlapping pathways with ER- and PM-localized calcium channels 

for animal health and development. My data demonstrates that ER-PM contact site proteins play 

critical roles in diverse tissue types and support tissue-specific functions. 
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Chapter 1: 

Introduction to membrane contact sites and junctophilin   
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1.1 Overview of endoplasmic reticulum – plasma membrane contact sites 

Membrane contact sites (MCSs) are regions of close contact, generally within 10 to 30 nm, 

between organelles or between an organelle and the plasma membrane (PM). Since the first 

observation of MCSs by electron microscopy in the 1950s (Porter and Palade, 1957), every 

membrane-bound organelle, from mitochondria to peroxisomes, has been found to be involved in 

at least one MCS (Prinz et al., 2020). Many of these involve the endoplasmic reticulum (ER), 

which is the largest membrane-bound organelle and forms a contiguous network of sheets and 

tubules spread through the entire cell (Phillips and Voeltz, 2016). The ER forms MCSs with many 

organelles, including mitochondria and endosomes, as well as with the PM. 

ER-PM MCSs have important roles in cellular physiology, particularly in non-vesicular 

lipid transfer and calcium channeling. For example, lipid transfer proteins ORP5 and ORP8 

transfer phosphatidylinositol-4-phosphate (PI4P) from the PM to the ER in exchange for 

countertransport of phosphatidylserine (PS), clearing PI4P from the PM and enriching PS in the 

PM (Chung et al., 2015). An example of calcium channeling is store-operated calcium entry 

(SOCE), which replenishes ER calcium when stores are low (Hogan and Rao, 2015). The ER 

calcium sensor STIM1 relocalizes to ER-PM contact sites, where it activates Orai1 calcium 

channels on the PM. Calcium enters the cell through the Orai1 calcium channels and is taken up 

by nearby sarcoplasmic reticulum/ER Ca2+-ATPase (SERCA) transporters into the ER. By 

entering the cell at ER-PM contact sites, calcium bypasses the bulk of the cytoplasm and is 

transported into the ER without raising the cytoplasmic calcium concentration. 

ER-PM MCSs are maintained by proteins or protein complexes that bind to both 

membranes simultaneously and tether them together. In yeast, six ER-anchored proteins were 

identified that act independently from each other to tether the ER to the PM (Manford et al., 2012). 
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Ist2 is a multi-pass ER membrane protein related to the TMEM16 family of calcium-activated 

chloride channels. The tricalbins Tcb1/2/3 are homologous to the mammalian extended-

synaptotagmins, which are anchored in the ER by a hydrophobic hairpin and bind to the inner 

leaflet of the plasma membrane (Giordano et al., 2013). Scs2 and Sc22 are vesicle-associated 

membrane protein (VAMP)-associated proteins (VAPs), which have an ER transmembrane 

segment and a cytoplasmic domain that bind a variety of lipid transfer proteins (Gallo et al., 2016). 

In mammals, two additional ER-PM tethers have been identified: junctophilins and Sec22b-Stx1 

non-fusogenic SNARE complexes (Gallo et al., 2016). Among these tethers, extended-

synaptotagmins and junctophilins are of the clearest physiological importance.  
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1.2 Extended-synaptotagmins (E-Syts) 

Extended-synaptotagmins (E-Syts) were originally identified in a search for proteins 

similar to synaptotagmins, which regulate the fusion of vesicles to the plasma membrane 

(Fernández-Chacón et al., 2001; Geppert et al., 1994). Synaptotagmins contain a transmembrane 

region and two C2 domains separated by a short linker (Min et al., 2007; Südhof and Rizo, 1996). 

C2 domains have lipid-binding capabilities that can be enhanced by the presence of calcium 

(Nalefski and Falke, 1996). Extended synaptotagmins are so named because they are longer than 

synaptotagmins; E-Syts contain three or five C2 domains, a synaptotagmin-like mitochondrial and 

lipid-binding protein (SMP) domain, and a hydrophobic region (Min et al., 2007). 

E-Syts are conserved throughout animals, with most vertebrates having three E-Syts (Min 

et al., 2007). E-Syt1 has five C2 domains, while E-Syt2 and 3 each have three C2 domains. 

Invertebrates, including C. elegans and D. melanogaster, have one E-Syt, which contains three C2 

domains and is therefore most similar to E-Syt2 and 3. The E-Syt family is conserved all the way 

to yeast, which have the related tricalbins Tcb1/2/3 (Schulz and Creutz, 2004). 

Studies in mammalian cell lines showed that E-Syts localize to ER-PM contact sites 

(Giordano et al., 2013). An N-terminal hairpin transmembrane domain anchors E-Syts in the ER 

membrane. E-Syt2 and 3 bind the plasma membrane and are constitutively localized at ER-PM 

contact sites (Giordano et al., 2013). In contrast, E-Syt1 localizes to the ER at resting Ca2+ levels. 

Upon an influx of calcium from the extracellular medium, E-Syt1 translocates to the PM, leading 

to an expansion of ER-PM contact sites (Idevall‐Hagren et al., 2015). E-Syt2 and 3 respond to 

calcium by tightening their binding to the PM, decreasing the distance between the ER and the PM. 

Therefore, E-Syts play a role in regulating ER-PM contact sites in response to calcium. 
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The C2 domains play a key role in regulating E-Syt membrane binding. The C2 domains 

are referred to as C2A, C2B, C2C, C2D, and C2E from N- to C-terminal ends of the protein. 

Homology analysis suggests that C2C and C2D in E-Syt1 are likely duplicates of C2A and C2B 

(Min et al., 2007). Constitutive localization of E-Syt2 and 3 is achieved by binding of the C2C 

domain to phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) on the inner leaflet of the PM 

(Giordano et al., 2013). Upon calcium influx, the Ca2+-dependent C2A domain also binds the PM, 

causing a “zipping up” of the protein to the membrane and decreasing the distance between the 

ER and PM. In E-Syt1, calcium influx causes the Ca2+-dependent C2C domain (which is 

homologous to the C2A domain of E-Syt2 and 3) to bind the PM, localizing E-Syt1 to ER-PM 

contact sites (Idevall‐Hagren et al., 2015). It is thought that the other C2 domains in E-Syts are 

unable to bind calcium but work cooperatively to aid binding of the protein to the plasma 

membrane (Jean et al., 2010; Min et al., 2007). 

While intracellular imaging and biochemical assays have established that E-Syts regulate 

ER-PM contact sites in response to calcium, it is still unclear what physiological role this plays. 

E-Syt triple knockout mice are viable and show normal development (Sclip et al., 2016; Tremblay 

and Moss, 2016). A clue to E-Syt function comes from the presence of SMP domains. These 

domains belong to the TULIP superfamily and are found in proteins implicated in lipid binding 

and transfer (Kopec et al., 2010). The X-ray structure of the E-Syt2 SMP domain revealed that it 

forms a hydrophobic channel that could transport lipids (Schauder et al., 2014). Recently, E-Syt1 

was shown to be capable of transporting lipid between liposomes in vitro (Saheki et al., 2016; Yu 

et al., 2016). Unexpectedly, knocking out all three E-Syts in HeLa cells had no effect on 

constitutive lipid levels at the plasma membrane (Saheki et al., 2016). However, triple knockout 

did lead to accumulation of diacylglycerol (DAG) at the PM after phospholipase C (PLC) signaling. 



 6 

E-Syt1 was shown to be capable of transferring DAG in vitro and E-Syt1 expression in the triple 

knockout restored wild-type DAG levels, suggesting that E-Syt1 may be important for clearing 

DAG from the plasma membrane. Taken together, this data indicates that E-Syts are a calcium-

sensitive protein that likely plays a role in lipid regulation. 
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1.3 Junctophilin protein family 

Junctional membrane complexes between the endoplasmic reticulum and plasma membrane 

Among the contacts between the ER and PM, a subset are termed Junctional Membrane 

Complexes (JMCs). These contacts are stable, and distinct from transient ER-PM contacts such as 

STIM1-Orai1 interactions in SOCE (Hogan and Rao, 2015). JMCs are found in excitable cells, 

particularly muscles and neurons, and couple electrical excitation of the PM to ER calcium release. 

Muscles have specialized structures known as transverse tubules (t-tubules) that are tubular 

invaginations of the PM (Silverthorn, 2013). T-tubules extend the PM deep into the muscle cell 

where they make JMCs with the sarcoplasmic reticulum (SR, muscle equivalent of ER). In skeletal 

muscle, t-tubules are sandwiched between two SR compartments. By electron microscopy, these 

appear as three compartments in a row and hence are called “triads”. In cardiac muscle, t-tubules 

are adjacent to only one SR compartment at a time and hence these are called “diads”. Triads and 

diads are critical for excitation-contraction coupling. 

 

Excitation-contraction coupling 

Muscle contraction begins with electrical excitation of the PM (Silverthorn, 2013). In 

skeletal muscle, this causes the voltage sensing, dihydropyridine sensitive, L-type calcium channel 

Cav1.1 (known as the dihydropyridine receptor (DHPR) or Cav1.1) to undergo a conformational 

change. DHPRs, through physical linkage, trigger the opening of Ryanodine Receptor (RyR) 

calcium channels on the SR surface. RyRs release calcium from SR calcium stores and the calcium 

binds muscle filaments and allows muscle contraction. In cardiac muscle, DHPRs are not 

physically linked to RyRs, and activation of RyRs is dependent on entry of extracellular calcium 

through DHPRs. In skeletal muscle, DHPRs and RyRs localize to triads where the PM and SR 
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membranes form JMCs, allowing DHPRs and RyRs to physically interact. In cardiac muscle, 

DHPRs and RyRs localize to diads, where extracellular calcium entering through DHPRs 

efficiently triggers the opening of nearby RyRs. 

 

The discovery of junctophilins at triad junctions 

In the late 1990s, the molecular basis of triad formation was still unclear. Knocking out 

DHPRs and RyRs in mouse skeletal muscle reduced triad junction frequency, but the remaining 

triads were structural intact (Franzini-Armstrong et al., 1991; Ikemoto et al., 1997). The SR 

transmembrane proteins triadin and junctin localize to triads, but hydropathy and topology analysis 

placed the bulk of both proteins in the SR lumen, making it unlikely that the small cytoplasmic 

portions could directly interact with the PM (Jones et al., 1995; Knudson et al., 1993). This data 

suggested that other, yet undiscovered, molecules were the primary structural component of triad 

junctions. 

To identify proteins that might be involved in triad formation, Takeshima and colleagues 

performed an antibody screen (Takeshima et al., 1998). SR vesicles enriched for junctional 

membranes were isolated from rabbit skeletal muscle and injected into mice to generate antibodies. 

These antibodies were then screened against rabbit skeletal muscle cryosections. Among these, an 

antibody was found that labeled transverse rows corresponding to the location of triad junctions. 

This antibody was found to bind to a novel protein, which was named junctophilin 1 (JPH1) 

(Takeshima et al., 2000). Through cross-hybridization with mouse cDNA libraries, two other 

junctophilins were identified which were named junctophilin 2 (JPH2) and junctophilin 3 (JPH3). 

A fourth junctophilin, junctophilin 4 (JPH4), was later identified by sequence homology (Nishi et 

al., 2003). 
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Subsequent work established that junctophilins are the primary component responsible for 

the generation of JMCs at triads and diads. Furthermore, junctophilins directly bind PM- and ER-

localized calcium channels and ensure their localization to JMCs, enabling efficient trans-

membrane signaling. Junctophilins have even been shown to play a role in directly gating RyRs. 

These functions make junctophilins important in health and disease. 

 

Tissue specificity of junctophilin isotypes 

The four junctophilins show different patterns of tissue expression. JPH1 and JPH2 are 

expressed in both skeletal and cardiac muscle (Ito et al., 2001; Minamisawa et al., 2004; Nishi et 

al., 2000; Takeshima et al., 2000). JPH1 and JPH2 appear to be expressed at similar levels in 

skeletal muscle (Ito et al., 2001), and most studies in skeletal muscle have examined both proteins. 

In contrast, JPH2 appears to be the main isotype in heart muscle, and studies in the heart have 

mostly focused on JPH2. JPH1 and JPH2 are also expressed in the smooth muscle surrounding 

arteries, although RT-qPCR suggests that JPH2 is more highly expressed than JPH1 (Pritchard et 

al., 2019; Saeki et al., 2019). JPH2 mRNA was also found in mouse stomach and lung (Takeshima 

et al., 2000), consistent with expression of JPH2 in the smooth muscle of these tissues. JPH3 and 

JPH4 are broadly expressed in neurons of the brain and nervous system (Nishi et al., 2003, 2000; 

Takeshima et al., 2000). In addition, JPH3 is expressed in pancreatic beta cells (Li et al., 2016) 

and JPH4 is expressed in T-cells (Woo et al., 2016), both of which are excitable cell types. 

 

Junctophilin structure 

Junctophilins have a domain structure that is conserved from C. elegans to humans 

(Garbino et al., 2009). All junctophilins have eight N-terminal MORN (Membrane Occupation 
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and Recognition Nexus) motifs, which are 14 amino acid motifs with the consensus sequence 

YxGxWxxGKRHGYG (Takeshima et al., 2000). The first six and last two MORN motifs are 

separated by a joining region of approximately 150 aa. Following the MORN motifs is a 

computationally predicted α-helical domain, which averages 70 amino acids in length (Garbino et 

al., 2009). This is followed by the divergent region, which takes up approximately half the length 

of the protein. The divergent region has very low conservation between isotypes (for example, 

between human JPH1 and human JPH2) but has high conservation when comparing the same 

isotype in different species (for example, between human JPH1 and mouse JPH1) (Garbino et al., 

2009). This suggests that the divergent region might be important for the isotype-specific functions 

of junctophilin, such as tissue-specific binding sites. At the C-terminus of junctophilin is a 

hydrophobic transmembrane domain. 
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1.4 Functional studies of junctophilins in muscle 

Junctophilins localize to ER-PM membrane contact sites 

JPH1 was initially identified at the skeletal muscle triad junction, where the PM and SR 

membranes form JMCs 10-12 nanometres apart. Electron microscopy with immunogold labeling 

showed that JPH1 localizes between PM and SR membranes in rabbit skeletal muscle, confirming 

its localization to JMCs and consistent with a structural role in JMC formation (Takeshima et al., 

2000). To dissect the role of individual domains in JPH1 localization, Takeshima and colleauges 

expressed GFP-tagged truncation constructs in amphibian embryos. Full-length JPH1 and a 

truncated JPH1 lacking the C-terminal transmembrane domain localize along the plasma 

membrane. In contrast, constructs lacking MORN 7 and 8, and to a lesser degree MORN 1-6, do 

not go to the plasma membrane. This evidence suggests that the MORN motifs target JPH1 to the 

plasma membrane, with the total number of MORN motifs and the presence of specific MORN 

motifs both being important. 

Biochemical studies shed further light on the functions of the MORN motifs. Recombinant 

rabbit JPH1 lacking the transmembrane domain was purified from E. coli and reacted with a 

microarray of phospholipids (Kakizawa et al., 2008). Purified JPH1 was found to bind 

phosphorylated forms of phosphatidylinositol (PI), which are enriched on the plasma membrane 

and in the endocytic pathway, but not phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

or unphosphorylated PI, which are distributed more broadly across intracellular membranes (Van 

Meer et al., 2008). Similarly, recombinant human JPH2 lacking the transmembrane domain binds 

to phosphorylated forms of PI (Bennett et al., 2013). Microarray binding and lipid bilayer assays 

showed that JPH2 also binds to PS, which is found on the inner leaflet of the plasma membrane. 

Depletion of PI(4,5)P2 in HeLa cells causes transgenic JPH1 to redistribute from the plasma 
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membrane to the cytoplasmic ER (Rossi et al., 2019). Taken together, this data suggests that 

MORN domains directly bind phospholipids to target junctophilin to the plasma membrane. 

Although no study has directly shown that the transmembrane domain of junctophilin is 

inserted in the ER/SR membrane, this conclusion can be drawn from the localization of JPH1 at 

ER-PM JMCs and the observation that the transmembrane domain is dispensable for plasma 

membrane localization. Furthermore, as we will discuss next, overexpression of junctophilin 

generates ER-PM contacts, suggesting that it is able to bind to both plasma membrane and ER 

simultaneously. 

 

Junctophilins tether ER and PM membranes 

Due to its localization at membrane ER-PM membrane contact sites and a domain 

organization that allows it to simultaneously bind the ER and PM, it was hypothesized that 

junctophilin may be a membrane tether. The predicted α-helical region of junctophilin would 

provide a flexible linker 10.5 nm long, enough to span the 10-12 nm JMCs where junctophilins 

are found (Garbino et al., 2009). Furthermore, transmission electron microscopy showed that 

recombinant human JPH2 forms an elongated structure approximately 15 nm long and 2 nm wide 

(Bennett et al., 2013). 

Expression of JPH1 in amphibian embryos generated ER-PM contacts as well as unnatural 

ER stacks visible by electron microscopy, demonstrating that junctophilins are capable of tethering 

membranes (Takeshima et al., 2000). JPH1 lacking the transmembrane domain did not generate 

ER-PM contacts, providing further evidence that the transmembrane domain is inserted in the ER 

membrane. To further study the role of junctophilins in ER-PM contact formation, Takeshima and 

colleagues generated JPH2 knockout mice and examined JMCs with electron microscopy. While 
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JPH2 knockout mice were embryonic lethal, cardiac myocytes obtained from JPH2 knockout 

embryos had fewer 12 nm JMCs (Takeshima et al., 2000), suggesting that JPH2 is required for 

ER-PM coupling. An inducible heart-specific shRNA knockdown of JPH2 bypassed the 

embryonic lethality of JPH2 knockout and allowed the study of JPH2 in adult animals (Van Oort 

et al., 2011). Ventricular myocytes isolated from adult JPH2 knockdown animals were examined 

by electron microscopy and found to have fewer ER-PM contact sites and more variability in the 

ER-PM interval at these sites (Van Oort et al., 2011). In the reverse experiment, heart-specific 

overexpression of JPH2 in mouse increased ER-PM contact site area and also generated 

convoluted membrane structures visible by electron microscopy (Guo et al., 2014), reminiscent of 

the ER stacks generated by JPH1 overexpression in amphibian embryos (Takeshima et al., 2000). 

JPH1 or JPH2 overexpression in HeLa cells increases the proportion of PM-localized ER (Rossi 

et al., 2019). Altogether, this evidence indicates that junctophilin is an ER-PM tether. 

 

Junctophilins stabilize triad junctions and T-tubules 

Junctophilins were originally identified in a screen designed to understand the structural 

basis of triad junctions. Triads are found in skeletal muscle, where both JPH1 and JPH2 are 

expressed. Although JPH1 knockout mice die within a day of birth, electron microscopy revealed 

that newly born JPH1 knockout mice have abnormal SR morphology and fewer triads (Ito et al., 

2001). Adenovirus-mediated knockdown of both JPH1 and JPH2 in adult mice disrupted existing 

triad junctions (Hirata et al., 2006). These results indicated that junctophilins are required for both 

triad development and stabilization. Although effects on diad formation was not specifically 

reported in JPH2 knockout embryonic myocytes, the authors observed fewer 12 nm JMCs 

(Takeshima et al., 2000). 
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Junctophilins are also involved in the development and stabilization of T-tubules. 

Immunofluorescent labeling of isolated rat cardiomyocytes shows that the arrival of JPH2 at T-

tubules coincides with the start of membrane invagination at P10 (Ziman et al., 2010). Two studies 

conducted in mice of different genetic backgrounds showed that constitutive heart-specific 

knockdown of JPH2 impedes T-tubule development (Chen et al., 2013; Reynolds et al., 2013). 

Knockdown of JPH2 in rat myocytes disrupts the organization of existing T-tubules (Wei et al., 

2010), indicating that JPH2 is required for T-tubule maintenance. In a tamoxifen-inducible Gαq 

mouse heart failure model, where JPH2 undergoes proteolytic cleavage, T-tubules are disrupted 

(Wu et al., 2014). Junctophilin overexpression has the opposite effect on T-tubule organization. 

Heart-specific JPH2 overexpression in mouse accelerates T-tubules development (Reynolds et al., 

2013). In trans-aortic banded (TAB) mice, which normally exhibit T-tubule disruption, JPH2 

overexpression maintains T-tubule organization (Guo et al., 2014). It is unclear if junctophilin’s 

role in T-tubule development and maintenance is mediated by its membrane tethering function or 

through interactions with other proteins. 

 

Junctophilins bind PM- and SR-localized ion channels and caveolin 

At membrane contact sites, in addition to tethering membranes, junctophilins bind to 

channels and membrane proteins. As much of the evidence was collected by co-

immunoprecipitation, in most cases it is not clear if junctophilin directly binds to its targets or is 

part of larger complexes. 

JPH1 was shown to bind RyR1 through co-immunoprecipitation in rabbit skeletal muscle 

in two separate studies (Golini et al., 2011; Phimister et al., 2007). Cross-linking followed by mass 

spectrometry showed JPH1 and RyR1 in the same complex with several other proteins (Woo et al., 
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2008). Co-immunoprecipitation in mouse skeletal muscle microsomes showed that JPH1 and JPH2 

both bind RyR (Nakada et al., 2018). In the mouse heart, where JPH2 is the primary isotype, 

coimmunoprecipitation showed that JPH2 binds RyR2 (Beavers et al., 2013; Van Oort et al., 2011). 

The residue E169 in the joining region of JPH2 is involved in this interaction (Beavers et al., 2013). 

Super-resolution microscopy shows that the majority of junctophilin and RyR molecules are found 

together. In isolated rat cardiomyocytes, 57% of RyR co-localizes with JPH2, which further 

increases to 81% when including a 30nm band around JPH2 clusters (Jayasinghe et al., 2012). This 

was corroborated by dSTORM in rat heart sections, where 60% of RyR co-localizes with JPH2, 

which further increases to 77% when including a 30nm band around JPH2 clusters . A similar 

proportion of JPH2 co-localizes with RyR. In rat skeletal muscle sections, dSTORM showed that 

JPH1 is present throughout the RyR2 distribution while JPH2 is confined to smaller nanodomains 

within the RyR2 distribution (Jayasinghe et al., 2014). 

Junctophilins also bind L-type calcium channels. Golini and colleagues showed that both 

JPH1 and JPH2 bind DHPR by co-immunoprecipitation in rabbit skeletal muscle (Golini et al., 

2011). Through transient transfection of HEK293 cells, they further showed that the interaction 

between human JPH1 and DHPR is direct, and occurs through JPH1 aa 232-369, the region 

including MORN 7 and 8. Transient transfection of HEK293 cells did not result in co-

immunoprecipitation of human JPH2 and DHPR, suggesting that the interaction between these 

proteins is indirect. Co-immunoprecipitation using rabbit muscle lysate shows JPH2 aa 216-399 

binds DHPR, which covers MORN 7 and 8. Co-immunoprecipitation in mouse skeletal muscle 

microsomes confirms that JPH1 and JPH2 both bind CaV1.1 (Nakada et al., 2018). The binding 

region was narrowed down to a 12aa fragment of CaV1.1 that can pull down both JPH1 and JPH2 

from microsomes (Nakada et al., 2018). 
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In addition to RyR and LTCC, junctophilins were found to bind to the plasma membrane-

localized ion channels TRPC3 and SK2 and the integral plasma membrane protein caveolin-3. 

JPH2, but not JPH1, was found to co-immunoprecipitate with TRPC3 from primary mouse skeletal 

myotubes (Woo et al., 2008). TRPC3 is a non-selective cation channel that allows Ca2+ and Na+ 

ions into the cell. Woo and colleagues generated recombinant GST-JPH2 constructs and found that 

JPH2 aa 143-234 in the joining region was able to find TRPC3, and that binding requires JPH2 

residue E227, which is located in the joining region (Woo et al., 2009). Coimmunoprecipitation 

from mouse heart tissue and H9C2 rat cardiomyoblasts showed that JPH2 binds the small 

conductance calcium-activated potassium channel SK2 (Fan et al., 2018; Luo et al., 2020). 

Transient transfection of HEK293 cells and co-immunoprecipitation suggests that this interaction 

is direct (Fan et al., 2018). GST-JPH2 fusion protein pull down of mouse heart lysate and 

transfected HEK293 cells suggests that the JPH2 N-terminus interacts with the SK2 C-terminus 

(Fan et al., 2018; Luo et al., 2020). Coimmunoprecipitation showed that caveolin-3 binds JPH1 

and JPH2 in mouse skeletal muscle (Golini et al., 2011) and heart (Minamisawa et al., 2004), 

respectively. Caveolins are integral membrane proteins involved in the formation of caveolae, 60- 

to 80-nm flask-shaped infoldings of the plasma membrane (Yang et al., 2020). Several plasma 

membrane ion channels, including L-type calcium channels, localize to cardiac caveolae 

(Balijepalli and Kamp, 2008). 

Lastly, JPH1 and JPH2 were found to form homo- and heterodimers, which was 

demonstrated by coimmunoprecipitation in transfected HEK293T cells (Rossi et al., 2019). This 

interaction occurs via the transmembrane domain, as demonstrated by biomolecular fluorescence 

complementation in primary rat myotubes, and the joining region, shown by GST-JPH1 and JPH2 

fusion protein pulldowns of mouse skeletal microsomes. 
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Junctophilins facilitate localization of ER- and PM-localized channels 

The co-localization of ER- and PM-localized channels is essential for effective crosstalk 

between channels. Junctophilins are required for the localization of these channels, and the binding 

of the channels by junctophilin likely plays a role their correct positioning. In C2C12 myotubes, 

JPH1+JPH2 dual knockdown causes DHPR and RyR localization to change from punctate to 

diffuse (Golini et al., 2011). Interestingly, RyR localizes to muscle triads in rat cardiomyocytes 

before JPH2 (Ziman et al., 2010), raising the possibility that junctophilin is only required to 

maintain RyR localization. In cardiomyocytes from JPH2 heart-specific knockdown mice, there is 

less co-localization of VGCC and RyR2 (Van Oort et al., 2011). The best evidence demonstrating 

that junctophilin directs channel localization by binding comes from work by Nakada and 

colleagues. Corroborating the work by Golini and colleagues, Nakada and colleagues show that 

JPH1+JPH2 KD in C2C12 myotubes changes CaV1.1 and RyR localization from punctate to 

diffuse (Nakada et al., 2018). A CaV1.1 point mutant unable to bind JPH1 or JPH2 shows a diffuse 

localization in GLT myotubes, highlighting the critical role junctophilin binding plays in CaV1.1 

localization. Furthermore, expressing a mis-localized JPH1 lacking the transmembrane domain 

causes mis-localization of CaV1.1 in GLT myotubes and mouse FDB muscle. 

Junctophilin is also required for the co-localization of the Na+/Ca2+ exchanger NCX and 

RyR. Cardiomyocytes from inducible JPH2 heart-specific knockdown mice have reduced NCX 

and RyR2 co-localization, visualized by super-resolution microscopy (Wang et al., 2014). Lastly, 

cell surface biotinylation studies suggest that JPH2 is required for SK2 cell surface localization 

(Fan et al., 2018; Luo et al., 2020). 
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Junctophilins couple ER- and PM-localized calcium channels 

The ER-PM tethering and binding of ion channels by junctophilins allows the positioning 

of ER- and PM-localized ion channels for efficient inter-membrane coupling. In skeletal muscle, 

depolarization of the PM causes DHPR, through physical linkage, to trigger opening of RyR to 

release calcium from SR stores into the cytoplasm and allow muscle filament contraction. In heart 

muscle, PM depolarizations opens L-type calcium channels and calcium enters the cell, triggering 

the opening of RyR and releasing additional calcium from the SR. In both skeletal and heart muscle, 

coupling of PM-localized LTCC and SR-localized RyR is crucial for effective conversion of PM 

depolarization to SR calcium release to allow muscle contraction, in a process known as excitation-

contraction coupling. 

Since the discovery of junctophilins, numerous experimental models have shown that 

junctophilins are essential for excitation-contraction coupling. This was observed in the first study 

on junctophilins by Takeshima and colleagues. Unlike wild type embryonic cardiomyocytes, 

which have spontaneous rhythmic cytosolic calcium oscillations that can be visualized by the 

fluorescent calcium indicator Fluo-3 AM, JPH2 knockouts exhibited random unsynchronized 

calcium transients (Takeshima et al., 2000). This occurred even in the absences of extracellular 

calcium, indicating that calcium release from the SR had been uncoupled from calcium entry 

through LTCC. As JPH2 knockout is embryonic lethal, subsequent studies were performed using 

JPH2 knockdown models and showed similar results. In cardiomyocytes isolated from inducible 

heart-specific JPH2 knockdown mice, depolarization stimulates normal calcium influx through 

LTCC, measured by whole-cell patch clamp, but smaller cytosolic transients, measured by the 

fluorescent calcium indicator Fluo-4 AM (Van Oort et al., 2011). This indicates that JPH2 does 

not affect entry of extracellular calcium, but is required for the amplification of this signal by the 
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release of SR calcium. In cardiomyocytes isolated from a constitutive heart-specific JPH2 

knockdown mice, electric field stimulation induces calcium transients, measured by Fluo-4 AM, 

that rise more slowly and have a smaller amplitude, indicating an uncoupling between 

depolarization and cytosolic calcium levels (Reynolds et al., 2013). Calcium imaging was also 

performed in intact hearts loaded with the fluorescent calcium indicator Rhod-2 AM and showed 

similar results to the isolated cardiomyocytes (Chen et al., 2013). Irregular calcium transients were 

observed in JPH2 knockdown hearts that were beating autonomously or electrically stimulated, 

and calcium transients rose more slowly and had smaller amplitudes. In the HL-1 immortalized 

mouse cardiomyocyte cell line, JPH2 knockdown reduces the amplitude of spontaneous calcium 

oscillations, measured by Fluo-4 AM (Landstrom et al., 2011). The oscillations in the JPH2 

knockdown cells were minimally affected by LTCC activators (BayK and FPL) or a blocker 

(nifedipine), indicating uncoupling between LTCC and SR calcium release. Lastly, effective 

calcium-induced calcium release, assessed by voltage-induced cytosolic calcium rise as a 

percentage of SR calcium capacity, does not occur in mice until P15, which is after JPH2 arrival 

on P10, further supporting the role for JPH2 in excitation-contraction coupling (Ziman et al., 2010). 

The same role for junctophilin in excitation-contraction coupling is seen in skeletal muscle. JPH1 

knockout mice die within a day of birth, likely due to defective suckling. Skeletal muscle from 

neonatal JPH1 knockout mice has weaker contractile force when electrically stimulated at low 

frequency but the same contractile force at tetanus as wild type, indicating that JPH1 is required 

for efficient excitation-contraction coupling (Ito et al., 2001). 

The most compelling evidence comes from Nakada and colleagues. A point mutation in 

Cav1.1 that prevents binding to JPH1 or JPH2 caused Cav1.1 localization to become more diffuse 

in GLT myotubes, without affecting Cav1.1 protein level or membrane expression or RyR, JPH1, 
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or JPH2 localization (Nakada et al., 2018). Fewer myotubes produced calcium transients in 

response to electric field stimulation, and those that did had smaller amplitudes measured by Fluo-

4 AM. These results indicate that junctophilins bind to LTCC to direct their localization to 

membrane contact sites, thus facilitating coupling of extracellular calcium entry through LTCC 

and release of SR calcium through RyR. In further support of this, expressing a mis-localized JPH1 

lacking its transmembrane domain caused mis-localization of CaV1.1 and reduced calcium 

amplitude at tetanus, measured by Fluo-4 AM, and reduced contraction strength in mouse FDB 

muscle. 

 

JPH2 directly gate calcium channels 

A growing body of evidence suggests that JPH2 not only tethers membrane and couples 

ER- and PM-localized channels but also directly gates the RyR calcium channel. In the seminal 

2000 paper reporting the discovery of junctophilins, the authors reported that JPH2 knockout 

mouse embryonic cardiomyocytes exhibit random non-rhythmic calcium transients (Takeshima et 

al., 2000). These persist even in the absence of extracellular calcium, indicating that they are 

independent of calcium entry through LTCC. The transients are abolished by dual treatment with 

caffeine and ryanodine to lock open RyR, demonstrating that the transients are caused by RyR. 

Subsequent studies found that JPH2-deficient mice have spontaneous calcium transients 

more frequently or of greater volume, suggesting mis-regulation of RyR gating. Cardiomyocytes 

from inducible JPH2 knockdown mouse hearts have more frequent spontaneous calcium release 

events (Van Oort et al., 2011) and larger calcium transients (Wang et al., 2014) with no change in 

RyR2 levels. Cardiomyocytes from pseudoknock-in mice with a JPH2 E169K mutation, which 

decreases JPH2 – RyR2 binding, also have more frequent spontaneous calcium release events 
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(Beavers et al., 2013). A 25aa JPH2-derived peptide, flanking residue E169, abolishes spontaneous 

calcium release in permeabilized cardiomyocytes from JPH2 knockdown mice. This suggests that 

JPH2-binding stabilizes RyR2-mediated SR calcium release, although the authors do not actually 

show that the 25aa peptide binds RyR2. One counterexample has been reported: wild-type HL-1 

cells have random calcium transients in the absence of extracellular calcium while JPH2 

knockdown cells do not, with no change to LTCC or RyR2 levels (Landstrom et al., 2011). 

The most direct evidence for RyR gating by JPH2 come from in vitro single-channel 

recordings. In these experiments, microsomes are extracted from mouse hearts and reconstituted 

in planar lipid bilayers. RyR from inducible JPH2 knockdown mouse hearts have higher open 

probability than RyR from wild-type mice, suggesting that JPH2 prevents RyR opening (Wang et 

al., 2014). The 25aa JPH2-derived peptide mentioned earlier reduces RyR2 opening probability to 

wild-type levels, providing further evidence that JPH2-binding controls RyR gating (Beavers et 

al., 2013). 

Future work will be required to determine if JPH1, JPH3, or JPH4 also gate RyR in their 

respective tissues, and what affects this may have on calcium signaling. 
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1.5 Functional studies of junctophilins in neurons 

JPH3 and JPH4 are broadly expressed in neurons of the brain and nervous system (Nishi 

et al., 2003, 2000; Takeshima et al., 2000). A growing body of evidence suggest that JPH3 and 

JPH4 have overlapping roles mediating learning and motor control through the regulation of 

intracellular calcium signaling in neurons. JPH3 knockout (KO) mice exhibit no apparent 

abnormalities in learning or memory at 3 months of age but have slight impairments in balance 

and motor coordination (Nishi et al., 2002). 6- and 9-month old JPH3 KO mice show progressive 

defects in balance, motor coordination, and neuromuscular strength (Seixas et al., 2012). JPH4 

expression in the brain largely overlaps with JPH3 (Kakizawa et al., 2007). 2-month old JPH4 KO 

mice have balance and motor coordination defects similar to JPH3 KO mice (Kakizawa et al., 

2007).  

The overlapping expression patterns and similar phenotypes of JPH3 and JPH4 KO mice 

suggest that these genes have redundant functions. Indeed, JPH3/4 double knockout (JPH DKO) 

mice exhibit more severe defects in balance and locomotion than JPH3 or JPH4 KO mice 

(Kakizawa et al., 2007). In addition, JPH3/4 DKO mice also exhibit poor learning and memory 

and reduced exploratory activity (Moriguchi et al., 2006). JPH DKO mice die 3-4 weeks after birth 

(Moriguchi et al., 2006). Interestingly, this can be prevented by switching their food from dry 

pellets to a wet paste, suggesting that they have defects in the circuitry controlling saliva secretion. 

The molecular basis for these neurological defects may lie in a role for junctophilin in coupling 

calcium channels to produce slow afterhyperpolarization (sAHP) currents. The depolarization and 

repolarization phases of an action potential are followed by afterhyperpolarization, where the 

neuron’s membrane potential falls below the normal resting potential. The length of 

afterhyperpolarization can range from fast (fAHP) to slow (sAHP) and can determine action 
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potential frequency (Andrade et al., 2012). Purkinje cells obtained from JPH DKO mice have 

impaired sAHP, an effect also seen with inhibitors of ER-localized RyR calcium channels and PM-

localized small conductance calcium-activated potassium (SK) channels (Kakizawa et al., 2007). 

Importantly, these inhibitors have no effect on the impaired sAHP in JPH DKO Purkinje cells. 

Although global calcium changes were not detected, these results suggest that junctophilin is 

required for communication between RyR and SK channels to generate a sAHP current. 

Supporting this hypothesis, sAHP was rescued in JPH DKO Purkinje cells by the addition of the 

SK channel enhancer EBIO. This result indicates that SK channels are functional and localized 

where they can produce a sAHP current, but suggests they lack a calcium source. This calcium 

could be provided by ER calcium release through RyR, which may normally be linked to SK 

channels by junctophilin. 

JPH DKO mice show a similar impairment of sAHP in hippocampal CA1 neurons 

(Moriguchi et al., 2006). Inhibitors of PM-localized NMDA receptor cation channels, ER-localized 

RyR, and PM-localized SK channels impair sAHP in wild-type neurons but have no effect on JPH 

DKO neurons, suggesting junctophilin is required for communication between these three 

channels. Super-resolution microscopy shows that junctophilin is required to maintain the co-

assembly of PM-localized CaV1.3 voltage-gated calcium channels, RyRs, and PM-localized 

calcium-activated potassium KCa3.1 channels in hippocampal CA1 neurons, and that disruption 

of this co-assembly leads to impaired sAHP and more frequent action potentials (Sahu et al., 2019). 

These results suggest that junctophilin is required to couple PM-localized cation channels (e.g. 

NMDA receptor, CaV1.3), ER-localized calcium-activated calcium channels (i.e. RyR), and PM-

localized calcium-activated potassium channels (e.g. SK channels, KCa3.1) for intracellular 

communication to link membrane depolarization to sAHP current generation and ultimately 
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control action potential frequency. Further study is required to determine exactly which channels 

are associated by junctophilin in each neuron type. 

JPH DKO neurons have an abnormal response to input signals, which may be explained 

by their defect in sAHP. Hippocampal CA1 neurons obtained from JPH DKO mice demonstrate 

impaired high-frequency-stimulation-induced long-term potentiation (LTP) (Moriguchi et al., 

2006). Conjunctive stimulation of two neurons that input on a Purkinje cell normally results in 

long-term depression (LTD); however, in JPH DKO this instead induces LTP (Kakizawa et al., 

2007). Wild-type cells first treated with a SK channel inhibitor to reduce sAHP and then 

conjunctively stimulated also exhibit LTP, suggesting that the reduced sAHP in JPH DKO animals 

causes this “reversed LTD”. It has been demonstrated that reduced sAHP leads to increased action 

potential frequency (Sahu et al., 2019), and it is conceivable that in this context a stimulus that 

normally causes LTD could instead induce LTP. The abnormal LTP and LTD seen in JP DKO 

mice may explain their impairments in learning, memory, and locomotion, although so far no 

studies have shown a causative link. 

JPH3 KO and JPH DKO mice have no overt changes to brain morphology and normal 

Purkinje cell excitatory circuitry (Kakizawa et al., 2007; Moriguchi et al., 2006; Nishi et al., 2002). 

Unlike in muscle, where JPH1 and JPH2 are necessary for formation of skeletal muscle triads or 

heart muscle dyads, JPH3 KO and JPH DKO mice had no discernible disruption to ER-PM 

membrane contact sites examined by electron microscopy (Kakizawa et al., 2007; Moriguchi et 

al., 2006; Nishi et al., 2002) Although these phenotypes have not been examined in JPH4 KO mice, 

the results from JPH3 KO and JPH DKO mice suggest that in neurons, junctophilin is not a critical 

component of ER-PM tethers and is more important for channel localization. 
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These studies support the role of neuronal junctophilins to couple PM- and ER-localized 

channels for efficient intracellular calcium signaling to produce sAHP currents that are required 

for regulating action potential frequency. Despite JPH3 and JPH4’s broad expression in the brain, 

detailed studies have only been performed in hippocampal CA1 neurons and cerebellar Purkinje 

cells. It remains unclear exactly which channels junctophilins couple in each neuron type, as there 

are multiple channel combinations proposed even within the same neuron type (Moriguchi et al., 

2006; Sahu et al., 2019). Furthermore, direct changes to calcium levels in JPH KO mice remain to 

be shown, although detecting local calcium perturbations may be technically challenging. While 

it is plausible that decreased sAHP in JPH DKO mice leads to increased action potential frequency 

causing abnormal LTP/LTD, this has not been definitively shown. It is also unknown if the 

abnormal LTP/LTD is causative for the neurological defects of JPH DKO mice. A more detailed 

study of JPH DKO in multiple neuron types will be required to determine if neuronal junctophilins 

have any cellular roles other than regulating sAHP. 
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Abstract 

The mechanisms underlying axon regeneration in mature neurons are relevant to the 

understanding of normal nervous system maintenance and for developing therapeutic strategies 

for injury. Here, I investigate the role of ER-plasma-membrane membrane contact site components 

using the C. elegans mechanosensory neuron axotomy model. I find that individually mutating 

membrane contact site components often has little effect on axon regeneration – for example, all 

four obr genes must be mutated to significantly hinder axon regeneration – hinting at functional 

redundancy among membrane contact site components. I show that the ok2823 mutation, which 

affects the sole C. elegans junctophilin jph-1, reduces axon regrowth after injury. Interestingly, 

jph-1(ok2823) also enhances axon-axon fusion, dependent on the fusogen EFF-1. I find that the 

extended-synaptotagmin ESYT-2 in the axon responds to injury by rapidly condensing into puncta, 

suggesting that membrane contact sites may undergo restructuring following axon injury. These 

results suggest that changes to membrane contact sites may be among the cellular processes that 

occur during axon injury, and highlight a role for the membrane contact site protein junctophilin 

in the subsequent regeneration process. 
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Introduction 

Axon regeneration after injury is an important and conserved biological process in many 

animals, involving a large number of genes and pathways (He and Jin, 2016; Mahar and Cavalli, 

2018; Tedeschi and Bradke, 2017). Upon axonal injury, distal axon segments degenerate and 

segments proximal to the cell body remain alive and can in certain cases regenerate (Chen et al., 

2007; Mcquarrie and Grafstein, 1973; Neumann and Woolf, 1999). Axon regeneration after injury 

requires rapid sealing of the damaged plasma membrane (PM) and subsequent formation of growth 

cones, leading to regrowth and extension from damaged proximal axons. These cellular changes 

involve numerous molecular pathways, starting with rapid calcium influx at injury sites (Ghosh-

Roy et al., 2010; Rishal and Fainzilber, 2014; Wolf et al., 2001), retrograde injury signaling, 

transcriptional reprogramming to re-structuring of the cytoskeleton and re-organization of the 

extracellular matrix (ECM) (Blanquie and Bradke, 2018). In the adult mammalian central nervous 

system (CNS), axon regeneration is limited, due to the combination of a repressive glial 

environment and a lower intrinsic growth capacity of CNS neurons (He and Jin, 2016). The lack 

of axonal regrowth after CNS injuries, therefore, impairs functional recovery. 

Many approaches have been proposed and tested to promote axon regeneration over the 

past decades (David and Aguayo, 1981; He and Jin, 2016; Park et al., 2008). Yet, mechanistic 

understanding of how damaged axons regenerate in a permissive environment remains fragmented. 

Since the discovery of functional axon regeneration in the nematode Caenorhabditis elegans 

(Yanik et al., 2004), several function-based genetic screens have revealed conserved axon 

regeneration genes and pathways, notably the highly conserved MAPKKK DLK-1 signaling 

cascade (Chen et al., 2011; Hammarlund et al., 2009; Nix et al., 2014; Yan et al., 2009). Previous 

work from our lab reported a distinct set of genes identified from a genetic screen of 654 genes in 
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mechanosensory axon regeneration (Chen et al., 2011). For example, regulators of microtubule 

(MT) dynamics play a rate-limiting role in axon regrowth, consistent with findings from other 

animal models (Bradke et al., 2012; Hur et al., 2012). Additional studies revealed other conserved 

pathways include the RNA-binding protein CELF/UNC-75 (Chen et al., 2016), the miRNA and 

piRNA pathway (Kyung Won Kim et al., 2018; Zou et al., 2013), the fusogen EFF-1 (Ghosh-Roy 

et al., 2010; Neumann et al., 2015), and the apoptotic pathway (Pinan-Lucarre et al., 2012). 

Importantly, the findings from C. elegans were echoed in similar screening in mammalian neurons 

(Sekine et al., 2018; Zou et al., 2015). These discoveries validate C. elegans as a system to 

investigate previously unexplored pathways to determine if they have roles in axon regeneration. 

Membrane contact sites (MCSs) are regions where membranes from two organelles or an 

organelle and the PM are held together by protein tethers, most of which are conserved from yeast 

to mammals (Phillips and Voeltz, 2016; Saheki et al., 2016). MCSs can coordinate activities such 

as calcium entry or lipid transfer between membranes. Calcium entry via voltage-gated calcium 

channels in the PM is critical for PLM axon regeneration (Ghosh-Roy et al., 2010). Additionally, 

MCSs between the PM and ER might be involved in lipid addition to the PM during rapid 

extension of regrowing axons (Hausott and Klimaschewski, 2016). 

Here, I examined mutants affecting conserved ER-PM MCS components including 

junctophilin, extended-synaptotagmin (E-Syt), anoctamins, and OxySterol Binding Proteins 

(OSBP). I find that most ER-PM MCS components exhibit functional redundancy in axon 

regeneration. An exception to this is the junctophilin mutant jph-1(ok2823), which enhances axon-

axon fusion while at the same time reducing the regrowth of unfused axons. I also show that 

extended-synaptotagmin ESYT-2 rapidly relocalizes following axonal injury. Together, my 



 37 

findings highlight the differential roles of ER-PM MCS proteins and provide a genetic framework 

for a more comprehensive understanding of MCS proteins in axon regeneration. 
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Materials and Methods 

Experimental model 

The nematode Caenorhabditis elegans was used as the experimental model for this study. 

All experiments were performed with hermaphrodite animals; males were used only for crosses. 

Unless otherwise indicated, all experiments were carried out with L4 stage animals. Strains were 

maintained under standard conditions on Nematode Growth Media (NGM) plates seeded with E. 

coli OP50 bacteria unless mentioned. Wild type was the N2 Bristol strain (Brenner, 1974). New 

strains were constructed using standard procedures and all genotypes confirmed by PCR or 

sequencing. Extrachromosomal array transgenic lines were generated as described (Mello et al., 

1991). 

 

Laser microsurgery of axons (axotomy) 

We cut PLM axons and quantified the length of regrown axons as previously described 

(Wu et al., 2007). Briefly, GFP-labeled PLM axons of L4 animals were cut 40 µm anterior to the 

cell body by a femtosecond laser on a spinning-disk confocal microscope. Animals were recovered 

onto seeded NGM plates and the regrown axon was imaged 24 hours later on a Zeiss LSM510 or 

LSM800 confocal microscope. 

 

CRISPR-Cas9 gene editing 

We generated the esyt-2(ju1409) deletion allele using two CRISPR RNAs (crRNAs): 5’-

GGTTTCAGTAATTGTGGGCT-3’ and 5’-GTGCACTTACGGGTTGTAGG-3’ (Integrated 

DNA Technologies) targeting upstream of the esyt-2 start codon and downstream of the esyt-2 stop 

codon, respectively. The crRNAs were injected into wild-type hermaphrodites with purified Cas9 
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(MacroLabs, University of California, Berkeley), trans-activating crRNA (tracrRNA) and dpy-10 

crRNA, as described (Paix et al., 2015). We isolated animals with CRISPR modifications based 

on dumpy (Dpy) and roller (Rol) phenotypes. We identified ju1409 as a deletion in esyt-2 by PCR 

genotyping with flanking primers YJ12052 5’- TAAAGTAACAGCCGCGCCAA-3’ and 

YJ12053 5’- CGTCCTACTTCTCGTTGCCA-3’. 

 

Confocal imaging with Airyscan 

L4 stage animals were immobilized using 2.5 mM levamisole in M9 buffer on 5% agar 

pads. PLM mechanosensory neuron cell bodies were imaged using a Zeiss LSM800 equipped with 

Airyscan. Z-stack planes were taken at 0.2 µm intervals in both mKate2 and GFP channels using 

Airyscan. 

 

Axotomy imaging with MicroPoint laser 

L4 stage animals were immobilized using 2.5 mM levamisole in M9 buffer on 5% agar 

pads. Using a MicroPoint laser on an Andor spinning disk confocal unit (CSU-W1) with Leica 

DMi8 microscope, laser axotomy was performed on the PLM axon ~45 µm away from the cell 

body. Images were taken immediately before and immediately after axotomy (0.81 s) with iXon 

ultra 888 EMCCD camera. 

 

Quantification and statistical analysis 

We used Prism (GraphPad Software) for all statistical analysis except for Fisher’s exact 

test, for which we used the online tool QuickCalcs (Graphpad Software). To compare regrowth 

between experiments with different control means, we normalized each experimental data point 
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by dividing it by its control means. Statistical tests and sample sizes are indicated in Figures or 

Figure legends. 
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Results 

To investigate the roles of ER-PM MCS in axon regeneration, I examined mutants affecting 

conserved ER-PM MCS proteins. Junctophilins are localized to ER-PM contacts in excitable cells, 

where they couple PM- and ER-localized calcium channels (Landstrom et al., 2014). Junctophilins 

are characterized by eight N-terminal MORN (Membrane Occupation and Recognition Nexus) 

repeats that bind to the plasma membrane and a C-terminal transmembrane domain that anchors 

the protein in the ER. JPH-1 is the sole junctophilin in C. elegans (Yoshida et al., 2001) (Figure 

1A). I observed that jph-1(ok2823) mutants exhibited a significantly increased rate of reconnection 

or fusion between the regrowing axon and distal fragment (Figure 1B). Axons that did not 

reconnect in jph-1 mutants exhibited reduced axon regeneration, compared to controls (Figure 2). 

As reconnected axons were not measured for regrowth analysis, the reduced regrowth in jph-1 

mutants might be due to an overrepresentation of poorly growing axons. Axon-axon fusion 

requires the fusogen EFF-1 (Ghosh-Roy et al., 2010; Pérez-Vargas et al., 2014) and a 

phosphoserine-mediated apoptotic cell engulfment pathway (Neumann et al., 2015). I analyzed 

eff-1; jph-1 double mutants and found that the enhanced reconnection in jph-1 was greatly reduced 

(Figure 1B). These observations suggest that the mutant JPH-1(ok2823) enhances axon-axon 

fusion, dependent on eff-1. 

Extended-synaptotagmins (E-Syt) are a family of proteins containing multiple C2 domains 

that have been shown to tether the ER to the PM (Giordano et al., 2013) and are implicated in 

membrane lipid transfer (Saheki et al., 2016; Yu et al., 2016). Mammals have three E-Syts that 

differ in the number of C2 domains. E-Syt1 contains five tandem C2 domains while E-Syt2 and 

E-Syt3 contain three C2 domains (Figure 3A). All E-Syts contain a SMP (Synaptotagmin-like 

Mitochondrial and lipid-binding Protein) domain, which is hypothesized to harbour lipids 
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(Schauder et al., 2014), and an N-terminal hydrophobic hairpin that anchors the protein in the ER 

(Giordano et al., 2013). 

ESYT-2 is the sole E-Syt in C. elegans and has a domain structure that most closely 

resembles human E-Syt2 and E-Syt3 (Figure 3A). I found that esyt-2 showed wide expression in 

the nervous system (Figure 3B). In the mechanosensory neuron cell body, full-length GFP-ESYT-

2 showed a punctate pattern, colocalizing with an ER marker PISY-1 (Rolls et al., 2002) at the 

peripheral ER, suggesting it localizes to ER-PM contact sites (Figure 3C). In uninjured axons, 

ESYT-2 was distributed intermittently (Figure 4A; top panel). Strikingly, upon axon injury, axonal 

ESYT-2 condensed into small puncta almost immediately (Figure 4A; lower panels). Axon injury 

triggers a wave of axonal calcium that starts at the cut site and propagates in both directions along 

the axon (Ghosh-Roy et al., 2010). I observed that ESYT-2 puncta formation begins near the cut 

site and rapidly spreads along the axon. Due to the similar timing of the calcium wave and ESYT-

2 puncta formation, I speculate that the injury-induced calcium transient triggers ESYT-2 

relocalization to axonal ER-PM contact sites. This is consistent with the observation that vertebrate 

E-Syt1 can localize to ER-PM contact sites following an increase in cytosolic calcium (Giordano 

et al., 2013; Idevall‐Hagren et al., 2015).  

To determine if esyt-2 plays a role in axon regeneration, I generated esyt-2 null mutants by 

genome editing (Figure 3A). These mutant animals were indistinguishable from wild-type animals 

in growth rate, body morphology, and exhibited normal axon development and regrowth (Figure 

2). Thus, while ESYT-2 undergoes temporal changes in response to axon injury, it does not appear 

to be essential for axon regrowth. 

The Anoctamin protein family function as tethers at ER-PM contact sites in yeast (Manford 

et al., 2012; Wolf et al., 2012). C. elegans has two orthologs, ANOH-1 and ANOH-2. ANOH-1 is 
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expressed in mechanosensory neurons and acts together with the apoptotic factor CED-7 to 

promote phosphatidylserine exposure in the removal of necrotic cells (Li et al., 2015). ced-7(0) 

reduces PLM axon regrowth (Neumann et al., 2015). However, I found that loss of function in 

anoh-1 or anoh-2, or the anoh-1; anoh-2 double mutant, did not affect PLM axon regeneration 

(Figure 2). 

The eukaryotic OSBP and OSBP-related (ORP) family of MCS-localized lipid transfer 

proteins includes multiple members. ORP5/8 act as tethers at ER-PM MCSs where they mediate 

PI4P/Phosphatidylserine counter-transport, while OSBP and the other ORPs function at different 

MCSs (Chung et al., 2015). We tested the four C. elegans homologs individually as well as a 

quadruple mutant. Each obr single mutant displayed normal regeneration, and the quadruple 

mutant displayed a significant decrease in axon regrowth (Figure 2). While the expression pattern 

and action site of these OBR proteins remain to be determined, our finding is consistent with the 

known redundancy within the OBR family (Kobuna et al., 2010). 

Altogether, the above analysis echoes a recent study in yeast where elimination of multiple 

MCS components did not impair ER-PM sterol exchange (Quon et al., 2018), highlighting the 

challenge to tease apart the functional redundancy of MCS proteins in biological processes. 
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Discussion 

ER-PM MCSs play key roles in calcium signaling and lipid transfer, making them 

candidates to regulate axon regeneration (Gallo et al., 2016). Here, I report that mutating individual 

ER-PM MCS proteins does not have a strong effect on axon regeneration, likely due to functional 

redundancy between MCS proteins. I show that an exception is the junctophilin mutant jph-

1(ok2823), which reduces axon regrowth after injury. Strikingly, jph-1(ok2823) also increases 

regenerative axon-axon fusion. While several mutants have been identified that increase axon 

regrowth after injury (Chen et al., 2011; K.W. Kim et al., 2018), only axon fusion has been shown 

to restore function to severed PLM axons (Abay et al., 2017). PLM axon fusion requires the 

fusogen EFF-1, likely to mediate membrane fusion between the regrowing axon and the severed 

fragment (Ghosh-Roy et al., 2010; Neumann et al., 2015). The increased axon fusion caused by 

jph-1(ok2823) also requires eff-1, suggesting that fusion occurs via the same mechanism as 

spontaneous axon-axon fusion. The nature of the jph-1(ok2823) mutation and how it may enhance 

axon fusion is explored further in Chapter 3. 

While loss of the extended-synaptotagmin esyt-2 does not affect axon regrowth length, I 

observed that ESYT-2 rapidly condenses into puncta following axon injury. As E-Syts localize to 

ER-PM MCSs, this suggests that axon injury may cause MCSs to undergo rapid restructuring. 

After injury, axons experience a wave of calcium influx that drives microtubule depolarization, 

cleavage of the submembranous cytoskeletal component spectrin, and ultimately collapse of the 

plasma membrane at the cut site (Bradke et al., 2012). Due to the similar timescale of calcium 

wave propagation and ESYT-2 puncta formation, it is conceivable that the calcium influx causes 

MCS restructuring. However, what role MCS restructuring plays in axon regeneration, if any, is 

still unclear.  
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Figures 

 

 
 

Figure 1. jph-1(ok2823) enhances axon fusion after injury 

A) Junctophilin-1 protein structure. From top to bottom: C. elegans JPH-1 (NP_492193.2), its 

Drosophila ortholog (NP_523525.2), and human ortholog JPH1 (NP_065698.1). Junctophilins 

contain N-terminal MORN (Membrane Occupation and Recognition Nexus) repeats (green) and a 

C-terminal transmembrane domain (blue). C. elegans deletion allele is indicated above (ok2823). 

B) Percentage of axons that exhibit fusion between the regrowing axon and distal fragment 24 h 

post-axotomy. eff-1(ok1021) is a loss-of-function mutation. Upper image shows a regrowing axon 

that has not fused with the distal fragment in a wild-type animal. Lower image shows fusion 

between the regrowing axon and the distal fragment in a jph-1(ok2823) animal. Fisher’s exact test. 

*p<0.05; **p<0.01.  
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Figure 2. Select ER-PM membrane contact site proteins are required for axon regeneration 

Normalized regrowth 24 h post-axotomy in mutants of selected genes encoding ER-PM MCS 

proteins. Data are shown as mean ± SEM. n, number of animals shown within columns. Student’s 

t-test with same day controls. ns, not significant; *p<0.05; **p<0.01. 
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Figure 3. ESYT-2 localizes to membrane contact sites in neurons 

A) E-Syt protein structure. From top to bottom: C. elegans ESYT-2 and its human orthologs E-

Syt2, E-Syt3, and E-Syt1 (NP_065779.1, NP_114119.2, NP_056107.1, respectively). Amino acid 

length is indicated to the right of each protein. E-Syt proteins contain N-terminal hydrophobic 

regions (blue), SMP (Synaptotagmin-like Mitochondrial and lipid-binding Protein) domains 

(yellow), and C-terminal C2 domains (red). C. elegans deletion allele is indicated above (ju1409). 

B) Confocal images of Pesyt-2::GFP transcriptional reporter showing widespread expression in 

the nervous system of L4 stage animals, including in head ganglia, ventral nerve cord, and tail 

ganglia. Maximum intensity projection. 

C) Images of the PLM cell body and surrounding neurites. Left, GFP::PISY-1 ER marker; Middle, 

mKate2::ESYT-2 driven by the mec-4 promoter; Right, Image overlays. Images show single slices 

taken at 1 µm intervals. 
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Figure 4. ESYT-2 is sensitive to axon injury 

Image sequence of GFP::ESYT-2 in the axon of the PLM neuron before (0.00 s) and immediately 

after axotomy. Inverted grayscale images. Site of laser axotomy indicated by red arrow; furthest 

extend of puncta formation indicated by black arrow. The PLM cell body is out of frame to the left 

of the image. 
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Chapter 3: 

Caenorhabditis elegans junctophilin has tissue-specific functions and 

regulates neurotransmission with extended-synaptotagmin 
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Abstract 

The junctophilin family of proteins tether together plasma membrane (PM) and 

endoplasmic reticulum (ER) membranes, and couple PM- and ER-localized calcium channels. 

Understanding in vivo functions of junctophilins is of great interest for dissecting the physiological 

roles of ER-PM contact sites. Here, we show that the sole C. elegans junctophilin JPH-1 localizes 

to discrete membrane contact sites in neurons and muscles and has important tissue-specific 

functions. jph-1 null mutants display slow growth and development due to weaker contraction of 

pharyngeal muscles, leading to reduced feeding. In the body wall muscle, JPH-1 co-localizes with 

the PM-localized EGL-19 voltage-gated calcium channel and ER-localized UNC-68/RyR calcium 

channel, and is required for animal movement. We also find an unexpected cell non-autonomous 

effect of jph-1 in axon regrowth after injury. In neurons, JPH-1 co-localizes with the membrane 

contact site protein Extended-SYnaptoTagmin 2 (ESYT-2) and modulates neurotransmission.  

Interestingly, jph-1 and esyt-2 null mutants display mutual suppression in their response to aldicarb, 

suggesting that JPH-1 and ESYT-1 have antagonistic roles in neuromuscular synaptic transmission. 

Our genetic double mutant analysis also reveals that jph-1 functions in overlapping pathways with 

two PM-localized voltage-gated calcium channels, egl-19 and unc-2, and unc-68/RyR for animal 

health and development.  Finally, we show that unc-68/RyR is required for JPH-1 localization to 

ER-PM puncta. Our data demonstrate important roles for junctophilin in cellular physiology, and 

also provide insights into how junctophilin functions together with other calcium channels in vivo. 
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Introduction 

Membrane contact sites (MCSs) are regions of close contact, generally within 10 to 30 nm 

between organelles or between an organelle and the plasma membrane (PM).  MCSs were first 

described between the endoplasmic reticulum (ER) and PM in muscle cells by electron microscopy 

over 60 years ago (Porter and Palade, 1957).  MCSs have now been found for most organelles in 

many organisms (Lang et al., 2015; Valm et al., 2017). MCSs are maintained by protein tethers 

that bind to opposing membranes simultaneously and hold them in close proximity. Different types 

of MCSs are organized by distinct protein tethers, many of which are conserved from yeast to 

mammals (Phillips and Voeltz, 2016). Recent studies have begun to uncover their functions. For 

example, oxysterol-binding proteins (OSBPs) facilitate exchange of PM-localized 

phosphatidylinositol 4-phosphate (PI4P) for ER-localized cholesterol (Mesmin et al., 2013), and 

binding of ER-localized calcium sensor Stim1 to PM-localized calcium channel Orai1 triggers the 

entry of extracellular calcium to the ER to replenish calcium stores (Hirve et al., 2018).  Genetic 

analysis suggests many MCS tethering proteins act redundantly. For example, studies of ER-PM 

contact sites in yeast showed that full separation of the ER from the PM is only achieved when six 

genes encoding MCS proteins are deleted (Manford et al., 2012).  Similarly, in C. elegans, enlarged 

lysosomes and endosomes were observed only when knocking out all four obr genes encoding 

OSBP homologs (Kobuna et al., 2010).  It is thus necessary to identify new experimental models 

or paradigms to tease apart the functions of individual MCS proteins and to dissect their interaction 

network in vivo.  

The junctophilin (JPH) family of proteins were first identified based on their localization 

to muscle ER-PM contact sites in a screen using monoclonal antibodies raised against ER vesicles 

enriched for ER-PM junctions(Takeshima et al., 2000). Junctophilins are characterized by a N-
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terminal domain consisting of eight membrane occupation and recognition nexus (MORN) motifs, 

which bind to the PM, and a C-terminal transmembrane domain, which anchors the protein to the 

ER. Mammals have four junctophilins (JPH1 through 4) that are differentially expressed in 

excitable cells. JPH1 and JPH2 are expressed in skeletal and cardiac muscle (Nishi et al., 2000; 

Takeshima et al., 2000) and the smooth muscle surrounding arteries (Pritchard et al., 2019; Saeki 

et al., 2019). JPH3 and JPH4 are broadly expressed in neurons of the brain and many parts of the 

nervous system (Nishi et al., 2003, 2000; Takeshima et al., 2000). Studies of genetic knockout 

mice have provided some evidence for their functions. Cardiomyocytes from JPH2 knockout mice 

have fewer ER-PM contacts, and skeletal muscle from JPH1 knockout mice have abnormal ER 

morphology and fewer ER-PM contacts (Ito et al., 2001; Takeshima et al., 2000). In addition to 

tethering together ER and PM membranes, junctophilins bind to ER- and PM-localized calcium 

channels and facilitate their co-localization at ER-PM contact sites in mouse cardiomyocytes, 

skeletal muscle, and cultured hippocampal neurons (Nakada et al., 2018; Sahu et al., 2019; Van 

Oort et al., 2011). Junctophilin-mediated ER-PM coupling is reported to promote efficient 

excitation-contraction in heart and skeletal muscle (Ito et al., 2001; Nakada et al., 2018; Takeshima 

et al., 2000; Van Oort et al., 2011) and regulate action potential frequency in neurons (Kakizawa 

et al., 2007; Moriguchi et al., 2006; Sahu et al., 2019). Unlike mammals, invertebrates have a 

single junctophilin (Garbino et al., 2009). In D. melanogaster, the sole junctophilin was shown to 

have roles in muscle contraction and neural development (Calpena et al., 2018). 

C. elegans has a single junctophilin gene named jph-1 (Garbino et al., 2009; Yoshida et al., 

2001). Here we show that JPH-1 protein localizes to punctate structures in muscles and neurons. 

In muscles, JPH-1 puncta co-localize with the ER-localized UNC-68/RyR calcium channel and 

PM-localized EGL-19/Cav1 calcium channel. In neurons JPH-1 puncta co-localize with the ER-
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PM contact site protein extended-synaptotagmin 2 (ESYT-2). Through characterization of jph-1 

null mutants and tissue-specific rescue experiments, we defined tissue-specific roles of jph-1. In 

the pharynx muscle, jph-1 is required for the pumping that drives animal feeding and contributes 

to animal growth. In the body wall muscle, jph-1 is required for animal movement. We observed 

a cell non-autonomous effect of jph-1 in axon regeneration after injury. Additionally, jph-1 

modulates synaptic transmission, and can balance the effects of esyt-2.  Genetic double mutant 

analyses reveal differential interactions between jph-1 and the ER-localized unc-68/RyR calcium 

channel and two PM-localized voltage-gated calcium channels (VGCCs) for animal development 

and health. Lastly, we show that precise localization of JPH-1 in both neurons and muscles depends 

on unc-68. These data support critical roles of junctophilin in cellular function and animal 

development. 
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Materials and Methods 

C. elegans genetics 

Wild-type C. elegans is the N2 Bristol variant (Brenner, 1974). Strains were maintained 

under standard conditions on Nematode Growth Media (NGM) plates seeded with E. coli OP50 

bacteria. New strains were constructed using standard procedures, based on a combination of 

visual identification of phenotypes, such as uncoordinated (Unc) movement, and genotyping for 

specific alleles. Strains and primers for genotyping are shown in the reagents tables (Tables 1, 4-

6). 

 

Molecular biology and transgenesis 

We cloned jph-1 cDNAs from wild-type N2 mRNAs, first using primers YJ12558 5’- 

GACGTAGGTGTGTCAGCAG-3’ and YJ12559 5’- CCTGAGGAGAAGTGTGTCTG-3’ in the 

5’UTR and 3’UTR of jph-1, followed by a second round of amplification using primers YJ12560 

5’-ATGAATGGAGGCAGATTTGAC-3’ and YJ12561 5’-CTACGAAGAAGACTTCTTCTTCTTC-3’ 

targeting the start and stop codons. We obtained two amplified products, which were cloned into 

pCR8 vectors. Sanger sequencing analysis of these clones revealed a 2.2 kb cDNA encoding JPH-

1 isoform A, and a 2.4 kb cDNA encoding JPH-1 isoform B. The coding region of JPH-1B was 

then amplified using primers YJ12560 5’-ATGAATGGAGGCAGATTTGAC-3’ and YJ12562 5’-

CTAATATGTGAGGGTGTGTACCG-3’ and cloned into a pCR8 vector.  The 4.5 kb jph-1 promoter was 

amplified from wild-type genomic DNA using the primers YJ12563 5’-

TGTTCTGCCATTACCAGCCCG-3’ and YJ12564 5’- TTCCCATTTGCCGTACTGCTG -3’. All expression 

constructs were generated either by Gateway recombination (Invitrogen / Thermo Fisher 
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Scientific), Gibson assembly (New England Biolabs), or restriction enzyme digest and ligation. 

All expression clones were sequenced to ensure sequence fidelity. 

We generated transgenic lines by microinjection, as described (Mello et al., 1991). 

Plasmids, fosmids, co-injection markers, and injection concentrations are listed in the reagents 

tables (Tables 2,3). 

Single-copy insertion transgenes with ju designation were generated on Chromosome IV 

at cxTi10882, following a previously published protocol (Andrusiak et al., 2019). Briefly, we 

injected N2 hermaphrodites with four plasmids, one containing GFP-cDNA flanked by homology 

arms and expressing a hygromycin resistance gene (HygR), pCZGY2750 expressing Cas9 and an 

sgRNA targeting cxTi10882, and pCFJ90 Pmyo-2-mCherry (Addgene plasmid 19327) and 

pCFJ104 Pmyo-3-mCherry (Addgene plasmid 19328)(Frøkjær-Jensen et al., 2008) as co-injection 

markers. F1 animals from injected P0 parents were treated with hygromycin (Hyg). Among the 

survivors, we looked for the absence of co-injections markers to identify animals with genomic 

insertion, which was further verified by PCR genotyping using primers YJ10503, YJ10504, and 

YJ10686 (wild type 562 bp, insertion 744 bp). Single-copy insertion transgene nuTi144 was 

generated by using a modified Mos1 transposon, following a previously published protocol 

(Frøkjær-Jensen et al., 2014). 

 

CRISPR-Cas9 gene editing 

We generated the jph-1(ju1683) and jph-1(ju1684) deletion alleles using two CRISPR 

RNAs (crRNAs): 5’-CCGTCCGGTAACACCTATCA-3’ and 5’-

ACGACGTTGACCAGCAAGAC-3’ (Integrated DNA Technologies) targeting jph-1 exon 1 and 

exon 9, respectively. The crRNAs were injected into wild-type hermaphrodites with purified Cas9 
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(MacroLabs, University of California, Berkeley), trans-activating crRNA (tracrRNA) and dpy-10 

crRNA, as described (Paix et al., 2015). We selected small and slow-growing Unc animals 

resembling jph-1(ok2823) mutants, as we were unable to isolate animals based on Dpy or Rol 

phenotypes, possibly because the jph-1 crRNA was more efficient than the dpy-10 crRNA. We 

identified ju1683 and ju1684 as deletions in jph-1 by PCR genotyping with flanking primers 

YJ12565 5’-GACGACGGCGGAACCTATG-3’ and YJ12566 5’-

TCAGGTACGTTCTAGTCGGT-3’. 

GFP11 knock-in alleles unc-68(nu664) and egl-19(nu674) were generated by injecting 

wild-type hermaphrodites with 75 ng/μl pDD162 expressing Cas9, 36 ng/μl pRB1017-derived 

guide RNA, and 75ng/ul of a PCR product of 7 copies of GFP11 flanked by 1 kb of wild-type 

sequence 5’ and 3’ of the cut site. Guide RNAs were selected using the CRISPR guide RNA 

selection tool (http://genome.sfu.ca/crispr/). A gRNA targeting unc-58 (pGW28) 36 ng/µl and 

repair oligo (AF-JA-76) were also injected as a co-conversion marker (El Mouridi et al., 2017). 

 

Animal growth assessment 

Adult hermaphrodite animals were placed on seeded NGM plates and allowed to lay eggs 

for two hours, after which they were removed. The plates were kept at 20°C and observed daily to 

determine the time it took the offspring to reach the fourth larval (L4) stage. 

 

Brood size assay 

L4 hermaphrodite animals were individually placed on seeded NGM plates and moved to 

new plates daily. Two days after a parent animal was placed on a plate, the number of hatched 
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offspring were counted. This was continued until parent animals laid no more eggs or died. The 

number of hatched offspring produced per parent animal was totaled to calculate brood size. 

 

 

Fluorescence microscopy 

Animals were immobilized in a drop of M9 solution with or without 30 mM muscimol or 

10 mM levamisole on a 4% agar pad or 10% agarose pad. Most confocal fluorescence images were 

collected using a Zeiss LSM800 confocal microscope with Z-stacks taken at 0.5 or 1 µm intervals 

between planes for most images, with the exception of 0.21 µm intervals for GFP::JPH-1A in unc-

68(0) (Figure 16A,B). Pjph-1-GFP in the head and tail (Figure 8A) were imaged using a Zeiss 

LSM710 confocal microscope, and GFP::JPH-1A in the PLM neuron (Figure 13B) was imaged 

using an Andor spinning disk confocal unit (CSU-W1) with a Leica DMi8 microscope. All 

confocal fluorescence images were taken at 63x magnification. Maximum intensity projections 

were prepared using Fiji (ImageJ). 

Images of GFP-labeled touch neurons [Pmec-7-GFP(muIs32)] in wild-type and jph-1(0) 

animals were taken on a Zeiss Axio Imager A2 compound scope at 10x magnification under 

identical settings. 

 

Brightfield microscopy 

Images depicting gross body morphology (Figure 5C) were taken by immobilizing animals 

in a drop of M9 solution on a 10% agarose pad and imaging on a Leica DMi8 microscope under 

brightfield settings at 10x magnification with an Andor iXon Ultra camera. Images depicting 
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animal movement crawling on NGM petri plates (Figure 10A) were taken on a Zeiss M2 

stereodissecting microscope with a Nikon DS-Qi1Mc camera. 

 

 

 

Pharyngeal pumping assays 

To count pumping rate, day-1 adult animals on seeded plates were observed through 

dissection stereomicroscopes. We counted the number of grinder movements in 20 seconds twice 

per animal and took the average. Counting was done while animals were on the OP50 bacterial 

lawn to prevent variations in pumping rate caused by food availability. 

To measure pumping strength, we adapted a published protocol that used serotonin to 

stimulate pumping in immobilized animals (Trojanowski and Fang-Yen, 2015). We prepared 8% 

agarose pads with 8mM serotonin (H7752, Sigma Aldrich), placed animals in an M9 drop on the 

pad, and immediately placed a cover slip on top. We began imaging when animals started pumping 

(about 0-10 minutes after animals were placed in the M9 drop). Imaging was performed on a Leica 

DMi8 microscope at 40x magnification. 20 second videos were taken at 100 ms/frame for a total 

of 200 frames per animal. Videos were then analyzed in Fiji (ImageJ). The distance from the 

grinder to an arbitrary point on the pharyngeal lumen was measured in the frame immediately 

preceding pump initiation (Figure 9B, left image). The distance from the grinder to the same point 

was measured in the frame when the grinder had moved to its fullest extent (Figure 9B, right 

image). The difference between these two measurements is the distance moved by the grinder in 

one pump. We took the average of the first five pumps in each video, although in three instances 

wild-type animals only pumped three or four times during the video. The distance moved by the 
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grinder was divided by the length of the pharynx (Figure 9B, left image) to normalize to animal 

size. 

 

 

 

Thrashing assay 

Individual L4 animals were placed in 1 µl drops of M9 on a glass dissection plate. We 

counted the number of thrashes performed by the animal in one minute. We considered a single 

thrash to be one sufficiently large movement of the animal’s head or tail back and forth, with the 

head or tail not necessarily crossing the centre of mass. 

 

Aldicarb and levamisole assays 

To test aldicarb sensitivity, 15 day-1 adult animals were transferred to fresh plates 

containing 0.5 mM or 1 mM aldicarb. Animals were scored for paralysis every 30 minutes by 

gently touching the animal with a platinum wire. For levamisole sensitivity, 15 day-1 adult animals 

were transferred to fresh plates containing 1 mM levamisole. Animals were scored for paralysis 

every 15 minutes by gently touching the animal with a platinum wire. Final sample size for each 

assay was 13-15 animals due to some animals crawling off the plate. Drug sensitivity was 

quantified from three independent experiments. 

 

Laser axotomy of PLM axons 

We cut PLM axons and quantified the length of regrown axons as previously described 

(Wu et al., 2007). Briefly, GFP-labeled PLM axons [Pmec-7-GFP(muIs32)] of L4 animals were 
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cut 40 µm anterior to the cell body by a femtosecond laser on a spinning-disk confocal microscope. 

Animals were recovered onto seeded NGM plates and the regrown axon was imaged 24 hours later 

on a Zeiss LSM510 or LSM800 confocal microscope. 

 

 

Statistical analysis 

We used Prism (GraphPad Software) for all statistical analysis except for Fisher’s exact 

test, for which we used the online tool QuickCalcs (Graphpad Software). To compare regrowth 

between experiments with different control means, we normalized each experimental data point 

by dividing it by its control means. Statistical tests and sample sizes are indicated in Figures or 

Figure legends. 
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Results 

jph-1 expresses two isoforms 

A previous study described a jph-1 cDNA that encodes a 747 amino acid protein (Yoshida 

et al., 2001). In the process of obtaining jph-1 cDNA for our own study, we obtained two cDNAs 

of 2.2 kb and 2.4 kb in size, amplified using primers flanking the start and stop codons (Figure 

5A). The 2.2 kb cDNA matches the previously reported jph-1 cDNA, which we designated isoform 

A (Yoshida et al., 2001). The 2.4 kb cDNA retains the intron between exon 7 and exon 8 and 

would encode a protein with the C-terminal 138 amino acids of the previously reported jph-1 

cDNA replaced by a different 35 amino acid sequence (Figure 5B). We designated this shorter 

protein isoform B. The C-terminal 35 amino acids do not contain a predicted transmembrane 

domain, nor conserved domains or low complexity regions. A BLASTp search of all published 

Caenorhabditis genomes found no significant hits for the 35 amino acid sequence, suggesting that 

it is not conserved. Furthermore, a BLASTn search showed that although the intron is conserved 

in 10 out of 26 published Caenorhabditis genomes (Figure 6A), the translated sequences have low 

amino acid conservation and highly variable sequence length due to intronic stop codons (Figure 

6B). The absence of conserved motifs and the lack of conservation between species suggests that 

these 35 amino acids may not be important for the function of jph-1. JPH-1 isoform A shares 

between 39% and 42% overall sequence identity with human JPH1 through 4, with higher 

sequence homology in the MORN repeats, which target junctophilin to the PM (Takeshima et al., 

2000). 
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jph-1 is required for normal development 

To define the function of jph-1, we generated two null (0) alleles, ju1683 and ju1684, using 

CRISPR-Cas9 editing. Both alleles delete the entire coding sequence of both jph-1 isoforms 

(Figure 5A). These two alleles show indistinguishable phenotypes in all analyses; therefore, we 

generally present the quantification data for ju1683 (Table 7). By gross body morphology, jph-

1(0) mutant animals are smaller and thinner than stage-matched wild-type animals (Figure 5C). 

jph-1(0) mutants develop more slowly compared to wild-type animals (Table 7). jph-1(0) mutants 

have reduced fertility, with a brood size (52 ± 25, n = 12) about 20% of that in wild-type animals 

(279 ± 19, n = 10).  Transgenic expression of a fosmid containing the entire jph-1 locus rescued 

the developmental defects (Table 7). These observations indicate that jph-1 is necessary for proper 

animal development. 

 

jph-1 is expressed in muscles and neurons, and its function requires the transmembrane 

domain 

A previously reported jph-1 transcriptional reporter showed expression in most muscles 

and some neurons in the head (Yoshida et al., 2001). We made a similar transcriptional reporter 

using a 4.5 kb jph-1 promoter to control GFP expression (Figure 7A).  We confirmed GFP 

expression in all hermaphrodite muscle types, including body wall, pharyngeal, vulval, uterine, 

stomatointestinal, anal sphincter and anal depressor muscles, with the exception of the contractile 

gonadal sheath (Figure 7A). We also observed expression in many neurons from head to tail. 

All developmental defects of jph-1(0) were rescued by expression of N-terminally GFP-

tagged JPH-1A under the control of the 4.5 kb jph-1 promoter (Figure 7B) as either a multicopy 

extrachromosomal array or a single copy insertion line (Table 7, Figure 5C). This result indicates 
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that GFP-tagged JPH-1A can perform the developmental functions of jph-1 and that the 4.5 kb 

promoter provides sufficient tissue specificity for jph-1 function. In contrast, transgenic expression 

of GFP::JPH-1B, the truncated isoform lacking the transmembrane domain, under the same 

promoter, did not show rescuing activity (Figure 7C, Table 7). This analysis supports a conclusion 

that the transmembrane domain is necessary for the function of JPH-1. 

 

JPH-1A localizes to subcellular puncta and co-localizes with the ER-PM contact site protein 

ESYT-2 in neurons 

We observed that the functional GFP-tagged JPH-1A showed a punctate subcellular pattern 

in muscles and neurons. In body wall muscle, GFP::JPH-1A localizes to rows of puncta that follow 

the obliquely striated pattern of the muscle (Figure 8A,B). In the pharyngeal muscle, JPH-1A 

localizes to puncta radiating from the pharyngeal lumen and lining the pharynx periphery (Figure 

8A). We observed broad expression in neurons in the head and tail, including the bundled neuronal 

processes of the nerve ring, the ventral cord neurons, and touch receptor neurons (Figure 8A-E). 

In neuronal cell bodies of the head ganglia (Figure 8C), tail ganglia (Figure 8D), and ventral 

nerve cord (Figure 8E), GFP::JPH-1A shows a reticulate localization pattern and forms bright 

puncta near the periphery of the cell body. This localization is observed in newly hatched L1 

animals and adults, suggesting that the localization is established prior to hatching and maintained 

into adulthood (Figure 7B). 

 Junctophilins generally function to couple calcium channels between the ER and PM, 

including ER-localized ryanodine receptors (RyRs) and PM-localized L-type calcium channels 

(Landstrom et al., 2014). In C. elegans, unc-68 encodes the RyR and egl-19 encodes the Cav1 

VGCC α1-subunit. We generated split-GFP knock-in lines for both unc-68 and egl-19 and 
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visualized their subcellular localization by expressing muscle GFP1-10 and mKate2::JPH-1A 

expressed under the jph-1 promoter. In the body wall muscle, both UNC-68 and EGL-19 localize 

to rows of puncta, which nearly completely overlap with JPH-1A puncta (Figure 8F-K). JPH-1A 

co-localization with both the ER-localized UNC-68 and PM-localized EGL-19 is consistent with 

targeting to ER-PM contact sites in muscle cells. 

To determine if the neuronal puncta of JPH-1A represent MCSs, we analyzed animals co-

expressing GFP::JPH-1A with a reporter line expressing mKate2::ESYT-2 in touch receptor 

neurons.  E-Syt (extended-synaptotagmin) proteins are conserved tethering proteins at ER-PM 

contact sites (Giordano et al., 2013). We showed previously that C. elegans ESYT-2 is expressed 

broadly in neurons and co-localizes with an ER marker at the cell periphery (Kim et al., 2018). In 

the PLM soma, GFP::JPH-1A puncta co-localize with mKate2::ESYT-2 (Figure 8L-P), 

suggesting that JPH-1A clusters at ER-PM contact sites in neuronal cell bodies. We also examined 

GFP-tagged JPH-1B and observed a mostly diffuse localization in the muscles and neurons 

(Figure 7C), consistent with the transmembrane domain being critical for JPH-1 subcellular 

localization. The lack of jph-1(0) rescuing activity by JPH-1B suggests that the transmembrane 

domain is important for its localization and function. 

 

jph-1 regulates pharyngeal muscle contraction 

The gross phenotypes of jph-1(0) mutants broadly resemble those of mutants with feeding 

defects in that they are small, thin, pale, and take longer to reach adulthood than wild-type animals 

(Avery, 1993; Avery and Horvitz, 1989). Our observation that jph-1 is expressed in the pharynx 

suggests that the jph-1(0) phenotype may be due to defects in feeding related function. C. elegans 

eat by drawing bacteria into their mouth using pharynx pumping and crushing the bacteria with 
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their grinder (Avery and You, 2012).  We measured pumping rate by counting grinder movements 

and found that jph-1(0) mutants had a lower pumping rate than wild-type animals (Figure 9A). 

Pharyngeal muscle contraction is regulated by glutamatergic transmission.  Loss of function in 

eat-4, encoding the sole glutamate transporter, causes reduced pumping rate (Lee et al., 1999).  We 

found that jph-1(0) mutants had a similar pumping rate to eat-4(ky5) mutants (Figure 9A). 

However, since eat-4(ky5) animals are not as small as jph-1(0) mutants (Table 7), reduced 

pumping rate alone cannot account for the starved appearance of jph-1(0) mutants. We next 

quantified pumping strength by measuring the distance moved by the grinder in one pump (Figure 

9B, Materials and Methods). jph-1(0) mutants had significantly weaker pumping strength than 

either wild type or eat-4 mutants (Figure 9C). To test if reduced pharynx muscle activity was 

causing the starved appearance of jph-1(0) mutants, we expressed JPH-1A specifically in the 

pharynx muscle using the myo-2 promoter. Pharyngeal muscle expression of JPH-1A restored 

pumping strength to wild-type levels (Figure 9C). Importantly, it also rescued the small body size 

and delayed development of jph-1(0) mutants (Table 7, Figure 9C). These observations indicate 

that JPH-1A is required for proper pharyngeal muscle function which ultimately impacts gross 

organismal development. 

 

jph-1 is required in the body wall muscle for locomotion 

On solid surfaces, wild-type C. elegans crawl by sinusoidal body undulations (Figure 10A). 

In contrast, jph-1(0) mutants adopt unusual extended or curled postures during locomotion, move 

slowly, and are frequently immobile, consistent with previous observations of jph-1 RNAi treated 

animals (Yoshida et al., 2001). When placed in liquid, C. elegans swim by moving their entire 

bodies side-to-side to produce alternating C-shaped conformations (Gjorgjieva et al., 2014), which 
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can be quantitated by counting thrashing frequency. We observed that jph-1(0) mutants exhibit far 

fewer thrashes per minute than wild-type animals (Figure 10B). Furthermore, jph-1(0) mutants 

would often thrash only the heads without moving the tail. The failure of muscle contraction to 

propagate to the tail suggested that jph-1 might be required for transmission of the signal for 

muscle contraction. A fosmid containing genomic jph-1 fully rescued locomotion on both solid 

surfaces and in liquid (Table 7, Figure 10B).  JPH-1A driven by the jph-1 promoter rescued 

locomotion defects and thrashing frequency, although not as well as the fosmid transgene (Figure 

10B). JPH-1B did not discernably improve movement on solid surfaces, supporting the importance 

of the transmembrane domain for JPH-1 function. Expression of JPH-1A in body wall muscle, but 

not pharyngeal muscle or neurons, restored full-body thrashing in liquid and sinusoidal movement 

on solid surfaces (Figure 10B). These data indicate that jph-1 is required in the body wall muscle 

for animal movement and suggest that it may be involved in both muscle contraction and 

propagation of a signal for contraction between muscle cells. 

 

jph-1 promotes axon regeneration cell non-autonomously 

We previously characterized a different jph-1 mutation, jph-1(ok2823), for its role in axon 

regeneration.  jph-1(ok2823) is a small deletion removing part of the fourth intron to the sixth exon 

(Figure 5A). By analyzing cDNA isolated from jph-1(ok2823) animals, we found that jph-

1(ok2823) would generate a protein truncated after the seventh MORN repeat.  The gross 

morphology and movement of jph-1(ok2823) animals are similar to jph-1(0), and these defects are 

fully rescued by the jph-1 fosmid transgene (Table 7). We had observed that PLM axons of jph-

1(ok2823) animals display reduced axon regeneration and enhanced axon-axon fusion after laser-

induced axon injury (Kim et al., 2018).  We tested if PLM axon regeneration is similarly affected 
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in jph-1(0) mutants.  Like jph-1(ok2823) animals, touch receptor neurons of jph-1(0) mutants have 

normal morphology (Figure 11A), indicating that jph-1 is not required for axon outgrowth during 

development. After laser injury, jph-1(0) mutants exhibited strongly reduced axon regeneration, 

significantly different from both wild type and jph-1(ok2823) (Figure 12A,B). Expression of JPH-

1A under the jph-1 promoter fully rescued the regeneration defect, indicating that jph-1 is required 

for axon regrowth after injury. Expression of JPH-1A in pharyngeal muscle, which rescued the 

growth and size of the animal (Table 7), also rescued axon regrowth (Figure 12B), suggesting 

that nutrient intake may influence axon regeneration. While jph-1 is expressed in PLM neurons 

(Figure 8), expression of JPH-1A specifically in touch neurons did not rescue axon regrowth 

(Figure 12B). Furthermore, knocking down GFP:JPH-1A specifically in touch neurons of jph-1(0) 

animals through Degron-mediated degradation of GFP-JPH-1 (Wang et al., 2017) did not reduce 

axon regeneration (Figure 11B). Together, these data indicate that jph-1 regulates axon 

regeneration cell non-autonomously. 

While we were able to replicate the increased axon fusion of jph-1(ok2823) mutants, we 

did not observe an increase in axon fusion in injured PLM axons in jph-1(0) mutants (Figure 11C).  

We considered if the enhanced axon fusion observed in jph-1(ok2823) animals might be caused 

by the production of an abnormal protein. To test this, we made a construct fusing GFP to jph-1 

cDNA isolated from jph-1(ok2823) animals, named GFP::JPH-1(ok2823).  In contrast to the 

subcellular punctate pattern of full-length JPH-1A, GFP::JPH-1(ok2823) was found in the nucleus 

of many neurons and body wall muscles (Figure 11D). Therefore, two explanations can be made 

for the increased axon fusion of jph-1(ok2823) mutants: either that jph-1(ok2823) is a partial loss 

of function and that fusion is more likely when axon regrowth is only mildly impaired, or that jph-

1(ok2823) produces a protein with altered activity that enhances axon fusion. 
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jph-1 contributes to neuromuscular synaptic transmission  

Junctophilins are required for proper regulation of cytosolic calcium levels in cell types 

such as mouse cardiomyocytes, HL-1 immortalized mouse cardiomyocytes, and C2C12 myotubes 

(Chen et al., 2013; Landstrom et al., 2011; Nakada et al., 2018; Reynolds et al., 2013; Takeshima 

et al., 2000; Van Oort et al., 2011). We observed broad expression of jph-1 in neurons.  Within the 

ventral nerve cord, we found that cholinergic motor neurons express jph-1 (Figure 13A). JPH-1A 

is present at the presynaptic terminal of touch receptor neurons (Figure 13B). To examine if jph-

1 plays a role in synaptic transmission, we focused our study on the neuromuscular junction, where 

pharmacological assays can assess neuromuscular transmission. Release of acetylcholine from 

ventral cord motor neurons stimulates body wall muscle contraction in C. elegans (Von Stetina et 

al., 2006).  Two pharmacological responses are widely used to assess neuromuscular transmission. 

Levamisole is an agonist of acetylcholine receptors expressed on the body wall muscle (Lewis et 

al., 1980). Upon exposure to 1 mM levamisole, jph-1(0) mutants paralyzed at the same rate as 

wild-type animals (Figure 14A), suggesting that jph-1 is not required for muscle responses to 

acetylcholine.  The acetylcholinesterase inhibitor aldicarb causes the accumulation of 

acetylcholine at the neuromuscular junction, which leads to muscle hypercontraction and paralysis 

(Miller et al., 1996). Nearly all wild-type animals were paralyzed after 2 hours of exposure to 1 

mM aldicarb (Figure 15A). In contrast, 70-80% of jph-1(0) mutants were still moving, suggesting 

that these animals may have decreased acetylcholine release. Aldicarb resistance was confirmed 

using a second jph-1(0) allele (Figure 14B) and expression of a fosmid containing jph-1 genomic 

DNA rescued the aldicarb resistance of jph-1(0) mutants (Figure 15A). Altogether, these results 

indicate that jph-1 contributes to neuromuscular synaptic transmission. 
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 As we had observed co-localization between JPH-1 and ESYT-2 in neurons, we tested the 

response of esyt-2(0) mutants to aldicarb. We found that esyt-2(0) mutants are aldicarb resistant, 

suggesting that they are also involved in neuromuscular synaptic transmission (Figure 15B). A 

transgene containing the whole esyt-2 genomic locus rescued the aldicarb resistance of esyt-2(0) 

(Figure 15B). Remarkably, the jph-1(0);esyt-2(0) double mutant paralyzed at a similar rate to 

wild-type – in effect, the jph-1(0) and esyt-2(0) mutations cancel each other out (Figure 15C). We 

tested second alleles of jph-1(0) and esyt-2(0) and observed the same result (Figure 14C). A 

transgene containing the esyt-2 genomic locus in the jph-1(0);esyt-2(0) double mutant restored 

aldicarb resistance, indicating that the wild-type aldicarb response is due to loss of esyt-2 (Figure 

15D). While esyt-2(0) animals are superficially wild-type, jph-1(0);esyt-2(0) mutants resemble 

jph-1(0) in growth and locomotion, suggesting that the esyt-2 mutation does not compensate for 

the loss of jph-1 in muscles. Taken together, these results suggest that while loss of jph-1 or esyt-

2 alone disrupts neurotransmission, loss of both restores neurotransmission to wild-type levels. 

 esyt-2(0) mutants displayed a slight resistance to levamisole that was not observed in jph-

1(0) or jph-1(0);esyt-2(0) mutants (Figure 14D). A non-wild type response to levamisole typically 

suggests a role in the muscle response to acetylcholine. However, as we had previously shown that 

a esyt-2 promoter::GFP transgene is expressed exclusively in the nervous system (Kim et al., 2018), 

this hints that the role of esyt-2 in neurotransmission may be more complex. 
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jph-1 promotes animal health and development in parallel with unc-68/RyR and voltage-

gated calcium channels 

Our observation that JPH-1A co-localizes with UNC-68/RyR and the VGCC α1-subunit 

EGL-19 raises the possibility of direct interaction between them. We thus next investigated genetic 

interactions between jph-1 and calcium channels in C. elegans. 

 Like jph-1(0) mutants, unc-68(e540) null mutants are small, slow growing, and show 

incomplete flaccid paralysis (Maryon et al., 1996). However, unc-68(0) mutants have darker 

pigmentation and grow more quickly than jph-1(0) mutants (Table 8), suggesting that they have 

less severe defects in nutrient intake (Avery, 1993). We found that jph-1(0); unc-68(0) double 

mutants grew even slower than either jph-1(0) or unc-68(0) single mutants (Table 8).  Expressing 

JPH-1A under the jph-1 promoter in jph-1(0); unc-68(0) double mutants partially restored animal 

growth to more closely resemble unc-68(0) single mutants. The exacerbated slow growth of the 

jph-1(0); unc-68(0) double mutant indicates that jph-1 has functions independent of unc-68 and 

suggests that jph-1 may couple other ER and PM components. 

egl-19 is expressed in both muscles and neurons, and egl-19 null mutants are embryonic 

lethal (Lee et al., 1997).  We therefore used a partial loss-of-function mutation, egl-19(ad1006lf), 

to test genetic interactions with jph-1. Animals homozygous for the egl-19(ad1006lf) mutation are 

long, thin, and flaccid, move slowly, and display weak pumping (Lee et al., 1997). We were unable 

to obtain viable jph-1(0); egl-19(lf) double mutants, suggesting that jph-1 becomes crucial when 

egl-19 function is impaired.  We also constructed double mutants of jph-1(0) with the gain-of-

function mutation egl-19(ad695gf). Animals with egl-19(ad695gf) are short due to body wall 

muscle hypercontraction (Lainé et al., 2014) but otherwise appear normal in overall growth rate 

and movement. We found that jph-1(0); egl-19(gf) animals lived to adulthood, but grew more 
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slowly than jph-1(0) single mutants (Table 8). Overall, these observations suggest that when egl-

19 activity is impaired or altered, jph-1 activity becomes more important. 

The non-L-type VGCC α1-subunit unc-2, orthologous to CACNA1A, is predominantly 

expressed in neurons and localizes to presynaptic terminals (Mathews et al., 2003; Saheki and 

Bargmann, 2009). unc-2(e55) null mutants exhibit sluggish movement but normal development 

and growth (Mathews et al., 2003; Schafer et al., 1996). We found that jph-1(0); unc-2(0) double 

mutants grew substantially more slowly than jph-1(0) single mutants and were sterile as adults 

(Table 8).  The unc-2(zf35gf) gain-of-function mutation causes the channel to open at a lower 

membrane potential, causing hyperactive locomotion but otherwise normal growth and 

development (Huang et al., 2019). jph-1(0); unc-2(gf) double mutants displayed significantly 

slower growth than jph-1 single mutants (Table 8). These results suggest that jph-1 and unc-2 

function cooperatively in neurons.  

Altogether, our analysis of genetic interactions supports a conclusion that jph-1 acts 

together with RyR and VGCC channels for animal development, where they are not in completely 

overlapping pathways but may have some overlapping roles.  

 

JPH-1A subcellular localization depends on unc-68/RyR 

Evidence from other cell types suggest that junctophilins and their interacting partners may 

depend on each other to be localized to MCS (Golini et al., 2011; Nakada et al., 2018).  We thus 

tested if JPH-1A localization depends on calcium channels and esyt-2. In the body wall muscle of 

wild type animals, JPH-1A localizes to longitudinal rows of puncta (Figure 16A). In unc-68 

mutants, JPH-1A puncta were less distinct and often connected to neighbouring puncta. (Figure 

16A). In wild-type neurons, JPH-1A has a reticulate pattern with bright puncta in the cell periphery 
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(Figure 16B). In unc-68 mutants, while the reticulate pattern of JPH-1 remained, the bright puncta 

were absent (Figure 16B). The lack of puncta in both muscles and neurons of unc-68 animals 

suggests that unc-68 is required for anchoring JPH-1A in puncta.  JPH-1A localization was 

unchanged from wild type in unc-2 and esyt-2 mutants (Figure 16, Figure 17A-B), indicating that 

these genes are not required for JPH-1A localization. 
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Discussion 

Junctophilins play key roles in excitation-contraction coupling in heart and skeletal 

muscles (Ito et al., 2001; Nakada et al., 2018; Takeshima et al., 2000; Van Oort et al., 2011). In 

particular, junctophilins couple PM- and ER-localized calcium channels to efficiently trigger 

calcium release from the ER following membrane depolarization (Chen et al., 2013; Nakada et al., 

2018; Reynolds et al., 2013; Van Oort et al., 2011). Here, we report that the C. elegans junctophilin 

JPH-1 is expressed in pharyngeal muscle, body wall muscle, and neurons, and performs important 

functions in each tissue. We show that in the pharyngeal muscle, jph-1 is required for robust 

pumping and timely growth and development. The stunted development of jph-1(0) mutants is 

likely due to reduced food intake caused by weak pumping, as their slow growth and starved 

appearance is seen in other mutants with defects in feeding related function (Avery, 1993; Avery 

and Horvitz, 1989). In the body wall muscle, we find that jph-1 is required for body movement 

and locomotion.  jph-1(0) mutants move slowly and display flaccid paralysis, suggesting that the 

body wall muscle lacks contraction strength. Our tissue-specific rescue experiments indicate that 

muscle contraction in both pharyngeal and body wall muscle requires jph-1. In flies, knockdown 

or overexpression of the sole junctophilin was shown to cause muscular deficits and cardiac 

dysfunction (Calpena et al., 2018). Skeletal muscle from neonatal JPH-1 knockout mice have 

weaker electrically-stimulated contractile force, indicating that JPH-1 is required for excitation-

contraction coupling (Ito et al., 2001). Thus, the role for junctophilin in muscle contraction is 

conserved from C. elegans pharyngeal and body wall muscle to vertebrates.  

The role of calcium regulation in axon regeneration in C. elegans has been widely 

demonstrated (Ghosh-Roy et al., 2010).  unc-68/RyR promotes axon regeneration, and is required 

for localized calcium release from the ER following axon injury (Sun et al., 2014). We previously 
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reported that jph-1(ok2823) mutants have decreased axon regeneration (Kim et al., 2018). Here, 

we extended our analysis to the genetic null alleles of jph-1 and uncovered a surprising role of jph-

1 in promoting axon regeneration in a cell non-autonomous manner.  The observation that the 

regeneration defects could be rescued by expressing jph-1 in the pharyngeal muscle implies that 

PLM axon regeneration may be influenced by nutrient uptake or through substances released by 

the pharynx. This finding raises an intriguing possibility that gut nutrients may impact neuronal 

injury response, a theme that shares similarities to emerging findings on the gut-brain axis in other 

axon regeneration studies (Kigerl et al., 2020).  Additionally, despite jph-1(ok2823) animals 

resembling jph-1(0) in all gross phenotypes, our data suggest that the increased fusion in jph-

1(ok2823) is likely due to an altered activity associated with the truncated protein JPH-1(ok2823) 

that localizes to the nucleus. Interestingly, a study in mouse found that heart stress induces 

cleavage of JPH-2, with the N-terminal JPH-2 fragment translocating to the nucleus where it alters 

transcription (Guo et al., 2018). Therefore, it is conceivable that the mutant protein produced in 

jph-1(ok2823) alters neuronal transcription to enhance axon fusion after injury. 

Our finding that jph-1(0) mutants are resistant to the acetylcholinesterase inhibitor aldicarb 

suggests that jph-1 modulates neurotransmission at the neuromuscular junction. The fact that jph-

1(0) mutants showed a normal response to the acetylcholine receptor agonist levamisole suggests 

that jph-1 modulates neurotransmission by functioning in neurons. In JPH-3/4 double knockout 

mice, paired-pulse stimulation of climbing fibres elicits normal depression in Purkinje cells, but 

paired-pulse stimulation of parallel fibres elicits reduced facilitation in Purkinje cells, leading the 

authors of the study to conclude that JPH-3/4 may play a subtle role in mammalian synaptic 

transmission (Kakizawa et al., 2007). Our work suggests that jph-1 may have a role in synaptic 

transmission that has largely been overlooked in studies on neuronal junctophilins in mammals. In 
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hippocampal neurons, junctophilins couple PM-localized CaV1.3 VGCCs, ER-localized RyR2 

Ca2+-gated Ca2+ channels, and PM-localized KCa3.1 Ca2+-activated K+ channels (Sahu et al., 

2019). This coupling generates the slow afterhyperpolarization current, which regulates action 

potential frequency. Unlike mammalian neurons, which generate voltage-gated Na+ channel-

dependent action potentials, C. elegans neurons mostly rely on a calcium current for membrane 

depolarization (Goodman et al., 1998). Therefore, while junctophilins likely regulate calcium-

induced calcium release in both C. elegans and mammalian neurons, the physiological 

consequences of losing junctophilin depend on neuronal properties.  

Our data further uncovers intriguing genetic interactions between jph-1 and esyt-2 in 

synaptic transmission.  Extended-synaptotagmin was shown to have a presynaptic role in 

neurotransmission in Drosophila (Kikuma et al., 2017).  Consistently, we found that esyt-2 null 

mutants were aldicarb resistant. Strikingly, we found that jph-1(0); esyt-2(0) double mutants had 

a wild-type response to aldicarb. This mutual suppression suggests that when either jph-1 or esyt-

2 is mutated, neurotransmission is unbalanced; when the other is also mutated, the balance is 

restored. As we do not yet know whether jph-1 and esyt-2 function pre- or postsynaptically, the 

mechanism is unclear. However, as both proteins are ER-PM tethers, the mechanism likely 

involves ER calcium release. It would be of future interest to determine the exact nature of how 

jph-1 regulates neurotransmission. 

Finally, our genetic double mutant analysis sheds light on the importance of JPH-1 

mediated ER-PM calcium channel coupling. Many studies on junctophilins have focused on their 

roles in coupling the ER-localized RyR with PM-localized channels in muscles and neurons. In C. 

elegans, RyR is encoded by unc-68.  Early studies showed using both unc-68 promoter::GFP and 

anti-UNC-68 immunostaining that unc-68 is expressed in muscles and neurons, but absent in the 
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anterior pharynx (Maryon et al., 1998). unc-68 null mutants are aldicarb resistant, and 

electrophysiological studies have shown that unc-68 has a pre-synaptic role in synaptic 

transmission (Liu et al., 2005; Maryon et al., 1998). We observed jph-1 expression in the entire 

pharynx.  Close comparison of jph-1 and unc-68 null mutants showed that they have similar 

movement and growth phenotypes, but jph-1(0) exhibited more severe growth retardation. 

Moreover, jph-1(0); unc-68(0) double mutants exhibit more severe growth defects than unc-68 or 

jph-1 single mutants. This analysis suggests that JPH-1 has additional RyR-independent roles. 

Possibilities include the generation of ER-PM contact sites, regulation of store-operated calcium 

entry (Hirata et al., 2006; Li et al., 2010), and coupling other ER components to the PM. Previous 

studies have shown that junctophilins are required for the co-localization of ER- and PM-localized 

calcium channels in isolated mouse cardiomyocytes, mouse skeletal muscle, and cultured 

hippocampal neurons (Nakada et al., 2018; Sahu et al., 2019; Van Oort et al., 2011).  In rat 

cardiomyocytes, RyR localizes to muscle triads before JPH-2 arrives (Ziman et al., 2010), 

suggesting that the targeting of junctophilins by RyR may be conserved. Junctophilins and RyRs 

have been shown to directly interact (Beavers et al., 2013; Golini et al., 2011; Nakada et al., 2018; 

Phimister et al., 2007; Van Oort et al., 2011; Woo et al., 2008). We found that JPH-1 localization 

depends on unc-68/RyR.  It is possible that junctophilin targeting may involve directly binding to 

RyR already localized at MCSs.  

In conclusion, our study shows that C. elegans jph-1, similar to vertebrate homologs, has 

broad functions in excitable cells. Our data uncover new roles of junctophilins in synaptic 

transmission and axon regeneration, and the requirement for RyR in junctophilin localization. The 

conservation in function between mammalian and C. elegans junctophilins presents the 

opportunity for C. elegans to be used for further investigations of junctophilins. 
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Figures 

 

 

 

Figure 5. jph-1 expresses two isoforms that differ at their C-termini and is required for 

animal development 

A) Illustration of jph-1 spliced isoforms and deletion alleles. Exons are dark grey boxes, introns 

are black lines, and UTRs are light grey boxes. ok2823 is a 637 bp deletion, ju1683 is a 3891 bp 

deletion, and ju1684 is a 3858 bp deletion with a 13 bp insertion. 

B) Illustration of C. elegans JPH-1 proteins predicted from isolated cDNA sequences in 

comparison to human JPH proteins.  Dark grey boxes indicate membrane occupation and 

recognition nexus (MORN) repeats and white boxes indicate transmembrane domains.  The striped 

box at the C-terminus of JPH-1B indicates the 35 amino residues predicted from the cDNA.  These 

35 amino acids are not predicted to form a transmembrane region or low-complexity domain using 

Pfam (El-Gebali et al., 2019), the TMHMM Server v 2.0 

(http://www.cbs.dtu.dk/services/TMHMM/), or SMART (Letunic and Bork, 2018). A BLASTp 

search of these 35 amino acids against all published Caenorhabditis genomes (Caenorhabditis.org) 

also revealed no significant hits with a low e-value threshold of 1.0. 

Gene accession numbers are: JPH-1A (NP_492193.2), Human JPH1 (NP_001304759.1), JPH2 

(NP_065166.2), JPH3 (NP_065706.2), and JPH4 (NP_001139500.1). Pairwise sequence 

alignments were performed between C. elegans JPH-1A and human JPH1, JPH2, JPH3, and JPH4 

using MUSCLE (Madeira et al., 2019) and the Percent Identity Matrix was viewed to find percent 

identity. To determine conservation between MORN repeats, we concatenated all eight 14 amino 

acid MORN repeats into one sequence for each protein and then performed pairwise sequence 

alignments using MUSCLE. Sequence identity ranges from 69% to 77% when comparing only 

MORN sequences in C. elegans JPH-1A and human JPH1 through 4.  

C) Bright field images of L4 stage animals of genotypes indicated.  Compared to wild type animals 

jph-1(ju1683) animals are small, thin, and pale, all of which was rescued by transgenic expression 

of a fosmid containing genomic jph-1 (juEx3390), JPH-1A expressed under the jph-1 promoter 

[Pjph-1-GFP::JPH-1A(juSi387)], or JPH-1A expressed in the pharyngeal muscle [Pmyo-2-

GFP::JPH-1A(juEx8041)]. Scale bar 100 µm. 
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Figure 6. Comparison of genomic sequences concerning the intron retained in JPH-1B. 

A) Top: Exon-intron diagrams for C. elegans jph-1 isoform A and B. 

Bottom: We performed a BLASTn search of C. elegans jph-1 against 26 Caenorhabditis genomes 

published on Caenorhabditis.org. Aligned sequences are thick black lines and unaligned sequences 

are thin black lines. Darker lines indicate stronger hits. Boundaries between aligned and unaligned 

regions often match up with exon-intron boundaries. 10 Caenorhabditis sequences align with the 

intron retained in JPH-1B. 

B) We translated the introns of these 10 species in the same reading frame as C. elegans jph-1 and 

aligned the amino acid sequences using MUSCLE (Madeira et al., 2019). The sequences vary in 

length because most encounter stop codons, except for sister species C. sp32 and C. afra, which 

have no stop codons in the intron and are in frame with the following exon. Beyond the first three 

amino acids there is little amino acid conservation between sequences. 
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Figure 7. Expression pattern of a jph-1 transcriptional reporter and a JPH-1B translational 

fusion reporter. 

A) jph-1 is expressed in neurons and most muscles. Top: Illustration of jph-1 promoter::GFP 

expression construct [Pjph-1-GFP(juEx8013 and juEx8014)]. Bottom: GFP expression was seen 

in head ganglia neurons and pharyngeal, body wall, vulval, uterine, stomatointestinal, anal 

sphincter, and anal depressor muscles. The large fluorescent circle marked by an asterisk is a 

coelomocyte labeled by the coinjection marker [Punc-122-RFP]. 

B) jph-1 localization in an L1 stage animal. Top: Illustration of expression construct [Pjph-1-

GFP::JPH-1A(juSi387)]. Bottom: Confocal images of an L1 stage animal. A plane near the surface 

of the animal shows expression in the body wall muscle, while a plane taken through the middle 

of the animal shows expression in the pharyngeal muscle and head ganglia neurons. 

C) JPH-1B has a diffuse localization. Top: Illustration of construct expressing jph-1b cDNA under 

the jph-1 promoter [Pjph-1-GPF::JPH-1B(juEx8038)]. Bottom: Confocal projection of an L4 stage 

animal head shows a diffuse localization in neurons and muscles. 

Scale bars 20 µm. 
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Figure 8. JPH-1A co-localizes with calcium channels UNC-68 and EGL-19 in muscles and 

MCS protein ESYT-2 in neurons.  

A-D: Confocal images of GFP::JPH-1A expressed under the jph-1 promoter as a single copy 

insertion [Pjph-1-GFP::JPH-1A(juSi387)] in L4 stage animals. 

A) Maximum intensity projection of the head showing GFP::JPH-1A expression in body wall 

muscle, pharynx muscle, and neurons. Arrow indicates nerve ring. 

B) Single plane image of body wall muscle. JPH-1A localizes to rows of dots that run parallel to 

muscle striations. 

C) Single plane image of head ganglia neurons. JPH-1A in neuronal cell bodies is excluded from 

the nucleus and is concentrated in puncta. Arrowheads indicate some of the neurons expressing 

GFP::JPH-1A. 

D) Single plane image of tail ganglia. Arrowheads indicate neurons expressing GFP::JPH-1A. 

Arrow indicates PLM cell body. Asterisks mark body wall muscle. 

E) Maximum intensity projection of GFP::JPH-1A [Pjph-1-GFP::JPH-1A(juEx7999)] in the 

ventral nerve cord in an L4 stage jph-1(ju1683) animal. Arrowheads indicate neuronal cell bodies. 

Fluorescent blobs outside the cells are autofluorescent particles in the gut. 

F-H: JPH-1A co-localizes with UNC-68 in body wall muscle. Single plane confocal images of an 

L4 stage animal with split-GFP knock-in unc-68 (nu664) expressing muscle GFP1-10 [Pmyo-3-

GFP1-10(nuSi144)] and mKate2::JPH-1A expressed under the jph-1 promoter [Pjph-1-

mKate2::JPH-1A(juEx8103)]. 

I-K: JPH-1A co-localizes with EGL-19. Single plane confocal images of an L4 stage animal with 

split-GFP knock-in egl-19 (nu674) expressing muscle GFP1-10 [Pmyo-3-GFP1-10(nuSi144)] and 

mKate2::JPH-1A expressed under the jph-1 promoter [Pjph-1-mKate2::JPH-1A(juEx8103)]. 

L-N: JPH-1A localizes to ER-PM contact sites labeled by ESYT-2 in the cell body. Single plane 

confocal images of an L4 animal expressing mKate2-tagged ESYT-2 under the mec-4 touch 

neuron specific promoter [Pmec-4-mKate2::ESYT-2(juIs540)] and GFP::JPH-1A under the jph-1 

promoter [Pjph-1-GFP::JPH-1A(juSi387)]. PLM cell body outlined by dashed line. 

O) Close-up of panel N showing partial colocalization of JPH-1A and ESYT-2 in the PLM cell 

body. 

P) Close up of the box in Panel N shows that both ESYT-2 and JPH-1A are in the PLM axon. 

In all images, anterior is to the left, dorsal is up. Scale bars, 5 µm. 
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Figure 9. jph-1 is required in the pharyngeal muscle for normal rate and strength of pumping. 

A) jph-1 is required for normal pharyngeal pumping rate. jph-1(ju1683) mutants had reduced 

pumping rate, which was rescued by expression of JPH-1A by the jph-1 promoter [Pjph-1-

GFP::JPH-1A(juSi387)] but not by expression in the pharyngeal muscle [Pmyo-2-GFP::JPH-

1A(juEx8041)]. eat-4(ky5) loss-of-function mutants had reduced pumping rate, as previously 

reported (Lee et al., 1999). Number of animals per genotype indicated above X-axis tick marks. 

Data are shown as individual data points and mean±SEM. Statistics: Non-parametric Kruskal-

Wallis test with Dunn’s multiple comparison test. ns not significant, *p<0.05, **p<0.01. 

B) Pumping strength was determined by the distance moved by the grinder. The image on the left 

shows the head of the animal just before the pump is initiated, with the grinder position indicated 

by the arrow. The image on the right shows the animal mid-pump when the grinder has moved to 

its fullest extent. The distance moved by the grinder between the two images was normalized to 

the total length of the pharynx to quantify pumping strength. Scale bar, 25 µm.  

C) Quantification of pharyngeal pumping strength. jph-1(ju1683) mutants had substantially 

reduced grinder movement, which was rescued by expression of JPH-1A by the jph-1 promoter 

[Pjph-1-GFP::JPH-1A(juSi387)] or in the pharyngeal muscle [Pmyo-2-GFP::JPH-1A(juEx8041)]. 

Number of animals per genotype indicated below X-axis tick marks. Data are shown as individual 

data points and mean±SEM. Statistics: One-way ANOVA with Tukey’s post-test. ns not 

significant, ***p<0.001. 
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Figure 10. jph-1 is required in the body wall muscle for locomotion. 

A) L4 stage wild type animals exhibit smooth sinusoidal movement and posture while jph-

1(ju1683) animals assume unusually straight body positions (shown here) and unusually tight 

sinusoidal or curled positions. Scale bar, 100 µm. 

B) jph-1(ju1683) null mutants thrash less frequently than wild-type N2 animals. Thrashing rate 

was rescued by expression of a fosmid containing jph-1 (juEx3390) and partially rescued by 

expression of JPH-1A by the jph-1 promoter [Pjph-1-GFP::JPH-1A(juSi387)]. Expression of JPH-

1A in body wall muscle [Pmyo-3-GFP::JPH-1A(juEx8023)] rescued thrashing rate, but expression 

in neurons [Prab-3-GFP::JPH-1A(juSi389)] did not. Expression of JPH-1A in the pharyngeal 

muscle [Pmyo-2-GFP::JPH-1A(juEx8041)] slightly decreased thrashing rate. Number of animals 

per genotype indicated below X-axis tick marks. Data are shown as individual data points and 

mean±SEM. Statistics: One-way ANOVA with Tukey’s post-test. ns not significant, ***p<0.001. 
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Figure 11. jph-1(0) mutants do not alter touch neuron morphology or enhance axon fusion 

after injury. 

A) Touch neuron morphology is normal in jph-1(ju1683) animals. Representative images of wild-

type and jph-1(ju1683) day-1 adult animals expressing the touch neuron marker Pmec-7-

GFP(muIs32). Labels indicate ALM, PLM, AVM, and PVM neuron cell bodies. The bright spot 

below the jph-1(ju1683) ALM cell body is likely fluorescence from the ALM on the opposite side 

of the body. Scale bar, 100 µm. 

B) Distance regrown by PLM axon 24h post-injury. Control animals expressed GFP Degron in the 

touch neurons. jph-1(ju1683) animals expressing GFP-tagged JPH-1A under the jph-1 promoter 

[Pjph-1-GFP::JPH-1A(juSi387)] also expressed GFP Degron in the touch neurons, predicted to 

degrade GFP::JPH-1 specifically in touch neurons. There was no statistically significant difference 

between groups. Number of animals per genotype indicated below X-axis tick marks. Data are 

shown as individual data points and mean±SEM. Statistics: Student’s t-test. ns not significant. 

C) Percentage of animals with axon-axon fusion 24h post-injury. jph-1(ok2823) mutants had 

increased axon fusion while null mutants ju1683 and ju1684 exhibited wild-type levels of axon 

fusion. Number of animals per genotype indicated below X-axis tick marks. Statistics: Fisher’s 

exact test performed pairwise. ns not significant, **p<0.01. 

D) JPH-1(ok2823) localizes to the nucleus. Top: Illustration of construct expressing jph-1(ok2823) 

cDNA from original start to stop codon under the jph-1 promoter [Pjph-1-GFP::JPH-

1(ok2823)(juEx8035)]. A premature stop codon in the middle of JPH-1(ok2823) truncates the C-

terminal two-thirds of the protein. Bottom: Confocal projection of L4-stage animal tail with arrows 

indicating neuronal nuclei labeled by JPH-1(ok2823). Scale bar, 20 µm. 
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Figure 12. jph-1 promotes touch neuron PLM axon regeneration cell non-autonomously. 

A) Representative confocal images of PLM axon regrowth 24 h post-axotomy in animals 

expressing the touch neuron marker Pmec-7-GFP(muIs32). Genotype in the bottom image is jph-

1(ju1683); Pjph-1-GFP::JPH-1A(juSi387). Anterior is to the left, dorsal is up. Arrows indicate the 

site of axon injury. Scale bar, 20 m. 

B) jph-1 is required in the pharyngeal muscle for touch neuron axon regeneration. Distance 

regrown by PLM axon 24 h post-injury, normalized to wild-type regrowth. jph-1(ok2823) axon 

regrowth was not significantly different from wild type [Pmec-7-GFP(muIs32)]. jph-1(ju1683) 

animals had significantly reduced regrowth. Expression of JPH-1A by the jph-1 promoter [Pjph-

1-GFP::JPH-1A(juSi387)] or in the pharyngeal muscle [Pmyo-2-GFP::JPH-1A(juEx8041)] 

rescued the reduced regrowth of jph-1(ju1683) mutants. Expression of JPH-1A in the touch 

receptor neurons [Pmec-4-GFP::JPH-1A(juSi388)] did not rescue axon regeneration. Number of 

animals per genotype indicated below X-axis tick marks. Data are shown as individual data points 

and mean±SEM. Statistics: Non-parametric Kruskal-Wallis test with Dunn’s multiple comparison 

test. ns not significant, ***p<0.001. 
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Figure 13. jph-1 is expressed in cholinergic motor neurons and touch receptor neurons. 

A) jph-1 is expressed in cholinergic neurons. Single plane confocal image of ventral nerve cord of 

L4 animal expressing mCherry in cholinergic neurons [Punc-17-mCherry(nuIs321)] and JPH-1A 

under the jph-1 promoter [Pjph-1-GFP::JPH-1A(juEx7999)]. Red arrows indicate cholinergic 

neuron cell bodies. Green arrowheads indicate JPH-1A puncta in cholinergic neurons. Scale bar, 

10 µm. 

B) JPH-1A is present where the PLM touch receptor neuron synapses onto the ventral nerve cord. 

Confocal projection of JPH-1A expressed in touch neurons [Pmec-4-GFP::JPH-1A(juSi388)]. 

Scale bar, 10 µm. 
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Figure 14. Additional data on pharmacological responses of jph-1(0) and jph-1(0); esyt-2(0) 

A) jph-1 null mutants ju1683 and ju1684 have the same response to levamisole as wild type 

animals. 

B)jph-1 null mutants ju1683 and ju1684 are both aldicarb resistant. Statistical significance shown 

between jph1-(ju1684) and wild type. 

C) jph-1(ju1684);esyt-2(ju1408) double mutants exhibit a wild-type response to aldicarb. 

Statistical significance shown between jph-1(ju1684) and jph-1;esyt-2. 

D) esyt-2(ju1409) animals are levamisole resistant compared to wild-type animals. Statistical 

significance shown between esyt-2(ju1409) and wild type. 

13-15 animals tested per genotype per trial, n=3 trials. Data are shown as individual data points 

and mean±SEM. Statistics: One-way ANOVA with Tukey’s post-test. ns not significant, *p<0.05, 

**p<0.01, ***p<0.001. 
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Figure 15. jph-1 and esyt-2 null mutants are aldicarb resistant and exhibit mutual 

suppression. 

A) jph-1(ju1683) animals are resistant to aldicarb compared to wild-type animals. Aldicarb 

resistance was rescued by expression of a fosmid containing jph-1 genomic DNA (juEx3390). 

Statistical significance shown between jph-1(ju1683) and jph-1;Ex[jph-1(+) fosmid]. 

B) esyt-2(ju1409) animals are resistant to aldicarb compared to wild-type animals. Aldicarb 

resistance was rescued by expression of esyt-2 genomic DNA (juEx7581). Statistical significance 

shown between esyt-2(ju1409) and esyt-2;Ex[esyt-2 gDNA]. 

C) jph-1(ju1683);esyt-2(ju1409) double mutants exhibit a wild-type response to aldicarb. 

Statistical significance shown between jph-1(ju1683) and jph-1;esyt-2. 

D) Expression of esyt-2 genomic DNA (juEx7581) restores aldicarb resistance to jph-1(ju1683); 

esyt-2(ju1409) double mutants. Statistical significance shown between jph-1;esyt-2 and jph-1;esyt-

2;Ex[esyt-2 gDNA]. 

13-15 animals tested per genotype per trial, n=3 trials. Data are shown as individual data points 

and mean±SEM. Statistics: One-way ANOVA with Tukey’s post-test. ns not significant, *p<0.05, 

**p<0.01, ***p<0.001. 
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Figure 16. unc-68 is required for JPH-1A localization. 

Shown are single-plane confocal images of GFP::JPH-1A expressed under the jph-1 promoter 

[Pjph-1-GFP::JPH-1A(juEx7999)] in wild-type (WT), unc-2(e55), and unc-68(e540) backgrounds. 

A) In the body wall muscle, JPH-1A localizes to row of puncta in WT and unc-2(e55) animals, 

while in unc-68(e540) animals JPH-1A puncta are less distinct. 

B) In neurons of the head ganglia, JPH-1A localizes to reticulate structures surrounding the nucleus 

and forms puncta in the cell periphery of WT and unc-2(e55) animals, but not unc-68(e540) 

mutants. Arrows mark some of the GFP::JPH-1A puncta. 

WT and unc-2(e55) images were taken at 2% laser power and unc-68(e55) was taken at 4.5% laser 

power to compensate for the slight variation in expression level. Scale bar, 5 µm. 
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Figure 17. JPH-1A localization is unaltered in esyt-2(0) 

Shown are single-plane confocal images of GFP::JPH-1A expressed under the jph-1 promoter 

[Pjph-1-GFP::JPH-1A(juSi387)] in wild-type and esyt-2(ju1409) backgrounds. 

A) In the body wall muscle, JPH-1A localizes to rows of puncta in wild type and esyt-2(ju1409) 

animals. 

B) In neurons of the head ganglia, JPH-1A localizes to reticulate structures surrounding the nucleus 

and forms puncta in the cell periphery of wild type and esyt-2(ju1409) animals. Arrows mark some 

of the GFP::JPH-1A puncta. 

Scale bar, 5 µm. 
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Tables 

Table 1. Strains and genotypes 

 

Strain Genotype 

N2 wild type 

CZ27358 jph-1(ju1683) I 

CZ27360 jph-1(ju1684) I 

CZ28073 jph-1(ju1683) I; juEx3390[jph-1 fosmid WRM0622aB02] 

CZ28260 jph-1(ju1683) I; juEx3392[jph-1 fosmid WRM0623aF07] 

CZ27162 juEx8014[Pjph-1-GFP] 

CZ27161 juEx8013[Pjph-1-GFP] 

CZ28024 jph-1(ju1683) I; juEx7999[Pjph-1-GFP::JPH-1A] 

CZ27777 jph-1(ju1683) I; juSi387[Pjph-1-GFP::JPH-1A] IV 

CZ27603 jph-1(ju1683) I; juEx8037[Pjph-1-GFP::JPH-1B] 

CZ27606 jph-1(ju1683) I; juEx8038[Pjph-1-GFP::JPH-1B] 

CZ27364 juSi387[Pjph-1-GFP::JPH-1A] IV 

CZ28264 nuTi144 [Pmyo-3 GFP 1-10 G418] I; unc-68(nu664) V; juEx8103[Pjph-1-

mKate2::JPH-1A] 

CZ28263 nuTi144 [Pmyo-3 GFP 1-10 G418] I; egl-19(nu674) IV; juEx8103[Pjph-1-

mKate2::JPH-1A] 

CZ27404 juSi387[Pjph-1-GFP::JPH-1A] IV; juIs540[Pmec-4-mKate2::ESYT-2] X 

CZ27569 juEx8038[Pjph-1-GFP::JPH-1B] 

CZ24806 eat-4(ky5) 

CZ27782 jph-1(ju1683) I; juEx8041[Pmyo-2-GFP::JPH-1A] 

CZ28120 jph-1(ju1683) I; juEx8022[Pmyo-3-GFP::JPH-1A] 

CZ28121 jph-1(ju1683) I; juEx8023[Pmyo-3-GFP::JPH-1A] 

CZ28051 jph-1(ju1683) I; juSi389(Prab-3-GFP::JPH-1A] IV 

CZ13170 jph-1(ok2823) I 

CZ13990 jph-1(ok2823) I; juEx3390[jph-1 fosmid WRM0622aB02] 

CZ27483 jph-1(ok2823) I; juEx3392[jph-1 fosmid WRM0623aF07] 

CZ10969 muIs32(Pmec-7-GFP) II 

CZ26391 jph-1(ok2823) I; muIs32[Pmec-7-GFP] II 

CZ27359 jph-1(ju1683) I; muIs32[Pmec-7-GFP] II 

CZ27778 jph-1(ju1683) I; muIs32[Pmec-7-GFP] II; juSi387[Pjph-1-GFP::JPH-1A]IV 

CZ27783 jph-1(ju1683) I; muIs32[Pmec-7-GFP] II; juEx8041[Pmyo-2-GFP::JPH-1A] 

CZ27910 jph-1(ju1683) I; muIs32[Pmec-7-GFP] II; juSi388[Pmec-4-GFP::JPH-1A]IV 

OD2984 ltSi953[Pmec-18-Degron-SL2-mKate2; cb-unc-119(+)]II; unc-119(ed3)III 

CZ27842 jph-1(ju1683) I; ltSi953[Pmec-18-Degron-SL2-mKate2; cb-unc-119(+)] II; 

juSi387[Pjph-1-GFP::JPH-1A] IV; unc-119(ed3)?III 

CZ27361 jph-1(ju1684) I; muIs32[Pmec-7-GFP] II 

CZ27536 juEx8035[Pjph-1-GFP::JPH-1(ok2823)] 
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Table 1. Strains and genotypes, Continued 

 

Strain Genotype 

CZ28262 nuIs321[Punc-17-mCherry]; juEx7999[Pjph-1-GFP::JPH-1A] 

CZ27875 juSi388[Pmec-4-GFP::JPH-1A] IV 

CZ26322 esyt-2(ju1409) III 

CZ28238 esyt-2(ju1409) III;juEx7581 [esyt-2 gDNA] 

CZ28070 jph-1(ju1683) I; esyt-2(ju1409) III 

CZ26389 esyt-2(ju1408) III 

CZ28241 jph-1(ju1684) I; esyt-2(ju1408) III 

CZ28282 jph-1(ju1683) I; esyt-2(ju1409) III; juEx7581 [esyt-2 gDNA] 

CB540 unc-68(e540) V 

CZ28026 jph-1(ju1683) I; unc-68(e540)V; juEx7999[Pjph-1-GFP::JPH-1A] 

CZ26691 egl-19(ad1006lf) IV 

DA695 egl-19(ad695gf) IV 

CZ27905 jph-1(ju1683) I; egl-19(ad695gf) IV 

CB55 unc-2(e55) X 

CZ28054 jph-1(ju1683) I; unc-2(e55) X; juEx7999[Pjph-1-GFP::JPH-1A] 

QW47 unc-2(zf35gf) X 

CZ27903 jph-1(ju1683) I; unc-2(zf35gf) X 

CZ28025 unc-68(e540) V; juEx7999[Pjph-1-GFP::JPH-1A] 

CZ28053 unc-2(e55) X; juEx7999[Pjph-1-GFP::JPH-1A] 

CZ28055 esyt-2(ju1409) III; juSi387[Pjph-1-GFP::JPH-1A] IV 
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Table 2. Plasmids 

 

Plasmid name Description 

pCZGY3516 Pjph-1-GFP::JPH-1A 

pCZGY3519 Pjph-1-GFP::JPH-1A with homology arms for CRISPR/Cas9 knock-in 

pCZGY3525 Pjph-1-GFP::JPH-1B 

pCZGY3344 Pmec-4-mKate2::ESYT-2 

pCZGY3518 Pjph-1-GFP 

pCZGY3523 Pmyo-2-GFP::JPH-1A 

pCZGY3522 Prab-3-GFP::JPH-1A with homology arms for CRISPR/Cas9 knock-in 

pCZGY3535 Pmyo-3-GFP::JPH-1A 

pCZGY3520 Pmec-4-GFP::JPH-1A with homology arms for CRISPR/Cas9 knock-in 

pCZGY2750 Peft-3:Cas9 + cxTi10882 sgRNA 

pCFJ90 Pmyo-2-mCherry 

pCFJ104 Pmyo-3-mCherry 

pCZGY3529 Pjph-1-GFP::JPH-1(ok2823) 

WRM0622aB02 Fosmid containing jph-1 

WRM0623aF07 Fosmid containing jph-1 

pKP3315 Pmyo-3 split GFP 1-10 miniMOS G418 

pKP3318 egl-19 exon 1 gRNA  5'-TTACCTGACATGATGGACAC-3' 

pKP3319 egl-19 exon 1 x7 GFP FP11 with with homology arms for CRISPR/Cas9 

knock-in 

pKP3320 unc-68A exon 31 gRNA  5'-GATGCTGCAGCCACGGGCGG-3' 

pKP3321 unc-68A exon 31 x7 GFP FP11 with 1kb with homology arms for 

CRISPR/Cas9 knock-in 

pGW28 unc-58 gRNA  co-CRISPR 5'-ATCCACGCACATGGTCACTA-3' 

pDD162 Peft-3-CAS9 (Goldstein Lab) 
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Table 3. Transgenes 

 
Transgene name Injected DNA Injected 

conc. 

(ng/µL) 

Coinjection 

marker and 

conc. 

Source 

juEx3390[jph-1 fosmid WRM0622aB02] fosmid 

WRM0622aB02 

10 Pttx-3-RFP 

(30 ng/µL) 

This 

manuscript 

juEx3392[jph-1 fosmid WRM0623aF07] fosmid 

WRM0623aF07 

10 Pttx-3-RFP 

(30 ng/µL) 

This 

manuscript 

juEx8014[Pjph-1-GFP] pCZGY3518 2.5 Punc-122-RFP 

(50 ng/µL) 

This 

manuscript 

juEx8013[Pjph-1-GFP] pCZGY3518 2.5 Punc-122-RFP 

(50 ng/µL) 

This 

manuscript 

juEx7999[Pjph-1-GFP::JPH-1A] pCZGY3516 2.5 Punc-122-RFP 

(50 ng/µL) 

This 

manuscript 

juSi387[Pjph-1-GFP::JPH-1A] pCZGY3519 2.5 
 

This 

manuscript 

juEx8037[Pjph-1-GFP::JPH-1B] pCZGY3525 2.5 Punc-122-RFP 

(50 ng/µL) 

This 

manuscript 

juEx8038[Pjph-1-GFP::JPH-1B] pCZGY3525 2.5 Punc-122-RFP 

(50 ng/µL) 

This 

manuscript 

juIs540[Pmec-4-mKate2::ESYT-2] 
   

Kim et al., 

2018 

juEx8041[Pmyo-2-GFP::JPH-1A] pCZGY3523 0.125 Punc-122-RFP 

(50 ng/µL) 

This 

manuscript 

juEx8022[Pmyo-3-GFP::JPH-1A] pCZGY3535 2.5 Punc-122-RFP 

(50 ng/µL) 

This 

manuscript 

juEx8023[Pmyo-3-GFP::JPH-1A] pCZGY3535 2.5 Punc-122-RFP 

(50 ng/µL) 

This 

manuscript 

juSi389(Prab-3-GFP::JPH-1A] pCZGY3522 10 
 

This 

manuscript 

juSi388[Pmec-4-GFP::JPH-1A] pCZGY3520 2.5 
 

This 

manuscript 

ltSi953[pOD2087/pSW408] 
   

Wang et 

al., 2017 

juEx8035[Pjph-1-GFP::JPH-

1(ok2823)] 

pCZGY3529 2.5 Punc-122-RFP 

(50 ng/µL) 

This 

manuscript 

nuTi144 pKP3315 10 
 

This 

manuscript 
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Table 4. Cloning primers 

 

Cloning primers  

Name Sequence Purpose 

YJ12558 gacgtaggtgtgtcagcag 5' flanking primer to amplify jph-1 cDNA  

YJ12559 cctgaggagaagtgtgtctg 3' flanking primer to amplify jph-1 cDNA  

YJ12560 atgaatggaggcagatttgac Forward primer to amplify jph-1 from 

start codon 

YJ12561 ctacgaagaagacttcttcttcttc Reverse primer to amplify jph-1 isoform 

A to stop codon 

YJ12562 ctaatatgtgagggtgtgtaccg Reverse primer to amplify jph-1 isoform 

B to stop codon 

YJ12563 tgttctgccattaccagcccg Forward primer to amplify 4.5 kb jph-1 

promoter 

YJ12564 ttcccatttgccgtactgctg Reverse primer to amplify 4.5 kb jph-1 

promoter 

AF-JA-

76 

attttgtggtataaaatagccgagttaggaaacaaattt

ttctttcaggtttctcagtagtgaccatgtgcgtggatc

ttgcgtccacacatctcaaggcgtactt 

unc-58(gf) coCRISPR repair oligo 
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Table 5. Genotyping primers 

 

Genotyping primer sets 

Name Sequence Purpose Product size 

YJ12565 

YJ12566 

YJ12567 

gacgacggcggaacctatg 

tcaggtacgttctagtcggt 

gtcttgctggtcaacgtcgt 

Genotype jph-1(ju1683) 

and jph-1(ju1684) 

WT 154 bp, 

ju1683 250 bp, 

ju1683 294 bp, 

cDNA no 

product 

YJ10503 

YJ10504 

YJ10686 

ggaacaaaggagttcagatcctgtg 

ggaagacccttagttccaaacaagtg 

tttttcagaaatatatgccgaggatgttc 

Genotype all single copy 

insertion (juSi) lines 

WT 562 bp, 

juSi 744 bp 

YJ12568 

YJ12569 

YJ12570 

gtctacgatcaagtggttca 

gaacaatagacaccgatgga 

atcaacctggcacgataatt  

Genotype jph-1(ok2823) WT 273 bp, 

ok2823 390 

bp, cDNA 870 

bp 

YJ12571 

YJ12572 

ggattccacgaactgttgatg 

cttttcagcagcattcacc 

Amplify area flanking 

unc-68(e540) for 

sequencing 

453 bp 

YJ12573 

YJ12574 

gtacttcgaactgatgcaatgtc 

gtgaaatcatcgcatctccg 

Amplify area flanking 

egl-19(ad695gf) for 

sequencing 

370 bp 

YJ12575 

YJ12576 

gaatgatccaccacgggttg 

catcagaatgagcgtgttgcag 

Amplify area flanking 

unc-2(zf35gf) for 

sequencing 

478 bp 

YJ12052 

YJ12577 

YJ12578 

taaagtaacagccgcgccaa 

aatatgtgctagcaagtattttga 

ctttgccactgtgtccattg 

Genotype esyt-2(ju1408) 

and esyt-2(ju1409) 

WT 324 bp, 

ju1408 733 bp, 

ju1409 733 bp 

YJ12582 

YJ12583 

cgcggccccagtcgccacatggtgtgacg 

gggtacggtattgcgaaagctggc 

Genotype nuTi144 WT 612 bp, 

nuSi144 no 

product 

YJ12582 

YJ12584 

cgcggccccagtcgccacatggtgtgacg 

agctagcgacggcaaatact  

Genotype nuTi144 WT no 

product, 

nuSi144 500bp  

YJ12585 

YJ12586 

gatctactgtctttgtgctaaagctgtctgg 

ccaaagtaaaggacctaacccgtcaaaatatcc 

Genotype egl-19(nu674) WT 2297 bp, 

nu674 2723 bp 

YJ12585 

YJ12587 

gatctactgtctttgtgctaaagctgtctgg 

cgtactcgtgaagaaccatgtgatcacg 

Genotype egl-19(nu674) WT no 

product, nu674 

1185 bp 

YJ12588 

YJ12589 

cgtgaagagctgaactatgtg 

cccaactggtagtaatctcttc 

Genotype unc-68(nu664) WT 549 bp, 

nu664 975 bp 
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Table 6. CRISPR crRNA sequences 

 

crRNAs 

Name Sequence Purpose 

YJ12590 5'-rCrCrGrUrCrCrGrGrUrArArCrArCrCrUrArUrCrA-3' Target jph-1 exon 1 

YJ12591 5’-rArCrGrArCrGrUrUrGrArCrCrArGrCrArArGrArC-3’  Target jph-1 exon 9 
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Table 7. Summary of growth phenotypes of jph-1 mutants and relevant transgenic animals. 
1 a fosmid containing the entire genomic locus of jph-1 [WRM0622aB02(juEx3390) or 

WRM0623aF07(juEx3392)]  
2 transgenic expression of JPH-1A under its own promoter [Pjph-1-GFP::JPH-1A(juSi387 or 

juEx7999)], in pharyngeal muscle [Pmyo-2-GFP::JPH-1A(juEx8041)], in body wall muscle 

[Pmyo-3-GFP::JPH-1A(juEx8022 or juEx8023)], in neurons [Prab-3-GFP::JPH-1A(juSi389)] 
3JPH-1B [Pjph-1-GFP::JPH-1B(juEx8037 or juEx8038)]. 

 

Genotype Transgene 
Days to L4 

(20°C) 
Body size at L4 

wild type none 2 Normal 

jph-1(ju1683) none 3 to 4 Small 

jph-1(ju1683) Fosmid with genomic jph-11 2 Normal 

jph-1(ju1683) JPH-1A2 2 Normal 

jph-1(ju1683) JPH-1B3 3 to 5 Small 

eat-4(ky5) None 2 Normal 

jph-1(ju1683) JPH-1A in pharyngeal muscle2 2 Normal 

jph-1(ju1683) JPH-1A in body wall muscle2 3 to 4 Small 

jph-1(ju1683) JPH-1A in neurons2 3 to 4 Small 

jph-1(ok2823) None 3 to 4 Small 

jph-1(ok2823) Fosmid with genomic jph-11 2 Normal 
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Table 8. Summary of growth rates and movement of double mutants of jph-1(0) with calcium 

channels and esyt-2 mutants. 

All alleles are null unless otherwise annotated as gain-of-function (gf) or partial loss-of-function 

(lf). 

 

Genotype Days to L4 (20°C) Movement 

jph-1(ju1683) 3 to 4 Partial flaccid paralysis 

unc-68(e540) 2 to 3 Partial flaccid paralysis 

egl-19(ad1006lf) 2 Partial flaccid paralysis 

egl-19(ad695gf) 2 Normal 

unc-2(e55) 2 Paralyzed 

unc-2(zf35gf) 2 Hyperactive 

esyt-2(ju1409) 2 Normal 

jph-1(ju1683); unc-68(e540) 4 to 6 Severe flaccid paralysis 

jph-1(ju1683); unc-68(e540); 

juEx7999 [Pjph-1-GFP::JPH-1A] 
3 to 4 Partial flaccid paralysis 

jph-1(ju1683); egl-19(ad1006lf) Lethal  

jph-1(ju1683); egl-19(ad695gf) 4 to 5 Partial flaccid paralysis 

jph-1(ju1683); unc-2(e55) 4 to 7 Paralyzed 

jph-1(ju1683); unc-2(zf35gf) 5 to 7 Partial flaccid paralysis 

jph-1(ju1683); esyt-2(ju1409) 3 to 5 Partial flaccid paralysis 
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As the catalogue of membrane contact sites (MCSs) grows and MCSs have been identified 

for all membrane-bound organelles, the field has begun to shift from identifying MCSs to 

determining their functions (Prinz et al., 2020). The work presented in this dissertation delves into 

the function of endoplasmic reticulum (ER) – plasma membrane (PM) contact sites issue by 

examining Caenorhabditis elegans mutants affecting conserved ER-PM contact site components. 

I show that individually, most ER-PM components are dispensable for axon regeneration after 

injury, suggesting redundancy among MCS proteins. I find that the C. elegans junctophilin jph-1 

functions in muscles and neurons and is required for a variety of roles, including feeding, 

locomotion, axon regeneration, and neurotransmission. In this chapter, I discuss my results and 

identify future directions that can expand on the data shown in this dissertation and build our 

understanding of the functions of ER-PM contact sites. 

 

Roles of ER-PM contact sites in axon regeneration 

Following the identification of ER-PM contacts in muscles by electron microscopy (Porter 

and Palade, 1957), neurons were the second tissue in which MCSs were identified (Rosenbluth, 

1962). In this study, electron microscopy revealed ER-PM contact sites in both peripheral and 

central nervous system neurons and near synapses. In recent years, it has been shown that neuron 

depolarization causes a reversible decrease in ER-PM contact area (Tao-Cheng, 2018). The 

voltage-gated potassium channel Kv2.1, which also acts as an ER-PM tether, couples PM-localized 

voltage-gated calcium channels and ER-localized ryanodine receptor (RyR) calcium channels in 

neurons (Vierra et al., 2019). Other ER-PM contact site proteins have been identified, including 

extended-synaptotagmins, which control lipid homeostasis by clearing diacylglycerol from  the 

PM (Saheki et al., 2016). However, much of the research of ER-PM contact sites has been 
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performed in cultured cell lines, and while many ER-PM contact site proteins are neuronally 

expressed, their functions have not been validated in neurons (Fowler et al., 2019). 

To address the functions of ER-PM contact sites in neurons, I examined neurons under the 

stress condition of axon injury. MCS proteins often act redundantly, and phenotypes are frequently 

not visible unless the cell or organism is subjected to stress (Manford et al., 2012). I performed 

axon injury experiments on C. elegans mutants of conserved ER-PM contact site components. This 

comprised of the C. elegans homologs of the ER-PM tethers extended-synaptotagmin, junctophilin, 

and anoctamin, and the lipid transfer protein family oxysterol binding protein (OSBP) – related 

proteins (ORPs) which localize to ER-PM contact sites. In addition to single mutants, I tested 

anoh-1;anoh-2 double mutants and obr-1;obr-2;obr-3;obr-4 quadruple mutants to mutate the 

entire anoctamin and ORP protein families in C. elegans. 

Apart from the ORP quadruple mutant and the junctophilin jph-1 mutant, I did not observe 

significant changes to axon regeneration. This suggests that ER-PM contact site proteins act 

redundantly, such that individual mutations are insufficient to cause observable changes in axon 

regeneration. Consistent with this, knocking out all three E-Syts in mice showed no observable 

changes to animal health or brain morphology (Sclip et al., 2016; Tremblay and Moss, 2016). An 

alternative explanation is that most ER-PM contact site proteins are not required for axon 

regeneration. In Chapter 3, I show that jph-1 is required in the pharyngeal muscle, but not neurons, 

for axon regeneration. This may be due to jph-1’s role in feeding, which could provide necessary 

nutrients for axon injury repair and regrowth. The inability of neuronal expression of jph-1 to 

rescue axon regeneration suggests that neuronal ER-PM contacts may not play an important role 

in axon regeneration. Answering this question will require the construction of additional 
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compound mutants to delete multiple ER-PM contact site proteins simultaneously and eliminate 

the possibility of compensation by redundant proteins. 

 

Tissue-specific roles of ER-PM contact site proteins junctophilin and extended-

synaptotagmin 

In Chapter 3, I address the tissue-specific roles of the C. elegans junctophilin jph-1. I 

generated jph-1(0) mutants, which are small, slow-growing, and uncoordinated. Using a 

transcriptional reporter, I show that jph-1 is expressed in neurons and muscles. I demonstrate that 

the small and slow-growing phenotypes are due to the absence of jph-1 from the pharyngeal muscle, 

where it is required for the muscle contraction that drives feeding. Reduced nutrient intake is likely 

the cause of the delayed development of jph-1(0) mutants, as similar effects are seen in starved 

animals (Avery, 1993; Avery and Horvitz, 1989). 

I show that the slow and uncoordinated locomotion phenotype is due to the absence of jph-

1 from the body wall muscle. In the body wall muscle, JPH-1 co-localizes with RyR/UNC-68 and 

the voltage-gated calcium channel Cav1/EGL-19. Animals with mutations in unc-68 or egl-19 

show partial flaccid paralysis, similar to jph-1(0) mutants (Lee et al., 1997; Maryon et al., 1996). 

JPH-1 is likely required to couple the entry of calcium through the PM-localized EGL-19 to the 

opening of the ER-localized UNC-68. However, it is not clear if JPH-1 is required for the 

generation of ER-PM contacts, the localization of EGL-19 and UNC-68 to ER-PM contacts, or 

both. The latter can be addressed by examining the localization of EGL-19 and UNC-68 reporters 

in jph-1(0) mutants. JPH-1 localization in unc-68(0) mutants is more diffuse, suggesting that these 

proteins may be required for each others’ localization. Addressing if JPH-1 generates ER-PM 

contacts in the body wall muscle will require the examination of ER-PM contacts in jph-1(0) 
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mutants. Electron microscopy is the gold standard for studying ER-PM contacts. However, 

methods to examine ER-PM contacts using fluorescence microscopy, which have recently been 

developed, may offer a more tractable alternative (Scorrano et al., 2019). 

Expression in pharyngeal and body wall muscles is sufficient to rescue the overt 

phenotypes of jph-1(0) mutants. However, jph-1 is also expressed in many neurons. To address 

the role of ER-PM contacts in neurons, I examined both jph-1 and the neuronally expressed ER-

PM contact protein extended-synaptotagmin, which is encoded by esyt-2. In Chapter 2, I show that 

esyt-2 is expressed in C. elegans neurons and localizes to ER-PM contact sites. In Chapter 3, I 

assess neurotransmission at the neuromuscular junction in jph-1 and esyt-2 mutants using 

pharmacological assays. Both jph-1(0) and esyt-2(0) are resistant to the drug aldicarb, suggesting 

that they have defects in neurotransmission. Unexpectedly, jph-1(0);esyt-2(0) double mutants have 

a wild-type response to aldicarb, suggesting that jph-1 and esyt-2 have antagonistic roles in 

neurotransmission. Dissecting this interaction will require determining whether jph-1 and esyt-2 

act pre- or post-synaptically in neurotransmission. jph-1(0) display a wild-type response to the 

drug levamisole, suggesting that they do not function downstream of the levamisole-sensitive 

acetylcholine receptors in the muscle. However, neuronal expression of jph-1 does not rescue 

aldicarb resistance in jph-1(0) mutants. A Pesyt-2-GFP transcriptional reporter is expressed 

exclusively in neurons, but esyt-2(0) mutants show slight levamisole resistance, which is an 

indicator of post-synaptic activity. Future experiments using tissue-specific jph-1 knockouts and 

tissue-specific esyt-2 rescue transgenes may show where jph-1 and esyt-2 act, starting the process 

of unravelling how these genes regulate neurotransmission. 

The work I present in my dissertation demonstrates that ER-PM contact site proteins play 

critical roles in diverse tissue types and support tissue-specific functions. In addition, I thoroughly 
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characterize the genes jph-1 and esyt-2 in C. elegans, laying the groundwork for their future study. 

Next steps include expanding on the mechanistic details about how ER-PM contact site proteins 

perform their tissue-specific functions. C. elegans is an excellent model to continue studying ER-

PM contact site proteins. By taking advantage of the ability to perform live-imaging in intact 

animals and the availability of genetic tools, C. elegans will likely play an important role in 

dissecting the functions of ER-PM contact site proteins. 
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