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Abstract  10 

Membrane trafficking, including endocytosis and exocytosis, is a complex process that is 11 

coordinated by trafficking-associated proteins, cargo molecules, the cytoskeleton, and 12 

membrane lipid composition. The NIMA-related kinases NEKL-2 (human NEK8/9) and NEKL-3 13 

(human NEK6/7) are conserved regulators of membrane trafficking in Caenorhabditis elegans 14 

and are required for successful molting. Through a genetic approach, we isolated reduction-of-15 

function mutations in piki-1 that suppress nekl-associated molting defects. piki-1 encodes the 16 

sole predicted C. elegans Class II phosphatidylinositol 3-kinase (PI3Ks), an understudied class of 17 

lipid modifiers that contribute to the production of phosphatidylinositol 3-phosphate (PI(3)P) 18 

and phosphatidylinositol 3,4-bisphosphate (PI(3,4)P2). Using a set of genetically encoded lipid 19 

sensors, we found that PIKI-1 was responsible for the production of PI(3,4)P2 in the C. elegans 20 

epidermis but played only a minor role in the control of PI(3)P levels. Consistent with this, both 21 

PI(3,4)P2 and PIKI-1 colocalized to early endosomes, and reduction of PIKI-1 function strongly 22 

affected early endosomal morphology and protein composition. Additionally, reduced PIKI-1 23 

function led to excess tubulation of endosomal compartments associated with recycling or the 24 

degradation of cellular debris. In contrast to previous studies using mammalian cell culture, 25 

PIKI-1 was largely dispensable for clathrin-mediated endocytosis in the context of the worm 26 

epidermis, which is a polarized epithelium. Notably, reduction of PIKI-1 function strongly 27 

mitigated defects in early endosomes associated with the depletion of NEKL-2. We propose that 28 

reduction of PIKI-1 function may suppress nekl molting defects by partially restoring endocytic 29 

trafficking within specific compartments, including the early endosome. We also show that 30 

inhibition of the PI(3,4)P₂-binding protein HIPR-1 (HIP1/HIPR1) suppresses nekl molting defects, 31 

suggesting that reduced PI(3,4)P₂ levels alter endosomal protein recruitment in a manner that 32 

antagonizes NEKL-2 function.  33 

  34 
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Author summary  35 

The uptake of materials from outside the cell and their subsequent delivery to specific 36 

intracellular locations are essential for cell function and survival. Two of the mechanisms that 37 

control this complex intracellular pathway involve the modification of proteins and of lipids, 38 

processes that are highly conserved across species. In this study, we used the model organism 39 

Caenorhabditis elegans, which is highly amenable to cell biological and genetic approaches, to 40 

establish a novel connection between these two regulatory mechanisms and demonstrate the 41 

importance of lipid modifications in maintaining the normal functioning of intracellular 42 

transport. Our results also provide insights into the fundamental cellular functions of proteins 43 

associated with human disease including cancer and metabolic disease. 44 

 45 

  46 
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Introduction 47 

Embedded in the cytosolic leaflet of cellular membranes are small phospholipids known as 48 

phosphoinositides [1–4]. Phosphoinositides have a glycerol backbone esterified to two fatty acid 49 

chains and a phosphate and a polar head group, termed myo-inositol, that extend into the 50 

cytoplasm (Fig 1A) [1–4]. Modification of the myo-inositol head group at hydroxyl positions 3’, 51 

4’, and 5’ generates seven different phosphoinositide species; conversion between species is 52 

controlled in a spatiotemporal manner by different classes of lipid phosphatases and kinases 53 

(Fig 1B) [1–5]. Phosphoinositides make up only ~10% of the total membrane phospholipid pool 54 

in the cell and are comparatively short-lived [1]. Nevertheless, the concentration of specific 55 

phosphoinositides displayed on the cytoplasmic leaflet of an organellar membrane controls the 56 

recruitment and activity of trafficking and signaling regulators, thereby impacting key cellular 57 

processes [4–7]. 58 

 59 

The interconnected nature of the phosphoinositide pathway and the ability of 60 

phosphoinositides to undergo reversible modifications by lipid modifiers allow for precise 61 

control of the phosphoinositides on cellular membranes [5–7]. One family of lipid modifiers 62 

phosphatidylinositol 3-kinases (PI3Ks), which specifically phosphorylate the hydroxyl group at 63 

position 3’ on the inositol ring to produce three different phosphoinositide species: 64 

phosphatidylinositol (3,4,5)-trisphosphate [PI(3,4,5)P3], phosphatidylinositol 3,4-biphosphate 65 

[PI(3,4)P2], and phosphatidylinositol 3-phosphate [PI(3)P] (Fig 1B) [8–11]. PI3Ks are subdivided 66 

into three classes, based on the phosphoinositide species they produce, their protein domains, 67 

and their interactions with different regulatory subunits [10,11]. Class I PI3Ks produce 68 

PI(3,4,5)P3 and are involved in multiple pathways that regulate cell growth, proliferation, 69 

metabolism, and autophagy [12,13]. Class III PI3Ks produce PI(3)P and primarily regulate 70 

membrane trafficking, most notably endosome-to-lysosome maturation and autophagy [12,13]. 71 

Class II PI3Ks are not as well characterized as Class I or III PI3Ks, due in part to the overlap in 72 

their contributions to phosphoinositide production [10–13]. Class II PI3Ks can produce both 73 

PI(3)P and PI(3,4)P2 [6,14–16]. PI(3)P can also be produced by Class III PI3Ks [6,17,18], whereas 74 
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PI(3,4)P2 can be generated by the dephosphorylation of the Class I PI3K product, PI(3,4,5)P3 (Fig 75 

1B) [19–24]. Class II PI3Ks also differ from Class I and III PI3Ks in that they do not form 76 

complexes with additional regulatory units [14,25–30]. 77 

 78 

The role of PI3Ks and their products is critical for multiple steps in membrane trafficking 79 

[1,3,31]. For example, uptake of cargo by clathrin-mediated endocytosis is dependent on 80 

phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2], which is required for initiating formation of 81 

the clathrin lattice on budding vesicles [32–36]. During maturation of the clathrin-coated pit, 82 

PI3Ks and lipid phosphatases are subsequently recruited to modify the phosphoinositide 83 

population, which is necessary for the recruitment of proteins that promote vesicle scission and 84 

the internalization of cargo [37]. Production of another phosphoinositide species, PI(3,4)P2, 85 

which is derived from modification of PI(4) by class II PI3Ks via PI(4,5)P2, is implicated in the 86 

recruitment of proteins that promote scission of the vesicle [7,15,21,38,39]. 87 

 88 

After internalization, nascent vesicles fuse with the early endosome (also referred to as the 89 

sorting endosome), where cargo is sorted for delivery to specific intracellular locations [40,41]. 90 

Within the early endosome, the phosphoinositide population consists primarily of PI(3)P, 91 

produced predominantly by the class III PI3K, with some contribution from class II PI3Ks [42,43]. 92 

Here, PI(3)P recruits early endosome effectors necessary for vesicular docking, fusion, and the 93 

subsequent sorting of cargo [6,42–45]. During maturation of the early endosome, subdomains 94 

develop, a process that is driven by cargo, membrane-associated proteins, and underlying 95 

changes in the composition of the phosphoinositides [43]. Phosphorylation by the PI(3)P 5-96 

kinase produces phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2], which regulates the sorting 97 

of proteins destined for late endosomes and degradation in the lysosome [43,46,47]. The 98 

production of PI(3,4)P2 on subdomains of the early endosome has been proposed to play a role 99 

in recruiting and activating Rab11 and directing the transport of cargo to recycling pathways 100 

[48,49]. The route for the production of PI(3,4)P2 on the surface of membranes is unclear, but 101 

there is emerging evidence that PI(3,4)P2 is synthesized directly by class II PI3Ks and is not 102 

derived solely from the dephosphorylation of PI(3,4,5)P3 [19–22,38,50–52]. 103 
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 104 

One of the challenges of studying PI3Ks and the roles of their lipid products relates to the 105 

transient nature of phosphoinositide species [53–55]. Additionally, the pathways regulated by 106 

PI3Ks exhibit a level of interdependency that complicates the interpretation of experiments 107 

involving enzymatic inhibition by genetic manipulation or the use of selective inhibitors [13]. 108 

Moreover, highly selective inhibitors are not available for class II PI3Ks [13,27,56]. Lastly, the 109 

ability to visualize phosphoinositides inside cells using antibodies against phosphoinositides has 110 

not been widely used because the fixation required precludes live imaging, which is invaluable 111 

for understanding the localization, dynamics, and functions of these small lipids [53,57]. This 112 

last challenge has been addressed by the development of genetically encoded lipid biosensors, 113 

which tether fluorescent proteins to lipid-binding domains that can recognize individual 114 

phosphoinositide species [58–60]. Nevertheless, the use of lipid biosensors is complicated by 115 

their cross-specificity with different lipids, by difficulties with matching sensor levels to the 116 

abundance of the phosphoinositide species, and by potential physiological effects that the 117 

sensor may cause by competing with native phosphoinositide-binding proteins for lipid-binding 118 

sites [53,58–60]. Despite these complications, lipid biosensors are currently the best tool 119 

available for the visualization of intracellular phosphoinositide pools and for understanding their 120 

roles in membrane trafficking. 121 

 122 

Here, we use the small nematode, Caenorhabditis elegans, as a model for studying endocytic 123 

trafficking within an intact organism [61]. Endocytic trafficking is closely coupled to the C. 124 

elegans molting cycle, as the inhibition of membrane trafficking proteins can lead to strong 125 

defects in the molting process [62]. Previously, we have shown that two conserved NIMA-126 

related Ser/Thr protein kinases, NEKL-2 (NEK8/9 in mammals) and NEKL-3 (NEK6/7), and their 127 

binding partners, the conserved ankyrin repeat proteins MLT-2, MLT-3, and MLT-4 (mammalian 128 

ANKS6, ANKS3, and INVS, respectively), are essential for proper molting via the regulation of 129 

endocytic trafficking [62–67]. We have previously described a genetic approach for identifying 130 

suppressors of nekl-associated molting defects [68]. These screens led to the identification of 131 

several conserved regulators of membrane trafficking, including TAT-1 (mammalian ATP8A1/2), a 132 
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phosphatidylserine flippase, which controls lipid asymmetry on the surface of recycling 133 

endosomes [69]. Here we report the identification of mutations affecting PIKI-1, a C. elegans 134 

ortholog of mammalian class II PI3Ks, which comprise three family members (PI3KC2A, PI3KC2B, 135 

PI3KC2G) [8,10,12,14]. Importantly, PIKI-1 is the sole predicted class II PI3K in C. elegans, which 136 

allowed us to study class II PI3K functions in the absence of genetic redundancy. We found that 137 

reduction of PIKI-1 activity led to defects in several endocytic compartments, most notably the 138 

early endosome. To understand the cellular functions of PIKI-1, we generated several 139 

phosphoinositide biosensors to visualize phosphoinositide pools in the epidermis of adult 140 

worms. Our study indicated that whereas PIKI-1 is a minor contributor to PI(3)P pools in the 141 

epidermis, it is a major contributor to PI(3,4)P2 levels, supporting the model that PI(3,4)P2 is 142 

predominantly synthesized by class II PI3Ks and not through the degradation of class I PI3K–143 

derived products. 144 

  145 
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Results 146 

nekl reduction-of-function molting defects are suppressed by 147 

reduction-of-function mutations in piki-1 148 

We previously described a forward genetic screen coupled with a whole-genome sequencing 149 

pipeline to identify genetic suppressors of larval lethality caused by nekl reduction-of-function 150 

mutations [68]. Briefly, this approach uses a synthetic lethal interaction that occurs when two 151 

aphenotypic reduction-of-function alleles of nekl-2(fd81) and nekl-3(gk894345) are combined in 152 

the same animal. Consistent with our earlier studies [63], nekl-2(fd81); nekl-3(gk894345) 153 

(hereafter nekl-2; nekl-3) worms showed a highly penetrant developmental defect, with ~98% of 154 

progeny arresting at the L2/L3 boundary and only ~2% becoming viable adults (Fig. 1D, 1F). 155 

nekl-2; nekl-3 worms were propagated in the presence of a rescuing array (fdEx286) containing 156 

wild-type copies of nekl-3 and a sur-5::gfp reporter to facilitate the visualization of animals 157 

containing the array (Fig 1C). Worms that did not inherit the array were molting defective and 158 

exhibited a corset phenotype in which the old cuticle was shed from the anterior and posterior 159 

of the worm but not from the midbody (Fig 1D). After mutagenesis, worms containing 160 

suppressor mutations were identified by their ability to propagate in the absence of the 161 

rescuing array (Fig 1E). 162 
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 163 

Fig 1. nekl-associated molting defects are suppressed by loss of function of piki-1. 164 

(A) Graphical representation of the basic structure of a phosphoinositide The 3’ position in the 165 

inositol ring that is phosphorylated by phosphatidylinositol 3-kinases (PI3Ks) is indicated by the 166 

green arrow. (B) Schematic diagram of the phosphoinositide biosynthesis pathway. Dark gray 167 

arrows represent lipid kinase activity, and light gray arrows indicate lipid phosphatase activity. 168 

The reactions catalyzed by the different classes of PI3Ks are indicated. The green arrows indicate 169 

reactions catalyzed by class II PI3Ks. C. elegans genes coding for kinases and phosphatases are 170 

listed by the reaction they catalyze. Essential genes are in red text. (C) Merged DIC and 171 

fluorescence image of a representative nekl-2(fd81); nekl-3(gk894345) worm that has an 172 

extrachromosomal rescuing array (fdEx286). fdEx286 contains wild-type nekl-3 and a broadly 173 

expressed reporter (SUR-5::GFP), seen in green in the image. (D) DIC image of an arrested nekl-174 
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2(fd81); nekl-3(gk894345) larva that did not inherit fdEx286. White arrows indicate cuticular 175 

boundaries, where the old cuticle has been shed from the head and tail but not from the 176 

midbody. (E) Representative DIC image of a suppressed nekl-2(fd81); nekl-3(gk8942345); piki-177 

1(fd161) mutant, which does not require fdEx286 to propagate. (F) The percentage of viable 178 

adults for the indicated genotypes. The corresponding amino acid changes are indicated in 179 

parentheses next to the gene. The number of animals analyzed per genotype is indicated in the 180 

graph. Data are shown as the mean and 95% confidence interval (CI). Statistical significance was 181 

determined using unpaired t-tests; ****p ≤ 0.0001 relative to control. Raw data available in S1 182 

File. (G) Schematic diagram of the piki-1 gene. Black rectangles denote exons and thin lines 183 

denote introns. Locations of missense alleles are indicated by solid arrows. The large deletion 184 

() ok2346 is indicated by a line beneath the affected exons and introns. (H) Schematic diagram 185 

of the PIKI-1 protein. Red arrowheads indicate known motifs. Black arrows indicate the mutated 186 

amino acids. A black line indicates the region affected by the ok2346 deletion. C2A, first C2 187 

domain; C2B, second C2 domain; [NLS, nuclear localization signal;] PIK, PI3K class II accessory 188 

domain; PX, phox homology domain; RBD, Ras-binding domain. 189 

 190 

From our suppressor screen, we identified three independent alleles that affect the piki-1 locus 191 

(fd161, fd275, and fd357), such that ~50–65% of these nekl-2; nekl-3 piki-1 worms reached 192 

adulthood (Fig 1F). Two alleles, fd161 and fd357, cause a C-to-T transition in the second-to-last 193 

exon of piki-1, resulting in an early stop codon at amino acids 1507 and 1503, respectively (Fig 194 

1G, 1H). The third allele, fd275, is a G-to-A transition in the fifth exon of piki-1, leading to the 195 

substitution of asparagine for serine at amino acid 211 (Fig 1G, 1H). CRISPR phenocopy of fd161 196 

(fd381) led to levels of suppression that were similar to those observed for fd161 (Fig 1F), 197 

demonstrating that piki-1 is the causal locus in the nekl-2; nekl-3 piki-1(fd161) strain. 198 

Additionally, fd161 failed to complement fd275, consistent with piki-1 being the causal locus in 199 

both strains. Moreover, a consortium-generated 1597-bp deletion mutation in piki-1 (ok2346) 200 

led to 66% of nekl-2; nekl-3 piki-1(ok2346) worms reaching adulthood (Fig 1F–1H). We note, 201 

however, that we failed to observe robust suppression of nekl-2; nekl-3 defects by piki-1(RNAi), 202 

which may be due to insufficient knockdown of piki-1 using this method (4.8%, n=2114; S1 Fig) 203 

 204 

PIKI-1 belongs to a family of lipid kinases that specifically phosphorylate the 3’ hydroxyl position 205 

on the inositol ring of membrane phosphoinositides (Fig 1A). More specifically, PIKI-1 is the sole 206 

member of the class II PI3Ks in C. elegans, which in other species have been reported to convert 207 
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PI to PI(3)P and PI(4)P to PI(3,4)P2 (Fig. 1B). Given the proposed role of PIKI-1 in PI 208 

modifications, we tested several non-essential PI modifiers for genetic interactions with the 209 

nekls (Fig 1B). PI(3,4)P2 can be derived from PI(3,4,5)P3 after removal of the 5’ phosphate (Fig 210 

1B) (refs). We found that a reduction-of-function mutation in age-1 (hx546), the sole class I PI3K 211 

in C. elegans, failed to suppress nekl-2; nekl-3 mutants (S1 Fig). Additionally, RNAi-mediated 212 

inhibition of age-1, inpp-1 (a 5′ phosphatase targeting PI(3,4,5)P₃), or inpp-4b (a 4′ phosphatase 213 

targeting PI(3,4)P₂) failed to alter the molting phenotypes of nekl mutants (S1 Fig). 214 

Nevertheless, RNAi of inpp-1 or inpp4b led to an ~70% reduction in brood size in the nekl-2; 215 

nekl-3 background (S1 file), indicating that reduction of INPP-1 or INPP-4b activity may impact 216 

fertility. Collectively, these results suggest that the suppression of nekl defects by PI-pathway 217 

modifiers may be specific to piki-1. We note, however, that our inability to test essential PI 218 

modifiers and the caveat of partial knockdown by RNAi limit our conclusions. 219 

  220 

PIKI-1 localizes to clathrin-coated pits and early endosomes 221 

Previously, we reported colocalization of NEKL-2 and NEKL-3 with several membrane trafficking 222 

compartments, consistent with roles for the NEKLs in endocytic trafficking [66]. More 223 

specifically, NEKL-2 localizes primarily to early endosomes, whereas NEKL-3 resides 224 

predominantly at late endosomes [66]. Mammalian class II PI3Ks localize both to early 225 

endosomal compartments and to clathrin-coated structures, as well as to recycling endosomes 226 

[14,70,71]. In C. elegans, PIKI-1 localizes to nascent phagosomes in embryos and in the germline 227 

[72–76]. 228 

 229 

To characterize the endogenous expression and localization of PIKI-1 in the epidermis, we 230 

initially examined CRISPR-generated fusions of either GFP or mScarlet to the C terminus of PIKI-231 

1. However, endogenous PIKI-1::GFP proved too dim for reliable imaging and PIKI-1::mScarlet 232 

showed non-specific localization to lysosomes (S2 Fig), which is likely due to the cleavage of the 233 

fluorophore and its retention within lysosomes, as has been reported [77]. We therefore 234 

integrated a single-copy PIKI-1::mNeonGreen transgene driven by a hyp7-specific promoter 235 

(Phyp7; semo-1) using miniMos methods [78]. We note that for technical reasons we were unable 236 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2025. ; https://doi.org/10.1101/2025.05.22.655458doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.22.655458
http://creativecommons.org/licenses/by/4.0/


to obtain a marker for PIKI-1 fused to an acid-sensitive red fluorescent protein. Phyp7::PIKI-237 

1::mNeonGreen was detected in the adult epidermis at apical puncta as well as more diffusely 238 

throughout the epidermis (Fig 2B, 2B’). Based on the distribution and size of Phyp7::PIKI-239 

1::mNeonGreen puncta, we hypothesized that PIKI-1 may localize to clathrin-coated structures 240 

and/or apical endosomes, consistent with some prior studies on mammalian class II PI3Ks. 241 
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 242 

Fig 2. PIKI-1 colocalizes with clathrin-coated pits and the early endosome. 243 

(A) Schematic diagram of the adult C. elegans as a transverse cross-section (top) and a 244 

longitudinal cross-section (bottom), which corresponds to the apical plane. The black dashed 245 

line on the transverse cross-section denotes the apical plane visualized in the longitudinal cross-246 

section for a single z-slice. On the bottom right is a key indicating the colors corresponding to 247 
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different tissues and membranes. (B, B’) Representative image of a Day-1 adult expressing 248 

Phyp7::PIKI-1::mNeonGreen. White arrows indicate apical puncta. (C-E’) Colocalization assays 249 

were carried out in worms expressing (C, C’) CLIC-1::mScarlet and (D, D’) Phyp7::PIKI-250 

1::mNeonGreen (n=32); (E, E’) merged images. (H–J’) Trans-heterozygous worms were used for 251 

colocalization between (H,H’) Pdyp-7::mKate2::RAB-5 and (I,I’) Phyp7::PIKI-1::mNeonGreen (n=23); 252 

(J,J’) merged images. The seam cell is labeled in lower-magnification images. Yellow squares (C–253 

D, H–J) indicate enlarged insets (C’–E’, H’–J’). In merged insets (E’ and J’), yellow arrows indicate 254 

examples of colocalization. (F, G, K, L) Colocalization was quantified using Mander’s overlap (F, K) 255 

and Pearson’s correlation coefficient (G, L). Dot plots show the mean and 95% CI. Statistical 256 

significance between rotated and inset values was determined by unpaired t-tests; ****p ≤ 257 

0.0001. Raw data available in S1 File. 258 

 259 

As anticipated, we observed colocalization between a marker for the clathrin light chain, 260 

mScarlet::CLIC-1, and PIKI-1::mNeonGreen. However, whereas ~50% of the mScarlet::CLIC-1 261 

signal overlapped with the PIKI-1::mNeonGreen signal (Manders’ overlap = ~0.5), only ~25% of 262 

PIKI-1::mNeonGreen overlapped with mScarlet::CLIC-1 (Manders’ overlap = ~0.25) (Fig 2C–2F), 263 

suggesting that PIKI-1 may localize to additional membrane compartments. Significant positive 264 

but partial overlap between the markers was also supported by the Pearson’s correlation 265 

coefficient (PCC = ~0.23) (Fig 2G). As an additional control, we rotated one of the two channels 266 

and reanalyzed the Manders’ and Pearson’s values and observed a dramatic reduction in both 267 

measurements, indicating that the overlap was non-random (Fig 2F, 2G).  268 

 269 

We next examined colocalization between PIKI-1::mNeonGreen and a marker for early 270 

endosomes, Pdpy-7::mKate2::RAB-5. We found that 40% of the mKate2::RAB-5 signal overlapped 271 

with PIKI-1::mNeonGreen (Manders’ overlap = ~0.4; Fig 2H–2K), whereas 23% of the PIKI-272 

1::mNeonGreen signal overlapped with mKate2::RAB-5 (Manders’ overlap = ~0.23; Fig 2H–2K). 273 

Additionally, the Pearson’s correlation coefficient (PCC = ~0.14) is consistent with overlap 274 

between mKate2::RAB-5 and PIKI-1::mNeonGreen (Fig 2L). These results indicate that PIKI-1 is 275 

associated with both clathrin-coated pits and endosomal trafficking compartments, suggesting 276 

that the role of the class II PI3 kinases in endomembrane trafficking is conserved between C. 277 

elegans and mammals. 278 

 279 
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Loss of PIKI-1 affects endosomal compartments 280 

Mammalian class II PI3Ks are implicated in the scission of nascent clathrin-coated vesicles and 281 

the subsequent uncoating and maturation of vesicles enroute to the early endosome [70]. To 282 

determine whether PIKI-1 regulates early steps in clathrin-mediated endocytosis, we examined 283 

markers for clathrin light and heavy chains in wild type and piki-1 mutants. Despite localization 284 

of PIKI-1 to clathrin-coated pits, piki-1(Q1507Stop) mutants showed a wild-type-like pattern of 285 

localization for both clathrin heavy (GFP::CHC-1) and light (mScarlet::CLIC-1) chains, suggesting 286 

that PIKI-1 does not play a major role in early steps of clathrin-mediated endocytosis in the C. 287 

elegans epidermis (S3 Fig). Consistent with this, LRP-1, an apically expressed low-density 288 

lipoprotein–like receptor that is trafficked through clathrin-coated pits (Fig 3A) [79], showed 289 

only slightly altered localization at the apical surface in piki-1(Q1507Stop) worms as compared 290 

with wild type (S3 Fig). Collectively, our data indicate that PIKI-1 may be largely dispensable 291 

during clathrin-mediated endocytosis. 292 
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 293 

Fig 3. Reduction of PIKI-1 function affects different endosomal compartments. 294 

(A) Schematic of endocytosis and associated endosomal compartments. Compartments are 295 

labeled in bold. Proteins and cargos affiliated with the compartments are below the bolded 296 

compartment labels. (B,C,F,G,H,I,N,O,P,Q) Representative confocal images of day-1 adults that 297 

were used to assess the markers (B,C) Prab-5::GFP::RAB-5 (n = 106), (F, G) Phyp7::GFP::EEA-1 (n = 298 
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54), (H,I) Phyp7::RAB-7 (n = 74), (N, O) Phyp7::TGN-38::GFP (n = 55), and (P, Q) Phyp7::AMAN-299 

2::mNeonGreen (n = 56) in piki-1(Q1507Stop) mutants relative to wild-type worms.  The seam 300 

cell is labeled in all images. (D,E,J,K) The (D,J) number of puncta per unit area and the (E,K) size 301 

of puncta were plotted for worms expressing (D,E) Prab-5::GFP::RAB-5 and (J,K) Phyp7::GFP::EEA-1. 302 

(L,M) The (L) mean intensity (arbitrary units, a.u.) and the (M) number of puncta per unit area 303 

were plotted for worms expressing Phyp7::RAB-7. (R) The percent positive pixels (above 304 

threshold) was plotted for worms expressing Phyp7::TGN-38::GFP. (S) Worms expressing 305 

Phyp7::TGN-38::GFP were scored for the presence of tubulations within the epidermis and are 306 

graphed to show the percentage of worms that have no tubulation and that have tubulations. 307 

(O) Red arrows indicate tubulations. (T, U) The (T) mean intensity and the (U) number of puncta 308 

per unit area were plotted for worms expressing Phyp7::AMAN-2::mNeonGreen. All dot plots 309 

show the mean and 95% CI. Statistical significance was determined by unpaired t-tests; ****p ≤ 310 

0.0001; ns, not significant. (R) Statistical significance was determined by Fisher’s exact test; 311 

****p ≤ 0.0001. Raw data are available in S1 File. 312 

 313 

After internalization at the plasma membrane, cargoes are next sorted at the early endosome 314 

for subsequent routing to either recycling or degradative pathways [40]. To assess the role of 315 

PIKI-1 on early endosomes, we examined two early endosomal reporters, GFP::RAB-5 and 316 

GFP::EEA-1, in wild type and piki-1 mutants. RAB-5 is a small GTPase that recruits proteins 317 

required for endocytic sorting, whereas EEA-1 is a conserved effector of RAB-5 and promotes 318 

vesicle docking and fusion (Fig 3A) [44,45]. Notably, we observed a marked (~1.5-fold) reduction 319 

in the number of RAB-5– and EEA-1–positive endosomes in piki-1(Q1507Stop) mutants as 320 

compared with wild type (Fig 3B–3D, Fig 3F, 3G, 3J). Moreover, the size of RAB-5– and EEA-1–321 

positive vesicles was reduced by ~1.5- and ~1.3-fold, respectively (Fig 3E, 3K). These results 322 

indicate that reduction of PIKI-1 function leads to a decrease in the size of the early endosome 323 

compartment in the epidermis. In contrast, reduction of PIKI-1 function had no detectable effect 324 

on the mean intensity or morphology of late endosomes as marked by GFP::RAB-7 (Fig 3H, 3I, 325 

3L, 3M). These findings are consistent with PIKI-1 playing a role in the function of early 326 

endosomes in C. elegans.  327 

 328 

Other studies have implicated mammalian Class II PI3Ks in regulating cargo recycling pathways 329 

[49,71,80]. To evaluate the role of PIKI-1 in endocytic recycling, we first examined the 330 

localization pattern of GFP::RAB-11, which marks one of the major recycling compartments. We 331 
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observed a very slight decrease (~1.1-fold) in mean intensity of GFP::RAB-11 in piki-332 

1(Q1507Stop) mutants (p = 0.0012), as well as a modest (though not statistically significant) 333 

decrease (~1.3-fold; p = 0.15) in the size of the GFP::RAB-11 puncta (S3 Fig). These results 334 

suggest that PIKI-1 may have only a minor or indirect role in the function of the GFP::RAB-11 335 

recycling compartment.  336 

 337 

We next examined localization of the cargo protein TGN-38, which travels from the Golgi to the 338 

plasma membrane during exocytosis and is recycled back to the Golgi via early endosomes, 339 

potentially bypassing the RAB-11 compartment [81,82]. Although no changes in mean intensity 340 

of TGN-38::GFP were observed between wild type and piki-1(Q1057Stop) mutants (S3 Fig), we 341 

noticed a striking tubulation phenotype, as marked by TGN-38::GFP, in ~50% of piki-342 

1(Q1507Stop) worms (Fig 3N, 3O, 3R). Consistent with the altered distribution of TGN-38::GFP, 343 

we detected a decrease in the percentage of TGN-38::GFP–positive pixels (above threshold) in 344 

piki-1(Q1057Stop) animals relative to wild type (Fig 3N, 3O, 3S). These findings suggest that PIKI-345 

1 plays a role in endocytic recycling, albeit independently of the RAB-11 recycling pathway. 346 

 347 

Given our findings with TGN-38, we assessed the impact of PIKI-1 reduction on the Golgi by 348 

using the AMAN-2::mNeonGreen marker [83]. Notably, we observed an ~1.4-fold reduction in 349 

the mean intensity of AMAN-2::GFP in piki-1(Q1507Stop) mutants (Fig 3P, 3Q, 3T). Additionally, 350 

we detected a modest decrease in the number of AMAN-2 puncta (~1.2-fold) in piki-1 mutants 351 

(Fig 3P, 3Q, 3U). Taken together, our results point to a role for PIKI-1 at the early endosome and 352 

suggest that the sorting or transport of cargo from the early endosome to the Golgi is disrupted 353 

in the absence of PIKI-1. 354 

 355 

As PIKI-1 promotes autophagy in the developing embryo and in the adult germline [74–76, 84], 356 

we next investigated the role of PIKI-1 in autophagy in the adult epidermis. We examined the 357 

expression of an autophagosome marker, mNeonGreen::LGG-1 (Fig 3A) [85,86], in wild type and 358 

piki-1 mutants. We observed a modest reduction (~1.3-fold) in the mean intensity of 359 

mNeonGreen::LGG-1 in piki-1(Q1507Stop) mutants (S3 Fig). In addition, we observed an 360 
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increase in the frequency of elongated or tubular structures marked by mNeonGreen::LGG-1 in 361 

piki-1(Q1507Stop) mutants (38.2%) as compared with wild type (10%) (S3 Fig). This phenotype 362 

is similar to what we observed with the TGN-38 marker (Fig 3N, 3O, 3R), although the effect on 363 

LGG-1 was less robust. These results suggest that, similar to findings in the embryo and adult 364 

germline, PIKI-1 also plays a role in autophagy in the adult epidermis. Taken together, our data 365 

support a direct role for PIKI-1 in endocytic trafficking, primarily at the level of the early 366 

endosome, with additional effects observed on endocytic recycling and early steps in 367 

autophagy.  368 

 369 

Loss of PIKI-1 suppresses defects in early endosomes associated with 370 

NEKL-2 depletion 371 

Given the strong effects observed for early endosomes, we were curious whether the role of 372 

PIKI-1 at early endosomes could account for the genetic suppression of nekl-2; nekl-3 mutants. 373 

In addition, we had previously observed localization of NEKL-2 to early endosomes and had 374 

observed that depletion of NEKL-2 using an auxin-inducible degron (AID) system leads to an 375 

increase in the overall size of the early endosome compartment [66]. We therefore tested 376 

whether piki-1 mutants were able to suppress these defects. Consistent with previously 377 

reported results, we observed an overall increase in the size of the early endosome 378 

compartment in NEKL-2–depleted worms, as based on an ~1.4-fold increase in mean intensity 379 

and size and an ~1.2-fold increase in the number of puncta (Fig 4A, 4B, 4D–4F). In piki-380 

1(Q1507Stop) mutants that were depleted of NEKL-2 relative to worms with NEKL-2 depletion 381 

alone, we observed a decrease in the mean intensity (~1.3-fold), size (~1.8-fold), and number of 382 

puncta (~1.2-fold) (Fig 4B–4F). The early endosome compartment in NEKL-2–depleted piki-383 

1(Q1507Stop) worms was comparable to the early endosome compartment in WT animals, 384 

albeit with a modest reduction in size (~1.3-fold) (Fig 4A, 4C, 4D–4F). The suppression of the 385 

early endosome defects in piki-1(Q1507Stop) mutants at the early endosome indicates that 386 

PIKI-1 functions at the early endosome in C. elegans membrane trafficking.  387 
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 388 

Fig 4. Loss of PIKI-1 suppresses nekl-2–associated defects in the early endosome. 389 

(A–C) Representative confocal images of Prab-5::GFP::RAB-5 (n = 96) expression in auxin-treated 390 

day 2 adults in (A) wild-type, (B) nekl-2::AID, and (C) nekl-2::AID; piki-1(Q1507Stop) 391 

backgrounds. (D–F) Dot plots show (D) mean intensity, (E) puncta size, and (F) the number of 392 

puncta per unit area for Prab-5::GFP::RAB-5 worms. (G–I) Representative confocal images of 393 

GFP::CHC-1 (n = 75) expression in auxin-treated day 2 adults in (G) wild-type, (H) nekl-3::AID, 394 

and (I) nekl-3::AID; piki-1(Q1507Stop) backgrounds. (J,K) Dot plots show the (I) mean intensity 395 

and (J) percent positive pixels (above threshold). (A–C, G–I) The seam cell is labeled in all 396 

images. (D–F,J, K) Dot plots show the mean and 95% CI. Statistical significance was determined 397 

by unpaired t-tests; ****p ≤ 0.0001, **p ≤ 0.01, *p ≤ 0.05; ns, not significant. Raw data are 398 

available in S1 File. 399 

 400 

We showed above that PIKI-1 is associated with clathrin-coated pits, and strong defects in apical 401 

clathrin localization occur when NEKL-3 is depleted [65]. Given the colocalization of PIKI-1 with 402 

CLIC-1 and suppression of the RAB-5 defects, we hypothesized that PIKI-1 might also be able to 403 

suppress defects in clathrin. Consistent with prior reports, we observed a localization defect in 404 

GFP::CHC-1 when NEKL-3 is depleted, such that clathrin was concentrated at the apical surface 405 

of the epidermis. When compared with WT animals, NEKL-3–depleted worms showed an ~1.3-406 

fold increase in mean intensity, and NEKL-3–depleted piki-1(Q1507Stop) mutant worms showed 407 

an ~1.4-fold increase in mean intensity (Fig 4G–4I). Moreover, with respect to the percentage of 408 
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CHC-1::GFP–positive pixels (above threshold), there was an ~2.4-fold increase in NEKL-3–409 

depleted worms and an ~2.2-fold increase in piki-1(Q1507Stop) mutants (p > 0.05; Fig 4G, 4H, 410 

4J). These results indicate that loss of PIKI-1 is not able to suppress defects in clathrin caused by 411 

depletion of NEKL-3. 412 

 413 

Loss of PIKI-1 alters phosphoinositide pools in the epidermis 414 

To understand how PIKI-1 as a Class II PI3K regulates membrane phospholipids and intersects 415 

with NEKL functions, we generated lipid sensors to investigate the distribution of 416 

phosphoinositide species in wild type and piki-1 mutants. Class II PI3Ks contribute to the 417 

generation of two distinct lipid species, PI(3)P and PI(3,4)P2, which in turn recruit specific 418 

proteins to intracellular membrane compartments [14]. Expression of the GFP-based lipid 419 

biosensors was driven under the control of epidermal-specific promoters (Phyp7 or Pnekl-3) 420 

[69,87,88], and each biosensor was integrated as a single copy using miniMos methods or was 421 

maintained as a stable extrachromosomal array (see S2 File) [78].  422 

 423 

In mammalian cells, PI(3)P is associated with early endosomes as well as with autophagosomes 424 

[89]. Consistent with this, our PI(3)P sensor (Phyp7::2xFYVE::mNeonGreen) localized to punctate 425 

structures close to the apical surface in wild-type adults (Fig 5A, 5B). piki-1(Q1507Stop) mutants 426 

exhibited a similar pattern of PI(3)P localization, although we detected a slight decrease (~1.2-427 

fold) in the number of vesicles relative to wild type (Fig 5C). Furthermore, piki-1(ok2346) 428 

deletion mutants showed similar changes in PI(3)P localization (S4 Fig). The absence of a strong 429 

effect on PI(3)P is consistent with previous work demonstrating that class III PI3Ks are the 430 

predominant producers of PI(3)P [8,76]. To further support our findings, we carried out 431 

colocalization analysis with an early endosome marker, mKate2::RAB-5 [90]. Approximately 32% 432 

of the mKate2::RAB-5 signal overlapped with our PI(3)P sensor (Manders’ overlap = 0.32), and, 433 

as expected, ~65% of PI(3)P-labeled puncta strongly overlapped with the mKate2:RAB-5 signal 434 

(Manders’ overlap = 0.65; Fig 6A–6D). This substantial overlap is further supported by the 435 

Pearson’s correlation coefficient (PCC = 0.37; Fig 6E). Thus, the PI(3)P pools that are slightly 436 

affected by loss of PIKI-1 are most likely associated with the early endosome. Moreover, our 437 
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findings indicate that PI(3) is present on compartments other than RAB-5–marked early 438 

endosomes and that PI(3) localization may be confined to specific subdomains or 439 

subpopulations within early endosomes. 440 

 441 

Fig 5. Loss of PIKI-1 affects PI(3)P and PI(3,4)P2 pools in the epidermis. 442 

(A,B,D,E,H,I,K,L) Representative confocal images of day-1 adult worms expressing (A, B) PI(3)P 443 

lipid sensor Phyp7::2xFYVE::mNeonGreen (n = 95), (D, E) PI(3,4)P2 lipid sensor Pnekl-3::2xTAPP-444 
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1::mNeonGreen (n = 45), (H,I) PI(4,5)P2 lipid sensor Phyp7::PH PLC δ::mNeonGreen (n = 85), and 445 

(K,L) PI(3,4,5)P3 lipid biosensor Pnekl-3::BTK PH::mNeonGreen (n = 64) in the (A,D,H,K) wild type 446 

and (B,E,I,L) piki-1(Q1507Stop) backgrounds. The seam cell is labeled in all images. (D’, E’) 447 

Representative confocal images of day-1 adult worms expressing Pnekl-3::2xTAPP-1::mNeonGreen 448 

that have been processed using the 2D deconvolution algorithm in CellSens 4.2. (C) The puncta 449 

per unit area for worms expressing Phyp7::2xFYVE::mNeonGreen. (F,J,M) The mean intensity for 450 

worms expressing (F) Pnekl-3::2xTAPP-1::mNeonGreen, (J) Phyp7::PH PLC δ::mNeonGreen, and (M) 451 

Pnekl-3::BTK PH::mNeonGreen. Dot plots show the mean and 95% CI. (G) The percentage of viable 452 

adults after injection of dsRNA for F55D12.2 and hipr-1 relative to uninjected nekl-2; nekl-3 453 

worms. (C, F, G, J, M) Statistical significance was determined by unpaired t-tests; ****p ≤ 454 

0.0001, ***p ≤ 0.001; ns, not significant. Raw data are available in S1 File. 455 

 456 

 457 
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 458 

Fig 6. PI(3)P and PI(3,4)P2 localize at the early endosome. 459 

(A–C’, F−H’) Colocalization assays were carried out in worms expressing Pdpy-7::mKate2::RAB-5 460 

and (A–C’) the PI(3)P lipid sensor Phyp7::2xFYVE::mNeonGreen (n=15) and (F–H’) the PI(3,4)P2 461 

lipid sensor Pnekl-3::2xTAPP-1::mNeonGreen (n=30). The seam cell is labeled (A–H). Yellow 462 

squares (A–C, F–H) indicate enlarged insets (A’–C’, F’–H’). In merged insets (C’, H’), yellow 463 

arrows indicate examples of colocalization. (D, E, I, J) Colocalization was quantified using 464 

Mander’s overlap (D, I) and Pearson’s correlation coefficient (E, J). Dot plots show the mean and 465 

95% CI. Statistical significance between rotated and inset values was determined by unpaired t-466 

tests; ****p ≤ 0.0001. Raw data available in S1 File. 467 

 468 
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Like PI(3)P, PI(3,4)P is associated with early endosomes, as well as with endocytic recycling 469 

compartments [15,48]. Additionally, PI(3,4)P2 is found on the apical membrane of polarized 470 

epithelial cells [51]. In wild type, the PI(3,4)P2 sensor (Pnekl-3::2xTAPP-1::mNeonGreen; fdSi8) 471 

exhibited a diffuse localization pattern in both apical and basal planes but also accumulated at 472 

apical puncta (Fig 6D, 6D’; S1 Movie). We note that the diffuse expression of the PI(3,4)P2 473 

sensor may be due in part to the sensor being present in excess of its preferred ligand, a known 474 

challenge associated with genetically encoded lipid sensors [19]. Strikingly, reduction of PIKI-1 475 

function led to a 1.9-fold decrease in the amount of the PI(3,4)P2 present in the epidermis (Fig 476 

5D, 5D’, 5E, 5E’, 5F), consistent with PIKI-1 acting as a major producer of PI(3,4)P2. This decrease 477 

in the abundance of lipid-sensor positive structures may be attributable to a reduction in lipid-478 

binding sites and increased reporter turnover, as has been reported [58–60,91,92]. 479 

Correspondingly, there was no observed accumulation of the lipid sensor at a more basal plane 480 

in piki-1(Q1507Stop) mutants (Movie). 481 

 482 

Notably, our PI(3,4)P2 sensor (fdEx406) showed substantial colocalization with the mKate2::RAB-483 

5 marker; ~62% of the mKate2::RAB-5 signal overlapped with the PI(3,4)P2 sensor and ~25% of 484 

the PI(3,4)P2 sensor overlapped with mKate2::RAB-5 (Fig 6F–6I). Significant positive but partial 485 

overlap was also supported by the Pearson’s correlation coefficient (PCC = 0.16; Fig 6J). These 486 

results suggest that a substantial proportion of early endosomes contain PI(3,4)P2, the 487 

production of which is dependent on PIKI-1. As with the PI(3)P sensor, our results suggest that 488 

PI(3,4)P2 may be associated with additional compartments, such as tubular elements emanating 489 

from early endosomes or apical recycling endosome compartments, and that PI(3,4)P2 may 490 

localize to specific subdomains of RAB-5–marked endosomes. 491 

 492 

The phosphoinositide biosynthesis pathway is highly interconnected, with multiple lipid kinases 493 

and phosphatases contributing to the production of individual phosphoinositide species (Fig 494 

1B). As such, changes in the levels of one phosphoinositide population have the potential to 495 

affect other pools [93]. To investigate whether loss of PIKI-1 affects other phosphoinositide 496 

pools, we generated lipid sensors to visualize PI(4,5)P2 (PH PLC δ::mNeonGreen), a 497 
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phosphoinositide involved in clathrin-mediated endocytosis in mammalian cells, and PI(3,4,5)P3 498 

(Pnekl-3::BTK PH::mNeonGreen), a phosphoinositide directly upstream of PI(3,4)P2. The PI(4,5)P2 499 

sensor, which localized throughout hyp7 to folded plasma membrane subdomain compartments 500 

that likely represent meisosomes [94], where PI(4,5)P2 is expressed,, appeared unchanged in 501 

piki-1(Q1507Stop) and piki-1(ok2346) worms (Fig 5H–5J; S4 Fig). Likewise, no obvious changes 502 

were observed for PI(3,4,5)P3 in piki-1(Q1507Stop) mutants, as this sensor showed a diffuse 503 

localization pattern but also accumulated at variably sized puncta throughout the epidermis (Fig 504 

5K–5M) . Our combined results indicate that reduction of PIKI-1 most strongly affects PI(3,4)P2 505 

pools and has at most a limited impact on other species of phosphoinositides. 506 

 507 

We also tested a putative dual-specificity lipid sensor reported to recognize both PI(3,4)P2 and 508 

PI(3,4,5)P3 (AKT::oxGFP) [59,95]. In wild-type animals, the localization of the dual-specificity 509 

sensor most closely resembled that of the PI(3,4)P2 sensor, with combined diffuse localization 510 

accompanied by distributed puncta (S5 Fig). Unexpectedly, the AKT::oxGFP reporter exhibited a 511 

dramatic tubulation phenotype in ~50% of piki-1(Q1507Stop) and piki-1(ok2346) mutants (S5 512 

Fig), reminiscent of the phenotype of piki-1 mutants expressing TGN-38::GFP. Given that 513 

lysosomes have been reported to form tubules in the epidermis during molting cycles [96], we 514 

assessed two lysosomal markers, LMP-1::mNeonGreen [88] and NUC-1::mCherry [97], in piki-1 515 

mutants. LMP-1 is a conserved protein important for lysosome biogenesis [98] and NUC-1 is a 516 

lysosomal hydrolase [97]. Notably, we did not observe tubulation of either marker in piki-517 

1(Q1507Stop) mutants (S6 Fig), indicating that the tubulations observed with the dual-518 

specificity marker are unlikely to be affiliated with lysosomes. We note, however, that NUC-519 

1::mCherry–positive vesicles were more abundant but slightly smaller in piki-1(Q1507Stop) 520 

mutants, suggesting that PIKI-1 may directly or indirectly affect lysosomal compartments (S6 521 

Fig). Our findings suggest that the tubulations observed with the AKT::oxGFP marker, as well as 522 

with TGN-38::GFP, may be extensions of endosomal compartments that are not marked by any 523 

of our other tested markers. It is also possible that the AKT PH domain may retain the ability to 524 

bind other lipids or protein partners, thereby impacting its localization pattern. 525 

 526 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2025. ; https://doi.org/10.1101/2025.05.22.655458doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.22.655458
http://creativecommons.org/licenses/by/4.0/


nekl defects may be suppressed by inhibition of PI(3,4)P2 binding 527 

partners 528 

Our findings suggest that a reduction of PI(3,4)P2 is responsible for the genetic suppression of 529 

nekl-2; nekl-3 mutants by piki-1 mutants. Moreover, a reduction of PI(3,4)P2 would be expected 530 

to affect the binding of specific endocytic regulators to compartments including the early 531 

endosome. We therefore hypothesized that inhibition of one or more PI(3,4)P2-binding proteins 532 

may also lead to the suppression of nekl-2; nekl-3 mutants. To test this, we looked for potential 533 

PI(3,4)P2-binding proteins involved in endocytic trafficking based on gene ontology (GO) terms. 534 

From this search, we identified two potential PI(3,4)P2 interactors: F55D12.2, an ortholog of 535 

human SESTD1, which regulates lipid signaling [99], and hipr-1, an ortholog of human HIP1 and 536 

HIPR1, proposed to regulate clathrin-mediated endocytosis and vesicular trafficking, by linking 537 

endocytic proteins to the actin cytoskeleton [100]. Notably, whereas inhibition of F55D12.2 by 538 

RNAi failed to suppress molting defects in nekl-2; nekl-3 worms, hipr-1(RNAi) resulted in ~39% 539 

of nekl-2; nekl-3 worms reaching adulthood (Fig 5G). Together, our findings support the model 540 

that reduced levels of PI(3,4)P2 on early endosomes, along with an accompanying reduction of 541 

PI(3,4)P2-binding proteins such as HIPR-1, lead to the suppression of nekl-2; nekl-3 molting 542 

defects and to the partial restoration of trafficking functions. 543 

 544 

Discussion 545 

Through a forward genetic screen aimed at identifying suppressors of nekl-associated molting 546 

defects, we isolated three independent alleles of the lipid modifier PIKI-1 and showed a novel 547 

connection between class II PI3K enzymes and NEKL kinases, which are essential for molting and 548 

membrane trafficking. Here we report that PIKI-1 regulates several endocytic processes, most 549 

notably through its role at early endosomes. PIKI-1 localizes to early endosomes, and its 550 

inhibition leads to a reduction in the size and number of vesicles marked with RAB-5 or EEA-1. 551 

Using genetically encoded lipid-biosensors [58,59], we found that PIKI-1 is a major contributor 552 

to membrane PI(3,4)P2 pools in the epidermis and that PI(3,4)P2 is found on the cytosolic leaflet 553 
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of early endosomes. Our data support the model that class II PI3Ks, and not class I PI3Ks, are the 554 

predominant producers of PI(3,4)P2 in the C. elegans epidermis. 555 

 556 

Reduction of PIKI-1 function also resulted in hyper-tubulation defects detected with markers for 557 

TGN-38, a trans-Golgi cargo that cycles through early endosomes on its way back to the Golgi; 558 

LGG-1, a marker for autophagosomes; and AKT-PH::GFP, a multi-specific lipid sensor. Although 559 

lysosomes in C. elegans form elongated tubules [96], our studies did not support a major role 560 

for PIKI-1 in controlling the morphology of the lysosomal compartment. Rather, we speculate 561 

that the observed tubulations may originate from early endosomes and that loss of PIKI-1 may 562 

lead to a defect in cargo sorting and/or endosomal tubule scission. The PI(3,4)P2 biosensor 563 

2XTAPP1 appeared to label tubular or pleomorphic structures associated with RAB-5 positive 564 

puncta, suggesting the PI(3,4)P2 may be enriched on recycling tubules. 565 

 566 

 567 

Colocalization studies indicated that PIKI-1 partially localizes to clathrin-coated pits as well as to 568 

early endosomes, consistent with findings in mammalian cells [10,12,14,38,48,70]. Studies in 569 

cell culture have indicated a role for class II PI3Ks in the production of PI(3,4)P2 at clathrin-570 

coated pits, which then recruits proteins necessary for the completion of vesicle budding and 571 

the internalization of cargo [38,70]. Our findings, however, indicate that PIKI-1 is largely 572 

dispensable for clathrin-mediated endocytosis in the C. elegans epidermis. This discrepancy may 573 

reflect differences in the mechanisms controlling endocytosis in polarized cells versus non-574 

polarized cells, as well as differences between cultured cells versus intact organisms [101]. 575 

 576 

Rather, our data support a major role for PIKI-1 in the production of PI(3,4)P2 at early 577 

endosomes and indicate that PIKI-1 has only a minor role in the production of PI(3), consistent 578 

with PI(3)P synthesis being driven principally by the class III PI3K VPS-34 [72,76]. Consistent with 579 

PIKI-1 being the major source of PI(3,4)P2, we failed to observe genetic interactions 580 

(suppression or enhancement) when other components of the phosphoinositide synthesis 581 

pathway were inhibited in nekl-2; nekl-3 and nekl-2; nekl-3 piki-1 backgrounds. These findings 582 
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suggest that the conversion of PI(4)P to PI(3,4)P2 by PIKI-1 is the predominant means by which 583 

PI(3,4)P2 is produced in the epidermis. Our findings also support the model that inhibition of 584 

PIKI-1 leads to a reduction of PI(3,4)P2-binding proteins, which may ultimately impact NEKL 585 

functions. Consistent with this, inhibition of HIPR-1, the C. elegans ortholog of human HIPR1, a 586 

protein linking the endocytic machinery to the actin cytoskeleton, was sufficient to partially 587 

suppress nekl-2; nekl-3 molting defects. 588 

 589 

Previous studies in C. elegans embryos and in the adult gonad indicate that PIKI-1 has a primary 590 

role in autophagy in these contexts [72,74–76]. For example, PI(3)P production, which controls 591 

autophagy in the C. elegans embryo, is dependent on the coordination among PIKI-1, VPS-34, 592 

and MTM-1 (a 3-phosphatase). In addition, loss of PIKI-1 in the embryo and in the gonad 593 

strongly impairs autophagosome clearance [76]. By contrast, reduction of PIKI-1 function had a 594 

relatively minor impact on autophagosomes in the epidermis (marked by mNeonGreen::LGG-1), 595 

leading to a decrease in marker intensity and a modest increase in tubulation. These data 596 

suggest that the role of PIKI-1 in C. elegans is at least partially cell-type specific. Cell-type 597 

specificity of class II PI3K activity in human cells may be accomplished, in part, through the 598 

expression of different PI3K isoforms in different tissues [8,10]. 599 

 600 

In previous studies of the nekls, we identified genetic suppressors with well-established 601 

functions in membrane trafficking including proteins controlling clathrin-mediated endocytosis, 602 

membrane lipid asymmetry, and endosomal-associated actin [65–69,102]. Other suppressors 603 

act independently of membrane trafficking and include regulators of cargo processing, cell 604 

signaling, and development [103–105]. Our findings indicate that loss of PIKI-1 leads to nekl 605 

suppression through a mechanism that does affect membrane trafficking. Importantly, 606 

reduction of PIKI-1 activity at least partially corrected defects in early endosomes caused by loss 607 

of NEKL-2, a finding that dovetails with our results showing that PIKI-1 acted at early 608 

endosomes. Our results suggest that PIKI-1 and NEKL-2 may act in opposition and that PIKI-1 609 

could be a direct or indirect target for negative regulation by the NEKLs. Interestingly, we 610 

recently identified PIKI-1 as a proximal interactor of NEKL-2 and NEKL-3 in the epidermis, raising 611 
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the possibility that PIKI-1 may be directly regulated by the NEKLs. Future studies combining 612 

genetic, proteomic, and biochemical approaches are expected to provide novel insights into 613 

how conserved NEKL kinases regulate multiple steps of endocytic trafficking.   614 

 615 

Materials and Methods 616 

Strains and propagation 617 

All C. elegans strains were maintained per standard protocols and propagated at 22°C unless 618 

stated otherwise [106]. Strains in this study are listed in S1 Table in S2 File.  619 

 620 

RNAi 621 

Standard dsRNA injection methods were used to conduct RNAi experiments [107]. Primers 622 

containing the T7 RNA polymerase–binding motif and corresponding to piki-1, age-1, inpp-1, 623 

inpp-4b, F55D12.2, and hipr-1 were used to synthesize dsRNA using the MEGAscript RNAi Kit 624 

(Invitrogen). dsRNA was injected at concentrations of 500–1000 ng/L. Primer information is in 625 

S2 Table in S2 File. 626 

 627 

CRISPR mutant alleles 628 

Alleles of piki-1 (Q1507Stop) were created using established CRISPR-Cas9 protocols [108–110]. 629 

sgRNA and repair templates were synthesized by Integrated DNA technologies and Dharmacon-630 

Horizon Discovery; ApE and CRISPRcruncher were used in the design of the guideRNA and repair 631 

templates [111,112]. Primer, sgRNA, and repair template sequences are provided in S3 Table in 632 

S2 File. 633 

 634 

Reporter strain construction 635 

Plasmids for C. elegans epidermal-specific expression in the hyp7 syncytium used promoters for 636 

semo-1/Y37A1B.5 (Phyp7) and nekl-3 (Pnekl-3). We generated pDONR221 entry vectors containing 637 
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coding regions for C. elegans piki-1 (gift from Zheng Zhou, Baylor College of Medicine) [76], 638 

human 2x-TAPP-1, wherein the second repeat was codon optimized for C. elegans [113] and 639 

contained synthetic introns to promote expression (Integrated DNA Technologies); human AKT 640 

[95]; and human BTK (Addgene Plasmid #51463) [114]. Cloning of the PH-domain from human 641 

AKT (pDONR221 AKT) [95]into destination vector pCFJ1662 Psemo-1::GTWY::oxGFP::let-858 (35G7) 642 

[66,87,88]was performed using the Gateway LR clonase II reaction (Invitrogen).  piki-1 and BTK 643 

pDONR221 clones were transferred into destination vector pCFJ1662 644 

Phyp7::GTWY::mNeonGreen::let-858 (34H4) [88] via the Gateway LR clonase II reaction. The 2X-645 

TAPP-1 pDONR 221 clone was transferred into destination vector Pnekl-646 

3::GTWY::mNeonGreen::let-858 (pDF477, derived from pCFJ1662 (34H4)) [69] using the Gateway 647 

LR clonase II reaction. To generate single-copy integrations, standard miniMos procedures were 648 

followed [78].  649 

 650 

In cases where we were unable to obtain integrations, we co-injected the expression clone and 651 

a plasmid containing unc-119(+) into a background of unc-119(ed3) and used the resulting 652 

stable extrachromosomal array in our analyses (Fig 5K, 5L, 6G). 653 

 654 

Auxin treatment 655 

Indole-3-acetic acid (auxin) from Alfa Aesear was used to make a 100× stock auxin solution (0.4 656 

M) by dissolving 0.7 g of auxin in 10 mL of 100% ethanol. For experiments, a mixture of 25 µL of 657 

stock auxin solution and 225 µL of autoclaved deionized water was added to NGM plates 658 

spotted with OP50 with day-1 adult worms present, at least 18 hours before imaging [66,115]. 659 

 660 

Image acquisition 661 

Fluorescence images were acquired using an Olympus IX83 P2ZF inverted microscope with a 662 

Yokogawa spinning-disc confocal head (CSU-W1). z-Stack images were acquired using a 100× 663 

1.35 N.A. silicone oil objective. cellSens 4.2 software (Olympus Corporation) was used for image 664 
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acquisition with a Hamamatsu-ORCA-Fusion camera. For each worm, z-stack slices were 665 

acquired every 0.2 µm for ~20 slices to encompass the epidermis of the worm. 666 

 667 

Image analysis to determine fluorescence, size, puncta per unit area, 668 

and percent positive pixels 669 

All image analysis and quantification, was done using Fiji [116]. 670 

 671 

To quantify the mean intensity (measured in arbitrary units, a.u.), the intensity of the 672 

background of the image was first measured using the rectangle selection tool in an area of the 673 

image where there was no visible fluorescence. The resulting value was subtracted from the 674 

mean intensity value obtained from the epidermis (hyp7) of each animal in each picture, by 675 

using the polygon selection tool to select the appropriate region of interest (ROI) [66,69]. 676 

 677 

To quantify the average area of vesicles, number of puncta, or the percent positive pixels above 678 

threshold for a z-plane of interest which corresponds to a single slice at an appropriate plane 679 

from the obtained z-stacks, images underwent processing to remove background. This was done 680 

through application of the rolling ball background subtraction method (in which background 681 

intensity values below the average within a 50-pixel radius surrounding a positive pixel are 682 

subtracted; Fig 3F, 3G, 3N–3Q, S3 Fig; S6 Fig). For images for which rolling ball background 683 

subtraction did not work well, we used the minimum filter method (in which the central pixel is 684 

compared to other pixels within a 10-pixel radius and the minimum value in the window is 685 

replaced with the central pixel value to reduce noise; Fig 3B, 3C, 3H, 3I; S3 Fig). The filtered 686 

image was subtracted from the raw image using the image calculator function. After processing, 687 

all images were thresholded using the algorithm that worked best (or a manual threshold set 688 

using representative images; see S1 File for details and raw data). The “Despeckle” function was 689 

subsequently applied to all images to remove signal noise of ≤1pixel in size. Then the “Analyze 690 

Particles” function was applied to the processed images to determine the average area of 691 

vesicles. Within each experiment, the same background subtraction and threshold algorithms 692 
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were used for all images. To account for variation in the size of the region of interest (ROI; 693 

drawn using the polygon tool to select hyp7 and exclude the seam cell) measured among 694 

worms, the number of puncta was divided by the area of the ROI (output in units of puncta per 695 

square micron).  696 

 697 

Image analysis to determine colocalization 698 

For quantifying colocalization, the raw z-stack images were deconvoluted using the 2D 699 

deconvolution algorithm available in cellSens (ver. 4.2). The appropriate z-plane was then 700 

extracted from both the raw and deconvoluted images for each channel. To obtain a binary 701 

image to be used as a mask, deconvoluted images were thresholded. This binary mask was then 702 

combined with the raw image using the “AND” Boolean operation. The ROI was drawn around 703 

hyp7, excluding the seam cell, by using the polygon tool. To calculate the Pearson’s correlation 704 

coefficient (R) and Mander’s overlap (M) for these experiments, we used the BIOP JACoP plugin 705 

[117]. Merged images (containing both red and green channels) were used to determine the 706 

cases of significant overlap versus random co-occurrence. From these merged images, a small 707 

inset of 100 × 100 pixels (10,000 pixels2) was sampled, and the R and M values were calculated 708 

using the BIOP JACoP plugin (shown as “inset” in the resulting graphs). To create a random 709 

distribution of green and red pixels of interest as a control against random coincidence, the red 710 

channel was rotated 90 in relation to the green channel using the transform function before 711 

the R and M values were calculated using the BIOP JACoP plugin (shown as “rotated”) [69,118]. 712 

 713 

For colocalization between PIKI-1::mNeonGreen and mKate2::RAB-5, we generated trans-714 

heterozygous worms. Worms homozygous for PIKI-1::mNeonGreen and mKate2::RAB-5 715 

exhibited ectopic expression of PIKI-1::mNeonGreen in the seam cell and had almost no 716 

expression in hyp7 whereas mKate2::RAB-5 expression appeared unchanged (S7 Fig). This was 717 

done by crossing N2 males to hermaphrodites expressing mKate2::RAB-5. The resulting red F1 718 

males were subsequently crossed with hermaphrodites expressing PIKI-1::mNeonGreen. Red 719 

L4s were picked ~18 hours before imaging as day-1 adults.  720 

 721 
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Image analysis for phenotypes 722 

Worms expressing Phyp7::AKT::GFP were scored based on the appearance of the marker 723 

throughout the entire epidermis. Worms were considered to have diffuse expression if there 724 

was a uniform architecture of the GFP signal and the boundary between hyp7 and the seam cell 725 

was clear. Worms were considered to have aggregates if there were at least three large 726 

aggregations present within the z-stack that were not uniform in size or morphology and were 727 

distinct from the background and nuclear expression. Worms with tubulations had elongated 728 

compartments originating from two or more sites in hyp7. All worms expressing AKT::GFP that 729 

exhibited tubulations also contained aggregations. 730 

 731 

Worms expressing TGN-38::GFP or mNeonGreen::LGG-1 were scored based on the absence or 732 

presence of tubulations within the epidermis. Tubulations were defined as being longer, 733 

extended vesicles or longer, thin protrusions extending through the epidermis. 734 

 735 

Statistical analysis 736 

GraphPad Prism software was used to perform statistical tests in accordance with standard 737 

methods [119]. 738 

 739 

Figure Legends 740 

Fig 1. nekl-associated molting defects are suppressed by loss of function of piki-1. 741 

(A) Graphical representation of the basic structure of a phosphoinositide The 3’ position in the 742 

inositol ring that is phosphorylated by phosphatidylinositol 3-kinases (PI3Ks) is indicated by the 743 

green arrow. (B) Schematic diagram of the phosphoinositide biosynthesis pathway. Dark gray 744 

arrows represent lipid kinase activity, and light gray arrows indicate lipid phosphatase activity. 745 

The reactions catalyzed by the different classes of PI3Ks are indicated. The green arrows indicate 746 

reactions catalyzed by class II PI3Ks. C. elegans genes coding for kinases and phosphatases are 747 

listed by the reaction they catalyze. Essential genes are in red text. (C) Merged DIC and 748 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2025. ; https://doi.org/10.1101/2025.05.22.655458doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.22.655458
http://creativecommons.org/licenses/by/4.0/


fluorescence image of a representative nekl-2(fd81); nekl-3(gk894345) worm that has an 749 

extrachromosomal rescuing array (fdEx286). fdEx286 contains wild-type nekl-3 and a broadly 750 

expressed reporter (SUR-5::GFP), seen in green in the image. (D) DIC image of an arrested nekl-751 

2(fd81); nekl-3(gk894345) larva that did not inherit fdEx286. White arrows indicate cuticular 752 

boundaries, where the old cuticle has been shed from the head and tail but not from the 753 

midbody. (E) Representative DIC image of a suppressed nekl-2(fd81); nekl-3(gk8942345); piki-754 

1(fd161) mutant, which does not require fdEx286 to propagate. (F) The percentage of viable 755 

adults for the indicated genotypes. The corresponding amino acid changes are indicated in 756 

parentheses next to the gene. The number of animals analyzed per genotype is indicated in the 757 

graph. Data are shown as the mean and 95% confidence interval (CI). Statistical significance was 758 

determined using unpaired t-tests; ****p ≤ 0.0001 relative to control. Raw data available in S1 759 

File. (G) Schematic diagram of the piki-1 gene. Black rectangles denote exons and thin lines 760 

denote introns. Locations of missense alleles are indicated by solid arrows. The large deletion 761 

() ok2346 is indicated by a line beneath the affected exons and introns. (H) Schematic diagram 762 

of the PIKI-1 protein. Red arrowheads indicate known motifs. Black arrows indicate the mutated 763 

amino acids. A black line indicates the region affected by the ok2346 deletion. C2A, first C2 764 

domain; C2B, second C2 domain; [NLS, nuclear localization signal;] PIK, PI3K class II accessory 765 

domain; PX, phox homology domain; RBD, Ras-binding domain. 766 

 767 

Fig 2. PIKI-1 colocalizes with clathrin-coated pits and the early endosome. 768 

(A) Schematic diagram of the adult C. elegans as a transverse cross-section (top) and a 769 

longitudinal cross-section (bottom), which corresponds to the apical plane. The black dashed 770 

line on the transverse cross-section denotes the apical plane visualized in the longitudinal cross-771 

section for a single z-slice. On the bottom right is a key indicating the colors corresponding to 772 

different tissues and membranes. (B, B’) Representative image of a Day-1 adult expressing 773 

Phyp7::PIKI-1::mNeonGreen. White arrows indicate apical puncta. (C-E’) Colocalization assays 774 

were carried out in worms expressing (C, C’) CLIC-1::mScarlet and (D, D’) Phyp7::PIKI-775 

1::mNeonGreen (n=32); (E, E’) merged images. (H–J’) Trans-heterozygous worms were used for 776 

colocalization between (H,H’) Pdyp-7::mKate2::RAB-5 and (I,I’) Phyp7::PIKI-1::mNeonGreen (n=23); 777 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2025. ; https://doi.org/10.1101/2025.05.22.655458doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.22.655458
http://creativecommons.org/licenses/by/4.0/


(J,J’) merged images. The seam cell is labeled in lower-magnification images. Yellow squares (C–778 

D, H–J) indicate enlarged insets (C’–E’, H’–J’). In merged insets (E’ and J’), yellow arrows indicate 779 

examples of colocalization. (F, G, K, L) Colocalization was quantified using Mander’s overlap (F, K) 780 

and Pearson’s correlation coefficient (G, L). Dot plots show the mean and 95% CI. Statistical 781 

significance between rotated and inset values was determined by unpaired t-tests; ****p ≤ 782 

0.0001. Raw data available in S1 File. 783 

 784 

Fig 3. Reduction of PIKI-1 function affects different endosomal compartments. 785 

(A) Schematic of endocytosis and associated endosomal compartments. Compartments are 786 

labeled in bold. Proteins and cargos affiliated with the compartments are below the bolded 787 

compartment labels. (B,C,F,G,H,I,N,O,P,Q) Representative confocal images of day-1 adults that 788 

were used to assess the markers (B,C) Prab-5::GFP::RAB-5 (n = 106), (F, G) Phyp7::GFP::EEA-1 (n = 789 

54), (H,I) Phyp7::RAB-7 (n = 74), (N, O) Phyp7::TGN-38::GFP (n = 55), and (P, Q) Phyp7::AMAN-790 

2::mNeonGreen (n = 56) in piki-1(Q1507Stop) mutants relative to wild-type worms.  The seam 791 

cell is labeled in all images. (D,E,J,K) The (D,J) number of puncta per unit area and the (E,K) size 792 

of puncta were plotted for worms expressing (D,E) Prab-5::GFP::RAB-5 and (J,K) Phyp7::GFP::EEA-1. 793 

(L,M) The (L) mean intensity (arbitrary units, a.u.) and the (M) number of puncta per unit area 794 

were plotted for worms expressing Phyp7::RAB-7. (R) The percent positive pixels (above 795 

threshold) was plotted for worms expressing Phyp7::TGN-38::GFP. (S) Worms expressing 796 

Phyp7::TGN-38::GFP were scored for the presence of tubulations within the epidermis and are 797 

graphed to show the percentage of worms that have no tubulation and that have tubulations. 798 

(O) Red arrows indicate tubulations. (T, U) The (T) mean intensity and the (U) number of puncta 799 

per unit area were plotted for worms expressing Phyp7::AMAN-2::mNeonGreen. All dot plots 800 

show the mean and 95% CI. Statistical significance was determined by unpaired t-tests; ****p ≤ 801 

0.0001; ns, not significant. (R) Statistical significance was determined by Fisher’s exact test; 802 

****p ≤ 0.0001. Raw data are available in S1 File. 803 

 804 

Fig 4. Loss of PIKI-1 suppresses nekl-2–associated defects in the early endosome. 805 
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(A–C) Representative confocal images of Prab-5::GFP::RAB-5 (n = 96) expression in auxin-treated 806 

day 2 adults in (A) wild-type, (B) nekl-2::AID, and (C) nekl-2::AID; piki-1(Q1507Stop) 807 

backgrounds. (D–F) Dot plots show (D) mean intensity, (E) puncta size, and (F) the number of 808 

puncta per unit area for Prab-5::GFP::RAB-5 worms. (G–I) Representative confocal images of 809 

GFP::CHC-1 (n = 75) expression in auxin-treated day 2 adults in (G) wild-type, (H) nekl-3::AID, 810 

and (I) nekl-3::AID; piki-1(Q1507Stop) backgrounds. (J,K) Dot plots show the (I) mean intensity 811 

and (J) percent positive pixels (above threshold). (A–C, G–I) The seam cell is labeled in all 812 

images. (D–F,J, K) Dot plots show the mean and 95% CI. Statistical significance was determined 813 

by unpaired t-tests; ****p ≤ 0.0001, **p ≤ 0.01, *p ≤ 0.05; ns, not significant. Raw data are 814 

available in S1 File. 815 

 816 

Fig 5. Loss of PIKI-1 affects PI(3)P and PI(3,4)P2 pools in the epidermis. 817 

(A,B,D,E,H,I,K,L) Representative confocal images of day-1 adult worms expressing (A, B) PI(3)P 818 

lipid sensor Phyp7::2xFYVE::mNeonGreen (n = 95), (D, E) PI(3,4)P2 lipid sensor Pnekl-3::2xTAPP-819 

1::mNeonGreen (n = 45), (H,I) PI(4,5)P2 lipid sensor Phyp7::PH PLC δ::mNeonGreen (n = 85), and 820 

(K,L) PI(3,4,5)P3 lipid biosensor Pnekl-3::BTK PH::mNeonGreen (n = 64) in the (A,D,H,K) wild type 821 

and (B,E,I,L) piki-1(Q1507Stop) backgrounds. The seam cell is labeled in all images. (D’, E’) 822 

Representative confocal images of day-1 adult worms expressing Pnekl-3::2xTAPP-1::mNeonGreen 823 

that have been processed using the 2D deconvolution algorithm in CellSens 4.2. (C) The puncta 824 

per unit area for worms expressing Phyp7::2xFYVE::mNeonGreen. (F,J,M) The mean intensity for 825 

worms expressing (F) Pnekl-3::2xTAPP-1::mNeonGreen, (J) Phyp7::PH PLC δ::mNeonGreen, and (M) 826 

Pnekl-3::BTK PH::mNeonGreen. Dot plots show the mean and 95% CI. (G) The percentage of viable 827 

adults after injection of dsRNA for F55D12.2 and hipr-1 relative to uninjected nekl-2; nekl-3 828 

worms. (C, F, G, J, M) Statistical significance was determined by unpaired t-tests; ****p ≤ 829 

0.0001, ***p ≤ 0.001; ns, not significant. Raw data are available in S1 File. 830 

 831 

Fig 6. PI(3)P and PI(3,4)P2 localize at the early endosome. 832 

(A–C’, F−H’) Colocalization assays were carried out in worms expressing Pdpy-7::mKate2::RAB-5 833 

and (A–C’) the PI(3)P lipid sensor Phyp7::2xFYVE::mNeonGreen (n=15) and (F–H’) the PI(3,4)P2 834 
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lipid sensor Pnekl-3::2xTAPP-1::mNeonGreen (n=30). The seam cell is labeled (A–H). Yellow 835 

squares (A–C, F–H) indicate enlarged insets (A’–C’, F’–H’). In merged insets (C’, H’), yellow 836 

arrows indicate examples of colocalization. (D, E, I, J) Colocalization was quantified using 837 

Mander’s overlap (D, I) and Pearson’s correlation coefficient (E, J). Dot plots show the mean and 838 

95% CI. Statistical significance between rotated and inset values was determined by unpaired t-839 

tests; ****p ≤ 0.0001. Raw data available in S1 File. 840 

 841 

S1 Fig. Supplemental RNAi and suppression data. 842 

(A) The proportion of viable progeny produced by nekl-2(fd81); nekl-3(gk894345) worms after 843 

injection by the indicated dsRNA. (B) The  proportion of viable progeny produced by nekl-844 

2(fd81); nekl-3(gk894345) piki-1(Q1507Stop) worms after injection by the indicated dsRNA. (C) 845 

The  proportion of viable progeny produced by nekl-2(fd81); nekl-3(gk894345) worms for the 846 

indicated genotype. Statistical significance was determined using unpaired t-tests; *p≤0.05. Raw 847 

data available in S1 File. 848 

 849 

S2 Fig. Endogenous PIKI-1 expression. 850 

(A, B) Representative confocal images of day-1 adults expressing (A) PIKI-1::mScarlet and (B) 851 

PIKI-1::GFP. 852 

 853 

S3 Fig. Effects of reduction of PIKI-1 function on intracellular trafficking compartments and 854 

cargo.  855 

(A,B,D,E,G,H,K,L,O,P) Representative confocal microscopy images of day-1 adults to assess the 856 

effects of piki-1(Q1507Stop) mutants relative to wild-type worms with respect to (A,B) 857 

GFP::CHC-1 (n=93), (D,E) mScarlet::CLIC-1 (n=79), (G,H) Phyp7::LRP-1::GFP (n=31), (K,L) 858 

Phyp7::GFP::RAB-11, and (O,P) Phyp7::mNeonGreen::LGG-1. Red arrows in (P) indicate instances of 859 

tubulation. The seam cell is labeled in all images. (C, F, I, M, Q) The mean intensity for each 860 

marker tested in (A,B) GFP::CHC-1, (D,E) mScarlet::CLIC-1, Phyp7::LRP-1::GFP, (K,L) 861 

Phyp7::GFP::RAB-11, and (O,P) Phyp7::mNeonGreen::LGG-1. (J) The mean intensity for Phyp7::TGN-862 

38::GFP. (N) The size of vesicles was graphed onto a dot plot for the Phyp7::GFP::RAB-11 strains. 863 
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(R) The percentage of worms that had either no tubulations or tubulations was recorded for 864 

Phyp7::mNeonGreen::LGG-1. (C, F, I, J, M, N, Q) Dot plots show the mean and 95% CI. Statistical 865 

significance was determined by unpaired t-tests; ****p ≤ 0.0001, **p ≤ 0.01, *p ≤ 0.05; ns, not 866 

significant. (R) Statistical significance was determined by Fisher’s exact test; ****p ≤ 0.0001. 867 

Raw data are available in S1 File. 868 

 869 

S4 Fig. Effects of piki-1(ok2346) deletion allele on PI(3)P and PI(4,5)P2. 870 

(A,B,D,E) Representative confocal images of day-1 adults show the effects in piki-1(ok2346) 871 

mutants relative to wild-type worms with respect to (A, B) the PI(3)P lipid sensor 872 

Phyp7::2xFYVE::mNeonGreen and (D,E) the PI(4,5)P2 lipid sensor Phyp7::PH PLC δ::mNeonGreen. 873 

(C) Puncta per unit area for worms expressing Phyp7::2xFYVE::mNeonGreen. (F) Mean intensity 874 

for worms expressing Phyp7::PH PLC δ::mNeonGreen. Dot plots show the mean and 95% CI. 875 

Statistical significance was determined by unpaired t-tests; *p ≤ 0.05; ns, not significant. Raw 876 

data are available in S1 File. 877 

 878 

S5 Fig. Effects of reduction of PIKI-1 function on the multi-specific lipid sensor AKT-PH. 879 

(A–C,E,F) Representative confocal images of day-1 adults that expressed the 880 

PI(3,4)P2/PI(3,4,5)P3 lipid sensor Phyp7::AKT::oxGFP in the (A) wild-type, (B,C) piki-1(Q1507Stop) 881 

(n=81), or (E,F) piki-1(ok2346) (n = 83) background. White arrows (A) indicate nuclei. Gold 882 

arrows (B, E) indicate aggregations. Red arrows (C, F) indicate tubulations.  (D, G) Worms 883 

expressing Phyp7::AKT-PH::oxGFP were scored for the presence of diffuse labeling, of 884 

aggregations, and of aggregations and tubulations within the epidermis. Statistical significance 885 

of the differences in phenotype distribution across backgroundswas determined by Fisher’s 886 

exact test; ****p < 0.0001. Raw data are available in S1 File. 887 

 888 

S6 Fig. Effects of reduction of PIKI-1 function on lysosomes. 889 

(A,B,D,E) Representative confocal images of day-1 adults expressing (A,B) Phyp7::LMP-890 

1::mNeonGreen (n=24) or (D,E) NUC-1::mCherry (n=56) in the (A,D) wild-type and (B,E) piki-891 

1(Q1507Stop) backgrounds. (C) Mean intensity was plotted for Phyp7::LMP-1::mNeonGreen. (F,G) 892 
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The (F) number of puncta per unit area and (G) size were plotted for NUC-1::mCherry. Dot plots 893 

show the mean and 95% CI. Statistical significance was determined by unpaired t-tests; ****p ≤ 894 

0.0001; ns, not significant. 895 

 896 

S7 Fig. Marker expression in worms homozygous for Phyp7::PIKI-1::mNeonGreen and Pdyp-897 

7::mKate2::RAB-5. 898 

(A–C) Representative raw images of a day-1 adult homozygous for both Phyp7::PIKI-899 

1::mNeonGreen and Pdpy-7::mKate2::RAB-5. Both (A,B) single-channel and (C) merged images are 900 

shown.  901 

 902 

 903 

S1 Movie. Pnekl-3::2xTAPP-1::mNeonGreen in the epidermis of a wild-type worm. 904 

z-Stack movie showing the expression of the PI(3,4)P2 sensor Pnekl-3::2xTAPP-1::mNeonGreen 905 

from the apical to the basal plane in the epidermis of a wild-type worm.  906 

 907 

S2 Movie. Pnekl-3::2xTAPP-1::mNeonGreen in the epidermis of a piki-1(Q1507Stop) worm. 908 

z-Stack movie showing the expression of the PI(3,4)P2 sensor Pnekl-3::2xTAPP-1::mNeonGreen 909 

from the apical to the basal plane in the epidermis of a piki-1(Q1507Stop) mutant.  910 

 911 
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Supporting Information  1242 

 1243 

S1 Fig. Supplemental RNAi and suppression data. 1244 

(A) The proportion of viable progeny produced by nekl-2(fd81); nekl-3(gk894345) worms after 1245 

injection by the indicated dsRNA. (B) The  proportion of viable progeny produced by nekl-1246 

2(fd81); nekl-3(gk894345) piki-1(Q1507Stop) worms after injection by the indicated dsRNA. (C) 1247 

The  proportion of viable progeny produced by nekl-2(fd81); nekl-3(gk894345) worms for the 1248 

indicated genotype. Statistical significance was determined using unpaired t-tests; *p≤0.05. Raw 1249 

data available in S1 File. 1250 

 1251 

 1252 

S2 Fig. Endogenous PIKI-1 expression. 1253 

(A, B) Representative confocal images of day-1 adults expressing (A) PIKI-1::mScarlet and (B) 1254 

PIKI-1::GFP. 1255 
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 1257 

S3 Fig. Effects of reduction of PIKI-1 function on intracellular trafficking compartments and 1258 

cargo.  1259 

(A,B,D,E,G,H,K,L,O,P) Representative confocal microscopy images of day-1 adults to assess the 1260 

effects of piki-1(Q1507Stop) mutants relative to wild-type worms with respect to (A,B) 1261 

GFP::CHC-1 (n=93), (D,E) mScarlet::CLIC-1 (n=79), (G,H) Phyp7::LRP-1::GFP (n=31), (K,L) 1262 

Phyp7::GFP::RAB-11, and (O,P) Phyp7::mNeonGreen::LGG-1. Red arrows in (P) indicate instances of 1263 

tubulation. The seam cell is labeled in all images. (C, F, I, M, Q) The mean intensity for each 1264 
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marker tested in (A,B) GFP::CHC-1, (D,E) mScarlet::CLIC-1, Phyp7::LRP-1::GFP, (K,L) 1265 

Phyp7::GFP::RAB-11, and (O,P) Phyp7::mNeonGreen::LGG-1. (J) The mean intensity for Phyp7::TGN-1266 

38::GFP. (N) The size of vesicles was graphed onto a dot plot for the Phyp7::GFP::RAB-11 strains. 1267 

(R) The percentage of worms that had either no tubulations or tubulations was recorded for 1268 

Phyp7::mNeonGreen::LGG-1. (C, F, I, J, M, N, Q) Dot plots show the mean and 95% CI. Statistical 1269 

significance was determined by unpaired t-tests; ****p ≤ 0.0001, **p ≤ 0.01, *p ≤ 0.05; ns, not 1270 

significant. (R) Statistical significance was determined by Fisher’s exact test; ****p ≤ 0.0001. 1271 

Raw data are available in S1 File. 1272 

 1273 

 1274 

S4 Fig. Effects of piki-1(ok2346) deletion allele on PI(3)P and PI(4,5)P2. 1275 

(A,B,D,E) Representative confocal images of day-1 adults show the effects in piki-1(ok2346) 1276 

mutants relative to wild-type worms with respect to (A, B) the PI(3)P lipid sensor 1277 

Phyp7::2xFYVE::mNeonGreen and (D,E) the PI(4,5)P2 lipid sensor Phyp7::PH PLC δ::mNeonGreen. 1278 

(C) Puncta per unit area for worms expressing Phyp7::2xFYVE::mNeonGreen. (F) Mean intensity 1279 

for worms expressing Phyp7::PH PLC δ::mNeonGreen. Dot plots show the mean and 95% CI. 1280 

Statistical significance was determined by unpaired t-tests; ****p ≤ 0.0001; ns, not significant. 1281 

Raw data are available in S1 File. 1282 
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 1283 

S5 Fig. Effects of reduction of PIKI-1 function on the multi-specific lipid sensor AKT-PH. 1284 

(A–C,E,F) Representative confocal images of day-1 adults that expressed the 1285 

PI(3,4)P2/PI(3,4,5)P3 lipid sensor Phyp7::AKT::oxGFP in the (A) wild-type, (B,C) piki-1(Q1507Stop) 1286 

(n=81), or (E,F) piki-1(ok2346) (n = 83) background. White arrows (A) indicate nuclei. Gold 1287 

arrows (B, E) indicate aggregations. Red arrows (C, F) indicate tubulations.  (D, G) Worms 1288 

expressing Phyp7::AKT-PH::oxGFP were scored for the presence of diffuse labeling, of 1289 

aggregations, and of aggregations and tubulations within the epidermis. Statistical significance 1290 

of the differences in phenotype distribution across backgroundswas determined by Fisher’s 1291 

exact test; ****p < 0.0001. Raw data are available in S1 File. 1292 
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S6 Fig. Effects of reduction of PIKI-1 function on lysosomes. 1295 

(A,B,D,E) Representative confocal images of day-1 adults expressing (A,B) Phyp7::LMP-1296 

1::mNeonGreen (n=24) or (D,E) NUC-1::mCherry (n=56) in the (A,D) wild-type and (B,E) piki-1297 

1(Q1507Stop) backgrounds. (C) Mean intensity was plotted for Phyp7::LMP-1::mNeonGreen. (F,G) 1298 

The (F) number of puncta per unit area and (G) size were plotted for NUC-1::mCherry. Dot plots 1299 

show the mean and 95% CI. Statistical significance was determined by unpaired t-tests; ****p ≤ 1300 

0.0001; ns, not significant. 1301 

 1302 

 1303 

S7 Fig. Marker expression in worms homozygous for Phyp7::PIKI-1::mNeonGreen and Pdyp-1304 

7::mKate2::RAB-5. 1305 

(A–C) Representative raw images of a day-1 adult homozygous for both Phyp7::PIKI-1306 

1::mNeonGreen and Pdpy-7::mKate2::RAB-5. Both (A,B) single-channel and (C) merged images are 1307 

shown.  1308 

 1309 

S1 Movie. Pnekl-3::2xTAPP-1::mNeonGreen in the epidermis of a wild-type worm. 1310 

z-Stack movie showing the expression of the PI(3,4)P2 sensor Pnekl-3::2xTAPP-1::mNeonGreen 1311 

from the apical to the basal plane in the epidermis of a wild-type worm.  1312 

 1313 

S2 Movie. Pnekl-3::2xTAPP-1::mNeonGreen in the epidermis of a piki-1(Q1507Stop) worm. 1314 

z-Stack movie showing the expression of the PI(3,4)P2 sensor Pnekl-3::2xTAPP-1::mNeonGreen 1315 

from the apical to the basal plane in the epidermis of a piki-1(Q1507Stop) mutant.  1316 
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