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DLC-1 facilitates germ granule assembly in 
Caenorhabditis elegans embryo

ABSTRACT  Germ granules are cytoplasmic assemblies of RNA-binding proteins (RBPs) re-
quired for germ cell development and fertility. During the first four cell divisions of the Cae-
norhabditis elegans zygote, regulated assembly of germ (P) granules leads to their selective 
segregation to the future germ cell. Here we investigate the role of DLC-1, a hub protein 
implicated in stabilization and function of diverse protein complexes, in maintaining P granule 
integrity. We find that DLC-1 directly interacts with several core P granule proteins, predom-
inantly during embryogenesis. The loss of dlc-1 disrupts assembly of P granule components 
into phase-separated organelles in the embryos, regardless of whether or not DLC-1 directly 
interacts with these proteins. Finally, we infer that P granule dispersal in the absence of dlc-1 
is likely independent of DLC-1’s function as a subunit of the dynein motor and does not result 
from a loss of cell polarity.

INTRODUCTION
RNA/protein granules are membraneless organelles serving as hubs 
for RNA metabolism and implicated in development and disease 
(Shin and Brangwynne, 2017; Gomes and Shorter, 2019). Assembly of 
protein and RNA constituents of the granules leads to their demixing 
from the surrounding cytoplasm through liquid–liquid phase separa-
tion (LLPS; Banani et al., 2017; Shin and Brangwynne, 2017; Mittag 
and Parker, 2018). Multivalent protein–protein and protein–RNA inter-
actions mediated by intrinsically disordered and structured domains 
of RNA-binding proteins (RBPs) can drive LLPS in vitro (Banani et al., 
2017; Shin and Brangwynne, 2017; Mittag and Parker, 2018). Beyond 
these modes of interaction, tuning phase separation properties of 
RNA granule components through association with additional protein 
partners remains relatively unexplored. Here, we report that the hub 
protein DLC-1 (dynein light chain 1) plays an essential role in promot-
ing in vivo assembly of Caenorhabditis elegans germ granules.

Germ (P) granules of C. elegans are a well-studied model of cy-
toplasmic RNA granules (Strome and Wood, 1982; Voronina, 2013; 

Marnik and Updike, 2019). Dynamic LLPS of embryonic P granules 
ensures their segregation to the posterior blastomere in the first cell 
division and eventually to the cells of the germline lineage (Figure 
1A; Strome and Wood, 1982; Brangwynne et al., 2009). The core 
components of embryonic P granules include RGG domain proteins 
PGL-1 and its paralogue PGL-3 (Kawasaki et al., 1998, 2004), a fam-
ily of germline DEAD-box RNA helicases, GLH-1, -2, -3, and -4 
(Gruidl et al., 1996; Kuznicki et al., 2000), and paralogous intrinsi-
cally disordered proteins MEG-3 and MEG-4 (Wang et al., 2014). 
Asymmetric assembly of embryonic P granules requires the pres-
ence of multiple core components: phase separation of PGL pro-
teins is disrupted in meg-3/meg-4 double mutants (Wang et  al., 
2014; Smith et  al., 2016) and also in the glh-1 mutant (Kawasaki 
et al., 1998, 2000; Spike et al., 2008; Hanazawa et al., 2011). Con-
versely, pgl-1/pgl-3 double mutant embryos display defective as-
sembly of GLH-1, MEG-3, and MEG-4 into granules (Hanazawa 
et al., 2011; Wang et al., 2014; Smith et al., 2016). In addition, pgl-
1/-3 knockdown also led to a reduction in localization of other pro-
teins to P granules, including IFE-1 (Amiri et  al., 2001), MEX-3 
(Hanazawa et al., 2011), and POS-1 (Hanazawa et al., 2011), sug-
gesting that PGLs are important for recruiting other P granule com-
ponents. The model of embryonic P granule assembly proposes 
asymmetric phase separation of MEG and PGL protein driven by an 
anterior–posterior gradient in RNA association linked to embryonic 
polarity regulators (Saha et al., 2016; Smith et al., 2016).

Although several core P granule components can undergo LLPS 
as purified proteins in vitro (Elbaum-Garfinkle et  al., 2015; Saha 
et al., 2016; Smith et al., 2016; Zhang et al., 2018; Putnam et al., 
2019), genetic approaches identified a number of additional factors 
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required for in vivo P granule assembly (Updike and Strome, 2009; 
Voronina and Seydoux, 2010). The genes promoting P granule for-
mation are involved in diverse cellular processes spanning cell cycle, 
protein degradation, RNA splicing, translational control, and nu-
cleocytoplasmic transport. These findings suggest that P granule 
assembly is not simply driven by the presence of the core compo-
nents and accessible RNA but are fine-tuned by other genes and 
cellular processes. Here, we report the contribution of the bimolecu-
lar scaffold DLC-1 to embryonic P granule assembly in C. elegans 
embryos.

C. elegans DLC-1 is an LC8 family protein originally described as 
a subunit of the axonemal dynein motor (Pfister et al., 1982) and 
later found in cytoplasmic dynein motor complexes (King and Patel-
King, 1995; Wilson et al., 2001). LC8 genes are highly conserved 
across eukaryotes (Wickstead and Gull, 2007), and are essential in 
C. elegans (Kamath et  al., 2003), Drosophila melanogaster (Dick 
et al., 1996), and mice (King et al., 2019). LC8 proteins bind a large 
number of protein interaction partners beyond the dynein motor 
components (Rapali et al., 2011b) and display a broader intracellular 
distribution than the dynein motor (King et al., 1996; Stelter et al., 
2007; Wang et al., 2016; Jespersen et al., 2019). Therefore, LC8 is 
thought to be a hub that facilitates the assembly of many protein 
complexes important for a wide variety of processes, such as tran-
scriptional regulation, tumor suppression, and apoptosis (Barbar, 
2008; Rapali et al., 2011b; Jespersen and Barbar, 2020). LC8 forms 
homodimers with two symmetrical grooves where its partners bind 
(Liang et  al., 1999). By engaging both binding sites, LC8 can 
promote homodimerization of its interaction partners and facilitate 
changes in their conformation, mediating enhanced affinity for ad-
ditional ligands or changes in function (Rapali et al., 2011b; Clark 
et al., 2015). Such conformational changes upon LC8 binding were 
shown for several interaction partners, including Swallow, where 
LC8 association with a disordered monomeric segment favors for-
mation of a dimeric coiled-coil fold (Wang et al., 2004; Kidane et al., 
2013). LC8-binding sites in partner proteins are typically short linear 
peptides that form a beta sheet upon binding to LC8 (Barbar, 2008). 
While the LC8-binding consensus motif has been proposed (Rapali 
et al., 2011a), not every peptide conforming to the motif can bind 
LC8 and some LC8-binding peptides are widely divergent (Clark 
et al., 2015). Despite the ever-growing list of known LC8-binding 
proteins, the field is far from capturing the diversity of LC8 partners 
and therefore the full range of functions that LC8 provides to the 
cells is still unknown.

We previously identified C. elegans LC8 protein DLC-1 as a co-
factor for the germline RBPs FBF-2 (Wang et al., 2016) and GLD-1 
(Ellenbecker et  al., 2019). DLC-1 promoted the function of these 
RBPs and the localization of FBF-2 to P granules. Through RIP-seq, 
we found that DLC-1 associates with more than 2700 mRNAs in C. 
elegans (Day et al., 2018), suggesting that DLC-1 might interact with 
many RBPs. In this report, we use an in silico interaction motif scan-
ning approach to predict additional RBPs interacting with DLC-1. 
We find that DLC-1 directly interacts with several P granule compo-
nents and is important for P granule assembly in embryos. Our find-
ings highlight the importance of cofactors in regulating in vivo 
phase separation of germ granules.

RESULTS
In silico and in vitro identification of RBPs that bind DLC-1
Given the high number of DLC-1–associated mRNAs identified us-
ing RIP-seq (Day et al., 2018), we hypothesized that DLC-1 interacts 
with multiple C. elegans RBPs in addition to the previously de-
scribed association with FBF-2 (Wang et  al., 2016) and GLD-1 

(Ellenbecker et al., 2019). To predict additional DLC-1–interacting 
RBPs, we used a bioinformatic approach to identify RBPs containing 
LC8 interaction motifs with the online MEME tool (Bailey, 2011; de-
tails in Materials and Methods). Attempting to represent the diver-
sity of DLC-interacting peptides, we used different combinations of 
LC8-interacting peptides to generate and test three possible 
DLC-1–interacting motifs (Figure 1, B–D; details in Materials and 
Methods). Motif A contains the conserved “TQT” residues and re-
sembles the canonical LC8 interaction motif (Rapali et al., 2011b) 
(Figure 1B). This motif best represents the peptides containing 
“TQT” residues present in more than half of input sequences but 
minimally reflects divergent DLC-1–interacting peptides. Motifs B 
and C deemphasize the overrepresented “TQT” residues of motif A 
and reflect greater diversity of LC8 interaction sites.

Motifs A–C were then used to scan the C. elegans proteome to 
identify proteins that contained at least one instance of one of these 
interaction motifs. To identify RBPs, the output from these proteome 
scans was compared against comprehensive lists of C. elegans RBPs 
(Tamburino et  al., 2013; Matia-González et  al., 2015). Together, 
scans with these three motifs yielded a total of 108 RBPs predicted 
to interact with DLC-1 by a single motif scan each and an additional 
18 RBPs that were identified by more than one motif scan (Figure 
1E; Supplemental Table 2). Motif scans recovered known DLC-1 RBP 
interactors GLD-1 (Ellenbecker et al., 2019) and FBF-2 (Wang et al., 
2016). In addition, several DLC-1 interactors predicted by the motif 
scan approach have been previously recovered by high-throughput 
yeast two-hybrid screens (Li et al., 2004; Simonis et al., 2009). We 
conclude that motif scans are capable of retrieving DLC-1 interac-
tion partners. Surprisingly, all three motif scans identified multiple 
putative DLC-1 interactors that are also components of P granules, 
including GLD-1 (Jones et al., 1996), PGL-1 (Kawasaki et al., 1998), 
PGL-3 (Kawasaki et al., 2004), GLH-4 (Kuznicki et al., 2000), MEG-4 
(Wang et al., 2014), and GLD-2 (Wang et al., 2002). P granules are 
non–membrane bound cytoplasmic assemblies of RNAs and RBPs 
required for fertility and posttranscriptional mRNA regulation; how-
ever, the mechanism of their assembly is not fully understood. The 
emerging role of DLC-1 as a hub for protein complex assembly led 
us to test whether it directly interacts with P granule RBPs, which 
might indicate its role in P granule assembly.

To determine whether DLC-1 might directly interact with pre-
dicted RBP partners, DLC-1 fused to GST and six putative interact-
ing RBPs tagged with 6xHis or maltose-binding protein (MBP) were 
expressed in bacteria and tested for direct interaction using in vitro 
GST pull downs. Tested RBPs included PGL-1, PGL-3, GLH-4, MEG-
4, IFG-1, and DAZ-1. Four of these (PGL-1, PGL-3, GLH-4, MEG-4) 
directly interacted with DLC-1 (Figure 1F). Interaction between 
DLC-1 and PGL-3 was previously observed in a high-throughput 
yeast two-hybrid screen (Li et al., 2004). DAZ-1 did not directly inter-
act with DLC-1, suggesting that a reported interaction between the 
mouse orthologues Dazl and LC8 (Lee et al., 2006) is not conserved, 
and neither did IFG-1. PGL and MEG proteins are members of pro-
tein families containing several paralogous proteins each, so we in-
vestigated whether the paralogues not recovered by motif scans 
were able to interact with DLC-1. MEG-3, a paralogue of MEG-4 
with 71% identity (Wang et al., 2014), weakly interacted with DLC-1 
compared to MEG-4 (Figure 1F). By contrast, PGL-2 did not interact 
with DLC-1 at all (Figure 1F). In our previous attempts to identify 
DLC-1–interacting RBPs based on the overlap of mRNA targets, 
GST pulldowns confirmed 37% of predicted binding partners (Day 
et al., 2018; N. Day, unpublished). By contrast, in vitro interaction 
testing of RBPs with a putative DLC-1–binding motif validated 
67% of the candidates (Figure 1F). We conclude that bioinformatic 
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analysis has successfully enriched DLC-1–interacting proteins within 
the list of putative binding partners.

DLC-1 is incorporated into PGL-1–containing complexes in 
the adult germline
To test whether DLC-1-RBP interactions identified in vitro are ob-
served in vivo, we used an in situ approach to observe and quantify 
these interactions. For these experiments, we focused on core P 
granule components PGL-1 and PGL-3 (Kawasaki et al., 1998, 2004). 
We first confirmed that DLC-1 is coexpressed with PGL-1 and PGL-3 
in the adult germline using coimmunostaining (Supplemental Figure 
S1). 3xFLAG::DLC-1 was uniformly expressed throughout the germ-
line as previously reported (Dorsett and Schedl, 2009; Wang et al., 

2016; Day et al., 2020) (Supplemental Figure S1, Aii, Bii, and Cii). 
GFP alone used as a control was uniformly distributed throughout 
the germline (Supplemental Figure S1Aiii). Expression patterns of 
GFP-tagged PGL-1 and PGL-3 in the germline (Supplemental Figure 
S1, Biii and Ciii) showed both proteins localized to P granules in 
germ cells and oocytes, with PGL-1 expressed throughout the 
germline and PGL-3 expressed from the midpachytene region to 
the oocytes, as previously observed (Kawasaki et al., 2004). Both 
PGL-1 and PGL-3 are coexpressed with DLC-1, suggesting that they 
could interact in the germline.

To visualize and quantify interactions between DLC-1 and PGL-1 
or PGL-3 in vivo, we carried out a Duolink in situ proximity ligation 
assay (PLA), a procedure that produces fluorescent signal when the 

FIGURE 1:  Motif scans identify C. elegans DLC-1–interacting proteins. (A) Schematics of early C. elegans embryos from 
the one-cell stage to the ∼100-cell stage. Germ cells are highlighted in purple, and P granules are depicted as green 
puncta. (B) MEME analysis of published LC8-binding sites generates the canonical binding motif A (“TQT”) similar to the 
one reported previously (Rapali et al., 2011b). (C) MEME analysis of divergent LC8-binding sites including the sites from 
GLD-1 (Ellenbecker et al., 2019) and FBF-2 (Wang et al., 2016) generates an alternative motif B (“DRRSQT”). (D) MEME 
analysis of divergent LC8-binding sites including the site from GLD-1 and additional atypical LC8-binding sites from 
Rodríguez-Crespo et al. (2001) generates an alternative motif C (“PASSAY”). (E) Scanning the C. elegans proteome with 
motifs A–C returns 126 proteins previously identified as RBPs (Tamburino et al., 2013; Matia-González et al., 2015). The 
green, black, and blue circles represent the results from each respective motif scan. Examples of RBPs found exclusively 
by each motif scan are listed in each circle. Examples of RBPs found by more than one scan are shown in regions where 
circles overlap. The numbers on yellow background indicate how many RBPs were identified in each specific group or 
overlap between groups. The RBPs listed have been tested for interaction with DLC-1 in this report or previously. Bold 
text indicates RBPs previously found to interact with DLC-1, while an asterisk indicates no interaction with DLC-1 in a 
previous study. (F) GST pull downs confirm several interactions between GST::DLC-1 and RBPs identified by the 
proteome scan. All RBPs tested were 6xHis tagged with the exception of MEG-3, MEG-4, and DAZ-1, which were MBP 
tagged. RBP constructs were detected by Western blotting with anti-6xHis or anti-MBP antibodies, and GST alone or 
GST::DLC-1 was detected by stain-free chemistry. PGL-2 and MEG-3 were included for comparison against their 
paralogues PGL-1, PGL-3, and MEG-4, which were recovered with the motif scan.
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target epitopes are closer than 40 nm in situ (Bagchi et al., 2015). We 
performed PLA in strains coexpressing 3xFLAG::DLC-1 with GFP-
tagged PGL-1 or PGL-3 using the same anti-FLAG and anti-GFP pri-
mary antibodies that were used for immunofluorescence and quanti-
tatively analyzed the signal following the previously described 
workflow (Day et al., 2020) (Figure 2). As a negative control, we used 
the animals coexpressing 3xFLAG::DLC-1 with GFP, as DLC-1 and 
GFP are not expected to interact and any PLA signal produced in this 
strain would be due to spurious proximity between the epitopes. For 
quantification each germline was separated into three zones, where 
zone 1 comprised the distal end to early pachytene, zone 2 spanned 
mid to late pachytene, and zone 3 included all oocytes (demarcated 
by red lines in subpanels iii of Figure 2). Among the three protein 
pairs tested, 3xFLAG::DLC-1; PGL-1::GFP germlines had the highest 

mean PLA density in zone 1 (P < 0.0001; Figure 2D). By contrast, the 
PLA density in 3xFLAG::DLC-1; GFP::PGL-3 germlines was at the 
background level in zone 1 but showed a moderate yet statistically 
significant increase in zone 2 (P < 0.0167; Figure 2D). This is likely 
explained by the expression pattern of PGL-3, which starts in zone 2 
at the midpachytene (Supplemental Figure S1Ciii). PGL-1’s PLA den-
sity in zone 2 was still significantly higher compared to PGL-3’s 
(P  <  0.0167), suggesting that DLC-1 predominantly interacts with 
PGL-1 in this zone. PLA density was also quantified in the oocytes 
(zone 3, Figure 2D), where P granules change their localization from 
perinuclear to cytoplasmic during oogenesis and oocyte maturation 
(Strome and Wood, 1982; Pitt et  al., 2000). While the mean PLA 
densities for 3xFLAG::DLC-1; PGL-1::GFP were similar in zones 1 and 
2, we observed a more than 30% decrease in oocytes of zone 3 

FIGURE 2:  Proximity ligation detects formation of DLC-1/PGL complexes in the adult germline. (A–C) Extruded adult 
germlines of 3xFLAG::DLC-1; GFP (A), 3xFLAG::DLC-1; PGL-1::GFP (B), and 3xFLAG::DLC-1; GFP::PGL-3 (C) with PLA in 
magenta and DNA labeled with DAPI (4′,6-diamidino-2-phenylindole; cyan). The individual PLA channels (Aii, Bii, Cii) are 
also shown in grayscale for better contrast. For quantification, the PLA foci in the grayscale PLA channels were subjected 
to the particle thresholding procedure (Aiii, Biii, Ciii). Red lines separate the three zones used for quantitative analysis in 
D. In each image, the stem cells and meiotic pachytene are outlined with dashed lines, while the oocytes are outlined 
with dotted lines. Images were acquired with a confocal microscope. Scale bars are 10 µm. (D) The PLA density (number 
of PLA foci per μm2) was measured for germlines of each genetic background segmented into three zones (see Materials 
and Methods) as denoted by the red lines (Aiii, Biii, Ciii). Average and SD are indicated for each column. The number of 
germlines analyzed (N) for each strain in each zone is shown below the graph. Differences in PLA density for each protein 
pair and each zone were evaluated by one-way analysis of variance (ANOVA) followed by Sidak’s multiple comparison 
test. The sole significant cross-zone difference in PLA density is shown with a blue dashed bracket. Asterisks denote 
statistical significance (***, P < 0.001; **, P < 0.01; *, P < 0.05). Data are representative of three biological replicates.
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(Figure 2D). 3xFLAG::DLC-1; GFP::PGL-3 also exhibited a 30% re-
duction in mean PLA density for zone 3 compared to zone 2, result-
ing in PLA density close to background. On the basis of these data, 
we conclude that DLC-1 preferentially interacts with PGL-1 over 
PGL-3 in the germline. Further, the differences in PLA density be-
tween coexpressed protein pairs and the decrease in PLA density in 
the oocytes suggest that coexpression of partner proteins is not the 
sole determinant of DLC-1/PGL interactions in the germline.

DLC-1 is incorporated into PGL-containing RNPs in embryos
We further investigated potential interactions between DLC-1 and 
PGL-1 or PGL-3 in developing embryos. We first established that 
3xFLAG::DLC-1 is coexpressed with GFP alone or PGL-1::GFP and 
GFP::PGL-3 throughout embryonic development (Supplemental 
Figure S2). Interestingly, anti-FLAG immunostaining in embryos at 

the ∼100-cell stage shows that 3xFLAG::DLC-1 is enriched in pri-
mordial germ cells Z2 and Z3 (yellow asterisk, Supplemental Figure 
S2, D, H, and L), also recognized by the localization of PGL-1 or 
PGL-3. The overlapping patterns of expression of DLC-1 in somatic 
and germ cells and PGL-1 and PGL-3 in germ cells suggest that 
DLC-1 could interact with these RBPs in developing embryos.

Using PLA, we quantified interactions between DLC-1 and PGL-1 
or PGL-3 in embryos across several different stages of development 
grouped based on cytoplasmic or perinuclear P granule localization 
and the germ cell identity (Figure 3). At every stage, the average 
PLA densities observed in 3xFLAG::DLC-1; PGL-1::GFP and 
3xFLAG::DLC-1; GFP::PGL-3 embryos were significantly higher than 
in the negative control (P < 0.001; Figure 3P). Meanwhile, we ob-
served only minor differences between the PLA densities for DLC-1/
PGL-1 and DLC-1/PGL-3 complexes. The average PLA density 

FIGURE 3:  DLC-1 forms complexes with PGL-1 and PGL-3 in early embryos. (A–O) PLA (red) in 3xFLAG::DLC-1; GFP 
(A–E), 3xFLAG::DLC-1; PGL-1::GFP (F-J), and 3xFLAG::DLC-1; GFP::PGL-3 (K–O) embryos. Rows 1 (A, F, and K) and 2 
(B, G, and L): two- and four-cell-stage embryos, where cytoplasmic P granules segregate into the germ cell P1 or P2. 
Row 3 (C, H, and M): 16–23-cell embryos, where P granules transition to the perinuclear location in the late P3 germ cell. 
Row 4 (D, I, and N): 24–100-cell embryos, where P granules are located at the nucleus of the P4 germ cell. Row 5 
(E, J, and O): embryos at ∼100-cell stage, where autophagy clears PGL proteins from somatic cells, with P granules 
remaining in Z2 and Z3 primordial germ cells. DNA is labeled with DAPI (blue in the merged images). The PLA channels 
are also shown in grayscale for better contrast. Images were acquired using a confocal microscope. Yellow asterisks in I, 
J, N, and O indicate PLA foci enriched in germ cells. Embryos in this and the following figures are oriented with anterior 
to the left. Scale bars = 10 µm. (P) PLA density (PLA foci per μm2) was measured within each whole embryo coexpressing 
3xFLAG::DLC-1 with either of GFP (negative control), PGL-1::GFP, or GFP::PGL-3. The values were subsequently binned 
into groups based on developmental stage of the embryo (as indicated along the X-axis). Average and SD are indicated 
for each column. N values for each strain and developmental stage are shown under each column. Differences in PLA 
density for each protein pair were evaluated by one-way ANOVA followed by Sidak’s multiple comparison test. 
Asterisks denote statistical significance (***, P < 0.001; *, P < 0.05). Data are representative of four biological replicates.
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values for both PGL-1 and PGL-3 in the embryo were higher than 
those observed in the adult germlines (Figure 2D), even though we 
quantified PLA density across the whole embryo rather than just in 
the germ cell. This suggests that incorporation of DLC-1 into PGL-1 
or PGL-3 RNPs is more prevalent in embryos than in the germlines 
or oocytes. Surprisingly, PLA foci for 3xFLAG::DLC-1 with PGL-
1::GFP or GFP::PGL-3 were present throughout the early embryos, 
including both somatic and germ cells (Figure 3, F–O) in contrast to 
the dramatic accumulation of PGL-1 and PGL-3 in P granules in em-
bryonic germ cells (Supplemental Figure S2, column iii). We con-
cluded that DLC-1 might be a part of PGL-1 and PGL-3 RNP com-
plexes not only in germ cells but also in somatic cells (Hird et al., 
1996; Zhang et al., 2009). Interestingly, in later-stage embryos DLC/
PGL PLA foci appeared enriched in the germ cells (yellow asterisks, 
Figure 3, I, J, N, and O), which we quantitatively analyzed next.

DLC-1/PGL RNPs are enriched in germ cells
PGL proteins that partition to somatic cells during early embryonic 
cell divisions are gradually cleared by autophagy (Zhang et  al., 
2009). To evaluate whether there is a preference for DLC-1/PGL 
complex formation in the germ cells, we evaluated distribution of 
PLA foci in the P4-stage embryos, before substantial clearance of 
PGL proteins in the somatic cells. Using PLA in tandem with immu-
nostaining against PGL-1 to mark P granules (Figure 4, A–C), we first 
scored how often PLA foci were observed in the germ cells (Figure 
4D). Both 3xFLAG::DLC-1; GFP::PGL-3 and 3xFLAG::DLC-1; PGL-
1::GFP embryos had a high prevalence of PLA foci in germ cells 
(83% and 71% of embryos, respectively). By contrast, the prevalence 
of germ cell PLA foci was lower in 3xFLAG::DLC-1; GFP embryos 
(39%; Figure 4D) and significant differences in the proportion of em-
bryos with germ cell PLA foci were revealed by a Chi-square test 
(P < 10–19 for PGL-1::GFP, P < 10–29 for GFP::PGL-3 vs. GFP alone). 
We conclude that PGL-3/DLC-1 and PGL-1/DLC-1 complexes are 
both present in germ cells above background level. To evaluate 
whether either of the PGL/DLC complexes was enriched in germ 
cells to a greater extent, we quantitatively compared the germ cell 
PLA signal to that observed in the somatic cells.

To quantify germ cell PLA signal, we measured the relative area 
that PLA foci occupy in germ and somatic cells of the same embryo 
(green vs. gray dashed outlines in Figure 4, A–C). This metric was 
more informative than PLA density as it reflected the differences in 
the size of PLA foci and was robust to merging of PLA foci. These 
measurements were performed only on embryos where PLA signal 
was present in the germ cells (Figure 4D). The average relative areas 
occupied by PLA foci in somatic and germ cells were not signifi-
cantly different in the GFP control (Figure 4E). By contrast, for both 
PGL-1::GFP and GFP::PGL-3, the relative PLA area in germ cells was 
significantly greater than in somatic cells (P < 0.0001; Figure 4E). We 
concluded that DLC-1/PGL–containing RNPs are enriched in the 
germ cells despite the substantial presence of PGL proteins in the 
somatic cells at this stage, confirming qualitative observations. To 
determine whether one of the DLC-1/PGL complexes might be en-
riched in germ cells to a greater extent, we calculated the ratios 
between relative PLA areas in the germ and somatic cells (Figure 4F) 
for each individual embryo plotted in Figure 4E. We found that 
3xFLAG::DLC-1; GFP::PGL-3 had significantly higher germ cell/
soma PLA enrichment compared to the 3xFLAG::DLC-1; PGL-
1::GFP, while both DLC-1/PGL complexes were enriched in the 
germ cells more than the DLC-1/GFP control (P < 0.001; Figure 4F). 
We conclude that both DLC-1/PGL complexes are significantly en-
riched in the germ cells and the DLC-1/PGL-3 RNP complex might 
be more selective for the germ cells compared to the somatic cells.

Loss of DLC-1 disrupts P granule assembly in the embryo
Because DLC-1 interacts with multiple core P granule components in 
vitro (Figure 1F) and is incorporated into RNP complexes with PGL-1 
and PGL-3 in vivo (Figures 2–4), we hypothesized that loss of DLC-1 
might disrupt the assembly of PGLs into P granules. To test this hy-
pothesis, we documented the effect of dlc-1 knockdown on PGL-1 
and PGL-3. RNAi-mediated dlc-1 knockdown at 20°C results in 
100% embryonic lethality. We found that PGL protein assembly into 
granules is severely disrupted in both early and later-stage embryos 
following dlc-1(RNAi) (Figure 5, B and D). Many embryos had com-
pletely dispersed faint PGL signal, and in cases where PGL granules 
assembled, they were smaller than in the control (compare Figure 5, 
Cvi and Dvi) and in some instances contained only one of the PGL 
proteins (Figure 5, Bvi and Dvi). Scoring P granule formation in the 
dlc-1(RNAi) embryos revealed significant disruption of P granule as-
sembly across developmental stages (Figure 5E). Quantitative evalu-
ation of PGL-1/PGL-3 colocalization by Pearson’s correlation coeffi-
cient analysis based on Costes’ automatic threshold (Costes et al., 
2004) revealed that the PGL-1/PGL-3 correlation coefficient was 
significantly reduced in both early and late dlc-1(RNAi) embryos 
compared to the control (P < 0.0001; Figure 5F). This reduction in 
PGL-1/PGL-3 colocalization upon the loss of dlc-1 was intriguing, 
given that PGL-1 and PGL-3 directly interact in vitro (Kawasaki et al., 
2004). Additionally, we observed frequent missegregation of PGL 
proteins into multiple embryonic cells (Figure 5, D and G). By con-
trast, PGL protein assembly into perinuclear granules in the adult 
germline was not affected by dlc-1(RNAi), as reported previously 
(Supplemental Figure S3) (Wang et al., 2016). We concluded that 
DLC-1 promotes PGL-1/3 assembly into P granules in the embryo.

To test whether dlc-1(RNAi) leads to a reduction in the levels of 
PGL proteins, we documented the levels of endogenous PGL-1 and 
transgenic GFP::PGL-3 in the control and dlc-1(RNAi) embryos. We 
find that the levels of PGL-1 and GFP::PGL-3 in the embryo lysates 
are not affected by dlc-1(RNAi) (Figure 6), suggesting that the ob-
served effect of dlc-1 depletion on PGL protein assembly is inde-
pendent of any change in protein abundance.

To assess whether defects in PGL-1/3 assembly into P granules 
upon dlc-1(RNAi) reflect more general disruption of P granule struc-
ture, we assessed the effects of dlc-1 mutation on CRISPR-tagged 
MEG-3::OLLAS and MEG-4::3xFLAG. By GST pull down, MEG-3 
only weakly interacted with DLC-1 (Figure 1F); therefore it was not 
clear whether its localization and assembly into P granules might be 
disrupted by a loss of DLC-1. Both MEG proteins along with endog-
enous PGL-1 were examined in wild type or dlc-1 loss of function 
mutant embryos at 20°C (embryos produced by the homozygous 
dlc-1-mutant mothers). In dlc-1 mutants, segregation and perinu-
clear localization of P granules containing MEG-4, MEG-3, and 
PGL-1 were disrupted in both early and later-stage embryos (Figure 
7, B and D). While large P granules in the wild-type embryos contain 
all three core P granule components (row viii, Figure 7, A and C), P 
granules that form in dlc-1 mutants appear smaller in size and oc-
casionally lack some components (rows v–viii, Figure 7, B and D), 
suggesting that P granule proteins fail to assemble into the normal 
complex. For each pair of P granule proteins tested, we observed a 
significant decrease in the colocalization coefficient between the 
wild type and dlc-1 mutant (P < 0.0005; Figure 7E), in agreement 
with the qualitative observations. Interestingly, the dlc-1 mutation 
affected colocalization of MEG-3 and MEG-4 with PGL-1, even 
though both MEGs directly interact with PGL-1 in vitro (Wang et al., 
2014). Overall, we conclude that DLC-1 promotes both assembly 
and localization of multiple P granule components in developing 
embryos, including those that do not directly interact with DLC-1.
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FIGURE 4:  DLC-1/PGL complexes are enriched in P4 and Z2/Z3 germ cells. (A–C) PLA foci (magenta) in 3xFLAG::DLC-1; 
GFP (A), 3xFLAG::DLC-1; PGL-1::GFP (B), and 3xFLAG::DLC-1; GFP::PGL-3 (C) single confocal planes of embryos at 
approximately the 40-cell stage. DNA is labeled with DAPI (cyan). P granules (yellow) are immunostained by anti–PGL-1. 
The PLA channels are also shown in grayscale (Aii, Bii, Cii) for better contrast. For quantification, the PLA foci in the 
grayscale PLA channels of each embryo image were subject to particle thresholding (Aiii, Biii, Ciii). The green dashed 
circle delineates the germ cell ROI, while the gray dashed circle delineates the somatic cell. Scale bars = 10 µm. 
(D–F) Quantitative analysis of PLA. The PLA signal in test and control strains was evaluated by three different metrics 
using the same embryo images for all analyses. PGL-1::GFP data were collected across five biological replicates, 
GFP::PGL-3 data in four biological replicates, and GFP data in three biological replicates. (D) DLC-1/PGL complexes are 
present in germ cells. Pie charts represent proportions of embryos that had PLA foci present in germ cells. The number 
of observations (N) for each group is shown next to each pie chart legend. (E) The relative area occupied by the PLA 
signal of DLC-1/PGL complexes is greater in the germ cells than in the somatic cells. The relative PLA area in somatic 
and germ cells (gray and green circles) is plotted for embryos of each strain. The embryos with no signal in the germ 
cells were excluded from this data set. Average and SD are shown for each column. Differences in relative PLA areas 
were evaluated by one-way ANOVA followed by comparisons of somatic vs. germ cells for each strain with Sidak’s 
multiple comparison test (****, P < 0.0001). (F) The germ cell enrichment of DLC-1/PGL-3 complex is greater than that 
of the DLC-1/PGL-1 complex. The ratios of relative PLA areas in germ cell over somatic cell of the same embryo are 
plotted for each strain (the Y-axis is log-scale). Average and SD are indicated for each column. Differences in germ/
somatic cell PLA area ratio for each target protein were evaluated by one-way ANOVA followed by Tukey multiple 
comparison test. Asterisks denote statistical significance (***, P < 0.001).
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FIGURE 5:  dlc-1 is required for PGL-1 and PGL-3 assembly into embryonic P granules. (A–D) P granule components 
PGL-1 (red) and GFP::PGL-3 (green) detected by immunostaining of control or dlc-1(RNAi) embryos. (A, B) Four-cell 
embryos. (C, D) Forty-cell embryos. DNA is labeled with DAPI (blue). Panels iv–vi are zoomed-in regions (dotted 
outlines) of panel iii to highlight differences in P granule assembly and size between control RNAi and dlc-1(RNAi)–
treated embryos. Images were acquired using a confocal microscope. Scale bars in i–iii are 10 µm. (E) P granules are 
disrupted in a large fraction of dlc-1(RNAi) embryos. Plotted are the average percents of embryos with distinct 
cytoplasmic PGL-1 foci following control or dlc-1(RNAi). Error bars represent the SD, and the number of embryos 
observed (N) for each condition is indicated below each bar. Data were collected in three biological replicates. 
(F) Pearson’s correlation analysis quantifying colocalization between PGL-1 and GFP::PGL-3 in wild-type and dlc-1(RNAi) 
embryos. Plotted values are means ± SD. The difference between the control and dlc-1(RNAi) was significant in both 
early and later-stage embryos. The P values were determined using a two-tailed/equal variance t test where 
**** = P < 0.0001. The number of embryos observed (N) in each RNAi experiment is noted under each bar. Data were 
collected in three biological replicates. (G) Defects in P granule segregation are frequently observed in dlc-1(RNAi) 
embryos. P granule segregation was classified as normal for each developmental stage (gray) or abnormal with 
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DLC-1 function in embryonic P granule assembly likely does 
not reflect dynein motor activity
DLC-1 is a multifunctional protein that contributes to a variety of 
cellular protein complexes including the dynein motor (Rapali et al., 
2011b). RNAi depletion of dynein motor components dhc-1 (the 
heavy chain) and dyci-1 (the intermediate chain) was previously re-
ported to lead to P granule dispersal (Updike and Strome, 2009). 
Therefore, we considered whether the requirement for dlc-1 in em-
bryonic P granule assembly was linked to its dynein motor function. 
However, RNA interference (RNAi) depletion of maternal dhc-1 or 
dyci-1 resulted in loss of oocyte production in the majority of treated 
animals as previously reported (Gönczy et al., 1999; Schmidt et al., 
2005; unpublished data). The few dhc-1(RNAi) or dyci-1(RNAi) em-
bryos that we were able to analyze failed cytokinesis and proceeded 
to massively endoreplicate DNA. At the early one-cell stage, these 
embryos were able to assemble cytoplasmic P granules that never 
enlarged with the progression of endoreplicative nuclear cycles (un-
published data). It is possible that P granule “dispersal” in these 
backgrounds resulted from a failure to partition the negative regula-
tors of P granule assembly, which is normally achieved by cytokine-

sis. We were able to circumvent the requirement for maternal dhc-1 
by disrupting dynein motor function in the embryos using a temper-
ature-sensitive mutant allele, dhc-1(or195ts), that is inactivated 
within ∼1 min of an upshift to the restrictive temperature (Schmidt 
et al., 2005). We documented P granule phenotypes in the embryos 
produced by the mutant adult mothers shifted to the restrictive tem-
perature of 26°C for 2 h by immunostaining for endogenous PGL-1 
(Figure 8). Inactivation of dhc-1(or195ts) at the elevated tempera-
ture resulted in variable phenotypes along the timeline of embry-
onic development. The cytoplasmic P granules in the early embryos 
(germ cell stage P1 to early P3) were often missegregated, despite 
forming foci of a size similar to those observed in the control (Figure 
8, Aiii, D, and E). The P granules in the 16–100-cell embryos, which 
are perinuclear in the late P3 or P4 control germ cell (Figure 8Bi), 
failed to segregate to a single embryonic blastomere and were of-
ten dispersed at the restrictive temperature in dhc-1(or195ts) (Figure 
8, Biii, D, and E). By contrast, once Z2 and Z3 primordial germ cells 
formed in ∼100-cell embryos, presumably before the shift to a re-
strictive temperature, P granules were no longer affected by inacti-
vation of dhc-1 (Figure 8, Ciii, D, and E). Conversely, P granules ap-
peared normal in the dhc-1(or195ts) strain at the permissive 
temperature (Figure 8, Ai, Bi, and Ci) and in the wild-type strain at 
both temperatures (Supplemental Figure S4). We conclude that 
dynein motor is required for normal P granule segregation during 
embryonic cell divisions likely through its contribution to mitotic 
spindle positioning and embryonic polarity (Gönczy et  al., 1999; 
Rose and Gönczy, 2014). Despite their missegregation in the early 
embryos, P granules maintain their integrity upon dynein motor in-
activation. Furthermore, in the nondividing Z2 and Z3 primordial 
germ cells, P granule integrity and perinuclear localization are not 
affected by the disruption of the dynein motor. Overall, this sug-
gests that dynein motor activity likely does not contribute to stabili-
zation of embryonic P granules. We speculate that disruption of P 
granules in rapidly dividing 16–100-cell embryos upon inactivation 
of dhc-1 is secondary to their missegregation.

DLC-1 requirement for P granule assembly is independent 
of cell polarity
P granule segregation and integrity during embryonic asymmetric 
cell divisions depend on the establishment of cortical asymmetry of 
conserved cell polarity regulators, the PAR proteins (Lang and Munro, 
2017). Polarized distribution of PARs then drives asymmetric localiza-
tion of cytoplasmic components such as RBP PIE-1 and P granules 
(Mello et al., 1996; Griffin, 2015). To assess whether disruption of P 
granules following dlc-1(RNAi) is secondary to a failure of polarity 
establishment, we assessed whether GFP::PAR-2 achieved its normal 
posterior localization in dlc-1 mutant embryos. If P granule disruption 
depends on the loss of PAR polarity, we expect to observe P granule 
assembly defects only in the embryos that have lost PAR-2 localiza-
tion. By contrast, we observed that in all 2–4-cell embryos where P 
granules were most severely dispersed (reflecting ∼15% of scored 
embryos), localization of GFP::PAR-2 was normal (Figure 9A, iv–vi). To 
determine whether P granule dispersal correlated with a failure to 
generate cytoplasmic asymmetries, we assessed localization of 
GFP::PIE-1 following dlc-1(RNAi). We found that in all 2–4-cell 
dlc-1(RNAi) embryos where P granules were severely dispersed 

FIGURE 6:  dlc-1(RNAi) does not affect the levels of PGL-1 and PGL-3 
in embryos. (A) Western blot of embryo lysates following control or 
dlc-1(RNAi). PGL-1 and GFP::PGL-3 abundance does not decrease 
following dlc-1(RNAi). Tubulin is used as a loading control. (B) Average 
PGL-1 and GFP::PGL-3 protein levels normalized to tubulin over three 
biological replicates. Error bars represent the SD from the mean. No 
significant differences were observed between the control and 
dlc-1(RNAi) (PGL-1: P > 0.3; PGL-3: P > 0.7), calculated by Student’s 
unpaired t test.

P granules found in somatic cells (dark olive). A fraction of dlc-1(RNAi) embryos had very diffuse PGL-1 signal, where it 
was hard to ascertain the fidelity of segregation into specific cells (faint, light olive color). Plotted values are means ± SD. 
The number of embryos observed (N) in each RNAi condition is indicated next to each bar. The same embryos were 
scored to generate panels E and G.
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(corresponding to 7% of scored embryos), GFP::PIE-1 formed a cyto-
plasmic gradient (Figure 9B, iv–vi), suggesting that P granule assem-
bly defects were not associated with a general loss of cytoplasmic 

asymmetries. We conclude that P granule dispersal upon the loss of 
dlc-1 does not reflect a general disruption of cell polarity, supporting 
a specific role for DLC-1 in P granule assembly.

FIGURE 7:  dlc-1 is required for embryonic P granule integrity. (A–D) Maximum-intensity projections of wild-type or dlc-1 
mutant embryos coimmunostained for P granule components MEG-4::3xFLAG (red), MEG-3::OLLAS (green), and PGL-1 
(cyan), respectively. DNA was labeled with DAPI (blue in the merged images). (A, B) Two- to four-cell-stage embryos. 
(C, D) Twenty-three- to twenty-four-cell-stage embryos. Rows v–viii are zoomed-in regions (dotted outlines in panel iv) split 
into single channels for clarity. Images were acquired using a confocal microscope. Scale bars: 10 µm (i–iv); 2 µm (v–viii). 
(E) Average colocalization coefficients (Pearson correlation based on Costes’ automatic threshold) for each indicated pair 
of P granule proteins in wild-type and dlc-1 mutant embryos. For each pair of P granule proteins examined, the difference 
between the wild type and mutant was significantly different. The P values were determined using a two-tailed, equal 
variance t test, *** = P < 0.0005. Error bars represent SD from the mean. The numbers of wild-type or dlc-1 mutant 
embryos observed (N) are denoted in the bar plot legend. The data were collected over three biological replicates.
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DISCUSSION
In this study, we report the in vitro and in vivo interactions between 
DLC-1 and several P granule component proteins. We find that in 
vivo interactions between DLC-1 and PGL proteins are more pro-
nounced in the embryo than in the adult germline and dlc-1 knock-
down or null mutant interferes with embryonic P granule formation, 
likely independent of DLC-1’s contribution to the dynein motor. To-
gether, our results support a model that DLC-1 is an essential facili-
tator of embryonic P granule assembly in C. elegans (Figure 10).

Bioinformatics identifies new DLC-1–binding partners
The interaction motif scan identified a number of RBPs as candidate 
interactors of DLC-1, including several P granule components. Us-
ing GST pull downs, we confirmed direct interaction between DLC-1 
and PGL-1, PGL-3, GLH-4, and MEG-4 (Figure 1F). These binding 
partners were recovered using a combination of three different in-
teraction motifs to scan the proteome, suggesting that there is di-
versity in the protein sequences recognized by DLC-1 that cannot 
be captured in a single degenerate motif. Diversity of DLC-1 inter-
action sites outside of the canonical TQT interaction motif is impor-
tant to consider in future bioinformatic searches for DLC-1 partners. 
Further work is needed to test whether the predicted binding sites 
in fact mediate the interaction between DLC-1 and its P granule 
partners.

Dynamic interaction of DLC-1 with PGL-1 and PGL-3
While DLC-1 is coexpressed with PGL-1 and PGL-3 both in the adult 
germline and in embryos, PLA revealed that DLC-1/PGL interac-
tions are dynamic and change with development (Figures 2D and 
3P). In the adult germline, DLC-1/PGL-1 complexes are more abun-
dant than DLC-1/PGL-3 complexes (Figure 2D). In the distal region 
of the germline (zone 1), this difference reflects the lack of PGL-3 
expression (Supplemental Figure S1C). The differences in DLC-1/
PGLs interactions through zones 2 and 3 might similarly stem from 
unequal expression levels of PGL-1 and PGL-3. However, it is also 
possible that the interaction between PGLs and DLC-1 is regulated 
by varying accessibility of binding sites that might be due to post-
translational modifications or interactions with additional binding 
partners. Both DLC-1/PGL complexes decreased in abundance in 
the oocytes compared to the mid to late pachytene (Figure 2D). 
This might reflect P granule remodeling at the time when they lose 

FIGURE 8:  P granule integrity is likely independent of dynein motor 
function. (A–C) PGL-1 (red) detected by immunostaining of dhc-
1(or195) embryos at the permissive (15°C, subpanels i and ii) or 
restrictive (26°C, subpanels iii and iv) temperature. (A) Four-cell 
embryos. (B) Approximately 40–cell embryos. (C) Approximately 
100-cell embryos. DNA is labeled with DAPI (blue). Images were 
acquired using an epifluorescence microscope. Scale bars: 10 µm. 
(D) Inactivation of dynein motor causes defects in P granule 
segregation in the early embryos. P granule segregation was classified 
as normal for each developmental stage (gray) or abnormal where P 
granules were localized to somatic cells (tan). The number of embryos 
scored (N) in each experiment is indicated next to each bar. Data were 
collected in three biological replicates. (E) Perinuclear P granules are 
disrupted in 16- to 100-cell embryos upon inactivation of dynein 
motor. Plotted are the average percent of embryos with PGL-1 
granules of a normal size following incubation at either permissive 
(15°C) or restrictive (26°C) temperature. Error bars represent the SD, 
and the number of embryos observed (N) in each experiment is below 
each bar. The same embryos were scored to generate panels D and E.
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their perinuclear localization and become cytoplasmic. We find that 
DLC-1/PGL interactions are most pronounced during embryonic 
development and are detected in both somatic and germ cells 
(Figure 3, F–O). As development proceeds and P granules become 
perinuclear, the DLC-1/PGL interactions become significantly en-
riched in the germ cells, with DLC-1/PGL-3 complex enrichment be-
ing more pronounced (Figure 4, E and F). Elucidation of the mecha-
nisms behind temporal and spatial regulation of DLC-1/PGL 
interactions remains the subject of future research.

DLC-1 facilitates embryonic P granule assembly
Many P granule components including LAF-1 (Elbaum-Garfinkle 
et al., 2015), MEG-3 (Smith et al., 2016; Putnam et al., 2019), PGL-1 

FIGURE 10:  Model of DLC-1 contribution to P granule assembly in C. 
elegans embryo. P granules assemble through multivalent interactions 
of their constituent proteins. Structured domains are pictured as ovals 
or rectangles, and presumed disordered proteins or domains are 
indicated with lines. PGL-1 and PGL-3 form homo/heterodimers and 
likely oligomeric assemblies. Both PGLs and MEGs interact with 
RNAs, which is omitted for clarity. We speculate that binding of DLC-1 
dimer (red) provides additional multivalent contacts that stabilize 
protein complexes and might additionally facilitate conformational 
changes promoting assembly of P granule components in the embryo.

FIGURE 9:  Normal polarity in two- to four-cell embryos with dispersed P granules. GFP fusion 
proteins (green) and PGL-1 (red) detected by immunostaining in two- to four-cell embryos. 
(A) GFP::PAR-2 transgene in the progeny of dlc-1 heterozygous (i–iii) or homozygous mutant 
(iv–vi) mothers. (B) GFP::PIE-1 transgene in the progeny of hermaphrodites treated with control 
(i–iii) or dlc-1(RNAi) (iv–vi). DNA is labeled with DAPI (blue). Percent of scored embryos with 
severely dispersed P granules is shown in merge subpanels (vi). Early embryos were scored in 
three biological replicates, and N = 48 (GFP::PAR-2) and 55 (GFP::PIE-1). Images were acquired 
using an epifluorescence microscope. Scale bars: 10 µm.

(Zhang et al., 2018), and PGL-3 (Saha et al., 
2016; Zhang et al., 2018) can phase sepa-
rate on their own and form condensates 
similar to P granules in vitro. Moreover, ec-
topic expression of PGL-3 or PGL-1 in mam-
malian tissue culture cells and somatic C. 
elegans cells results in granule formation, 
while GLH-1 is unable to form ectopic gran-
ules (Updike and Strome, 2009; Hanazawa 
et al., 2011). However, phase separation of 
P granule components in embryonic germ 
cells is interdependent on each other’s pres-
ence. For example, PGL-1 localization to P 
granules and asymmetric segregation de-
pend on glh-1 (Kawasaki et al., 1998; Spike 
et al., 2008; Hanazawa et al., 2011) as well 
as on meg-3 and meg-4 (Wang et al., 2014; 
Smith et  al., 2016). Conversely, pgl-3 and 
pgl-1 together are required for assembly of 
GLH-1, MEG-3, and MEG-4 into granules 
(Hanazawa et al., 2011; Wang et al., 2014; 
Smith et al., 2016). The complex regulation 
of P granule assembly in vivo is not fully un-
derstood and likely involves contributions 
from additional factors.

We found that dlc-1 is required for em-
bryonic P granule assembly (Figures 5 and 

7), in agreement with a previous report that localization of trans-
genic GFP-tagged PGL-1 in embryos was disrupted by dlc-1(RNAi) 
(Updike and Strome, 2009). We extended the previous findings by 
documenting defects in localization of CRISPR-tagged or endoge-
nous MEG-3/4 and PGL-1 proteins, as well as transgenic GFP::PGL-3 
upon dlc-1(RNAi) and in dlc-1 mutant embryos. We find that these 
defects in PGL-1/3 localization are not linked to changes in PGL-1/3 
abundance (Figure 6). Our quantitative analysis indicated that colo-
calization between all four P granule components significantly de-
creased upon the loss of dlc-1 (Figures 5F and 7E). The loss of dlc-1 
affected colocalization of MEG-3 with other P granule proteins, even 
though MEG-3 and DLC-1 do not directly interact. Together, these 
results suggested complete failure of P granule assembly and phase 
separation rather than selective loss of DLC-1–interacting compo-
nents from a stable resilient structure. Interestingly, in vitro experi-
ments have found direct interaction between PGL-1 and PGL-3 (Ka-
wasaki et  al., 2004), MEG-3 or MEG-4 and PGL-1 (Wang et  al., 
2014), and MEG-4 and PGL-3 (N.D., unpublished). While many P 
granule proteins can interact without intermediaries in vitro, our 
data imply that P granule assembly in vivo requires additional fac-
tors such as dlc-1 and is not driven by association of core compo-
nents alone.

We further considered whether the effect of dlc-1 depletion on P 
granules is indirect and mediated either by DLC-1’s activity in the 
dynein motor complex or through affecting cell polarity of early em-
bryonic cell divisions. Although the dynein motor was previously hy-
pothesized to promote P granule integrity (Updike and Strome, 
2009), we find that P granule dispersal in conditions where the dy-
nein motor is disrupted is secondary to failing cell divisions (Figure 8 
and unpublished data). By contrast, dlc-1 knockdown embryos con-
tinue cell divisions until the ∼100-cell stage, suggesting that the dy-
nein motor function is not fully eliminated and P granule assembly is 
compromised despite the maintenance of residual dynein motor ac-
tivity. As P granule segregation depends on faithful execution of 
asymmetric cell divisions, we have tested whether P granule dispersal 
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correlated with defective localization of an upstream polarity regula-
tor PAR-2 or with disruption of cytoplasmic polarity assessed by local-
ization of RBP PIE-1. We find that the early embryos with dispersed P 
granules displayed normal localization of both GFP::PAR-2 and 
GFP::PIE-1 (Figure 9), suggesting that this dispersal is not a result of 
the general loss of cytoplasmic asymmetries.

We hypothesize that DLC-1 promotes P granule assembly by 
functioning as a bimolecular hub stabilizing multimeric protein com-
plexes (Barbar, 2008; Clark et al., 2015) (Figure 10). Multivalent inter-
actions are key to forming phase-separating molecular assemblies 
(Banani et al., 2017). PGL proteins homo- and heterodimerize (Kawa-
saki et al., 1998, 2004) and possess at least two dimerization inter-
faces (Hanazawa et al., 2011; Aoki et al., 2018, 2021). Multivalency 
of PGL-1 self-interactions is important because mutagenesis of a 
single dimerization interface disrupts P granule assembly in the adult 
germline (Aoki et al., 2021). Because LC8 family proteins have been 
implicated in stabilizing homodimeric complexes (Clark et al., 2015), 
it is possible that DLC-1 stabilizes PGL-1 or PGL-3 dimers. Addition-
ally, because a number of DLC-1–binding partners in P granules in-
teract among themselves (Kawasaki et al., 2004; Wang et al., 2014), 
it is conceivable that DLC-1 might similarly stabilize heterodimeric 
protein complexes. We speculate that cross-linking of core P granule 
components by DLC-1 strengthens their associations and contrib-
utes to efficient phase separation in embryos. Testing this hypothe-
sis requires mapping the DLC-1–binding sites in its P granule com-
ponent partners and remains the subject for future studies.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Nematode strains and culture
C. elegans strains (Supplemental Table 3) were cultured as per stan-
dard protocols (Brenner, 1974) at 20°C or 24°C (if containing a GFP-
tagged transgene or edited gene). The 3xFLAG::dlc-1(mntSi13); 
gfp::pgl-3(mntIs9) strain (UMT420) was generated by crossing 
UMT282 males with JH2469. The 3xFLAG::dlc-1(mntSi13); pgl-
1::gfp(ax3122) strain (UMT432) was generated by crossing UMT282 
males with JH3269. The dlc-1(tm3153)/hT2; meg-3::ollas (ax3051) 
meg-4::3xFLAG(ax2080) strain (UMT398) was generated by crossing 
UMT351 males with JH3374.

Bioinformatics
Published biochemically verified LC8-binding sites (Supplemental 
Table 1) were analyzed by the online motif discovery tool Multiple 
EM for Motif Elicitation https://meme-suite.org/meme/ (MEME; Bai-
ley and Elkan, 1994; accessed 07/2016). To generate consensus mo-
tifs, the classic motif discovery mode was selected with the site dis-
tribution set to zero or one occurrence per sequence and the 
advanced settings set at the default parameters (i.e., background 
model: 0-order model of sequences, minimum width: 6, maximum 
width: 50). For each group of peptide sequences (Supplemental 
Table 1) submitted to online MEME, the motif with the lowest E 
value was chosen as the consensus motif. Motif A was derived using 
all 53 previously reported LC8-interacting peptides (Rapali et  al., 
2011b; dominated by TQT-containing peptides) together with 
DLC-1 interaction sites on FBF-2 (Wang et al., 2016) and GLD-1 (El-
lenbecker et al., 2019) identified by our lab (Supplemental Table 1). 
Motif B was generated from 10 divergent interaction sequences in 
the initial data set including the DLC-1 interaction sites on FBF-2 
(Wang et al., 2016) and GLD-1 (Ellenbecker et al., 2019). Motif C was 
produced with the 10-peptide data set where the low-complexity 
and serine-rich FBF-2 interaction sites were replaced with sequences 

containing the “QVD” residues reported in Rodríguez-Crespo et al. 
(2001). Each motif was then submitted to the Find Individual Motif 
Occurrences (FIMO; Grant et al., 2011) module of the online MEME 
suite to scan the C. elegans proteome (Ensembl Release 96, WB-
cel235) with default parameters. Proteins that contained at least one 
instance of the motif and met the threshold for a significant match 
of P < 0.0001 were sorted to the output. To identify RBPs, the output 
was compared against comprehensive lists of C. elegans RBPs (Tam-
burino et al., 2013; Matia-González et al., 2015); the full list of identi-
fied RBPs is provided in Supplemental Table 2.

In vitro pull downs
Full-length proteins were amplified from Bristol N2 cDNA and 
cloned into pDEST17 (Thermo Fisher Scientific) to generate 6xHis-
tagged proteins or into pMALc2 to generate MBP-tagged proteins 
to improve solubility. All constructs were confirmed by sequencing 
and expressed in BL21(DE3) Escherichia coli cultures grown to a 
600 nm optical density of 0.6. Expression of MBP- or 6xHis- tagged 
proteins was then induced with 0.1 mM IPTG (Isopropyl β-d-1-
thiogalactopyranoside) at 15°C for 16–18 h. Expression of GST 
alone or GST::DLC-1 was induced with 1 mM IPTG at 37°C for 4 h. 
Bacterial pellets were frozen overnight at –80°C and lysed for 1 h at 
4°C with a lysis buffer (20 mM Tris, pH 7.5, 250 mM NaCl, 10% 
glycerol, 1 mM MgCl2, 0.1% Triton X-100, 10 mM 2-mercaptoetha-
nol, 1 mM PMSF (phenylmethylsulfonyl fluoride), Roche protease 
inhibitor cocktail, 0.5 mg/ml lysozyme, 6 µg/ml DNase 1) at 1/15 
volume of the initial culture. Pull downs were performed by directly 
adding precleared extracts to GST alone or GST::DLC-1–bound 
glutathione sepharose beads (Sigma-Aldrich) in binding buffer 
(20 mM Tris, pH 7.5, 250 mM NaCl, 10% glycerol, 0.1% Triton 
X-100, 10 mM 2-mercaptoethanol, 1 mM PMSF, Roche protease 
inhibitor cocktail, and 0.5 mg/ml bovine serum albumin [BSA]). The 
binding reactions were incubated for 3 h at 15°C and washed four 
times with wash buffer (10 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.1% 
NP-40, and 0.5 mg/ml BSA) before elution with SDS sample buffer 
with 10 mM dithiothreitol at 90°C for 10 min.

Western blotting
Western blotting of in vitro pull downs was performed as described 
(Day et  al., 2018). The primary antibodies used were anti-6xHis 
(Sigma-Aldrich; Catalogue #H1029) at 1:2000 and anti-MBP (Devel-
opmental Studies Hybridoma Bank; Catalogue #DSHB-MBP-3D7) 
(Park et al., 2016) at 1:800.

C. elegans embryo samples were harvested by hypochlorite 
treatment of synchronous young adult worms reared on dlc-1 or 
control RNAi, frozen in liquid nitrogen, and stored at –80°C. Frozen 
embryos were lysed in 50 mM HEPES, pH 7.4, 1 mM EGTA (Ethyl-
ene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid tetra-
sodium salt), 3 mM MgCl2, 150 mM KCl, 10% glycerol, 0.05% NP-
40, Roche protease inhibitor cocktail, 1 mM PMSF lysis buffer, 
ultrasonicated (Qsonica), and clarified by centrifugation. Three bio-
logical replicates of embryos were analyzed by Western blotting 
with primary antibodies recognizing endogenous PGL-1 (Develop-
mental Studies Hybridoma Bank; Catalogue #K76) at 1:500 (1.3 μg/
ml), GFP (Invitrogen; Catalogue #G10362) at 1:1000, and α-tubulin 
(Sigma-Aldrich; DM1a) at 1:1000.

RNAi
RNAi was performed as previously described (Day et al., 2018), with 
the exception of growing nematodes at 20°C. This temperature was 
still permissible for GFP::PGL-3 expression and also ensured that 
dlc-1(RNAi) worms were able to produce embryos.

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-05-0275
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Nematode dissection, immunostaining, and imaging
The procedure for dissection, immunostaining, and imaging of 
germlines was as described in Day et al. (2018). For immunostaining 
embryos, worms were dissected at the vulva to release embryos. 
The primary and secondary antibodies and their dilution factors 
used for immunostaining 3xFLAG-, GFP- and OLLAS-tagged pro-
teins, and endogenous P granule proteins are described in Supple-
mental Table 4. The images were acquired with a Leica DFC300G 
camera attached to a Leica DM5500B microscope or with a Zeiss 
LSM 880 confocal microscope, stitched together using FIJI/ImageJ 
(if needed), and cropped using Adobe Photoshop CS3. Colocaliza-
tion analysis was performed on confocal images in FIJI/ImageJ us-
ing the Just Another Colocalization Plugin (JACoP; Bolte and 
Cordelières, 2006). In Figure 5, P granules were imaged with the 
same laser power/gain for panels A, B, and D (early and dispersed P 
granules) but with a lower laser power for panel C (wild-type late-
embryo P granules) to avoid overexposure.

PLA, imaging, and quantification
PLA of germlines and embryos was performed as previously de-
scribed (Day et al., 2020) using Duolink In situ reagents (Sigma-Al-
drich) as per the manufacturer’s protocol. Antibody dilutions are re-
ported in Supplemental Table 4. Briefly, the PLA procedure is 
performed on dissected young adult nematodes. Following fixa-
tion, blocking, and incubation with the primary antibodies to label 
the proteins of interest, the tissues are incubated with PLA probes 
(secondary antibodies linked to DNA oligos). The PLA probes are 
linked through a ligation reaction, amplified by a PCR, and labeled 
by red fluorophores. Labeled adult germlines and embryos were 
imaged using a Zeiss 880 confocal microscope. PLA focus densities 
were quantified using the previously described FIJI-based workflow 
(Day et al., 2020), where PLA foci were identified by thresholding 
and the number of foci per μm2 in each region of interest (ROI) was 
determined. PLA density in the germline was analyzed separately in 
three standardized ROIs corresponding to distinct developmental 
stages (see Figure 2, Aiv, Biv, and Civ). Zone 1 encompassed the 
distal tip region through the early pachytene. Zone 2 is composed 
of the proximal half of the pachytene, where the midpachytene re-
gion was defined as starting at the 16th cell row distal to the first 
oocyte in diplotene, based on the pattern of expression for 
GFP::PGL-3 in the germline. Finally, zone 3 encompassed all oo-
cytes. PLA density in embryos was determined with the whole em-
bryo as the ROI. The anti–PGL-1 antibody was used to coimmunos-
tain PGL-1 to mark P granules in the germ cell during embryo PLA 
experiments. The antibody was incorporated into the primary anti-
body solution along with the anti-FLAG and anti-GFP antibodies 
and incubated for the same time and temperature (overnight, 4°C). 
When the PLA probes were added to the sample the next day, the 
anti-mouse immunoglobulin M Alexa 488 was also included in the 
mix using the same dilution as with the immunostaining of embryos 
and incubated at the same time and temperature (1 h, 37°C). For 
quantification of the relative area of PLA in germ cells, a single focal 
plane with the best PGL-1 immunostaining signal was chosen. An 
ROI that encompassed the germ cell and P granules was drawn us-
ing the ellipse tool. This germ cell ROI was duplicated and placed 
on a somatic cell (ideally on a cell on the opposite side of the em-
bryo) containing PLA foci, to ensure that the same area of measure-
ment is used. The image was then subjected to the same particle 
threshold as was used to quantify whole embryo PLA. Quantification 
of relative area of PLA within each ROI was obtained using the same 
workflow as above. For embryos where PLA was observed only in 
the germ cell but not in the somatic cell in the same focal plane, the 

relative area for the somatic cell was substituted with the minimum 
value observed among somatic cells in the data set.
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