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Summary

The separation of germline from somatic lineages is fundamental to reproduction and species 

preservation. Here, we show that Drosophila Germ Cell-Less (GCL) is a critical component in this 

process by acting as a switch that turns off a somatic lineage pathway. GCL, a conserved BTB 

(Broad-complex, Tramtrack, and Bric-a-brac) protein, is a substrate-specific adaptor for Cullin3-

RING ubiquitin ligase complex (CRL3GCL). We show that CRL3GCL promotes PGC fate by 

mediating degradation of Torso, a receptor tyrosine kinase (RTK) and major determinant of 

somatic cell fate. This mode of RTK degradation does not depend upon receptor activation but is 

prompted by release of GCL from the nuclear lamina during mitosis. The cell cycle-dependent 

change in GCL localization provides spatiotemporal specificity for RTK degradation and 

sequesters CRL3GCL to prevent it from participating in excessive activities. This precisely 

orchestrated mechanism of CRL3GCL function and regulation defines cell fate at the single cell 

level.

eTOC blurb

Primordial Germ Cells (PGCs) ensure continuity of life through generations. Combining genetic 

and biochemical analysis, Pae et al. show that GCL and CUL3 promote PGC formation by 

targeting the Torso RTK for ubiquitylation and degradation. Cell-cycle dependent regulation of 

GCL subcellular localization confers spatiotemporal control of the Torso pathway.
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Introduction

Germ cells are specialized cells capable of producing an entirely new organism. Hence, the 

establishment of the germline precursors, primordial germ cells (PGCs), separately from all 

somatic cells is one of the first key decisions made in early embryonic development (Cinalli 

et al., 2008, Nakamura and Seydoux, 2008, Seydoux and Braun, 2006). This germline-soma 

dichotomy is readily tractable in Drosophila melanogaster. In Drosophila, PGCs are the first 

cells to form in the embryo, and their formation requires maternally provided “germ plasm,” 

a specialized protein- and mRNA-rich cytoplasm located at the posterior pole (Gao and 

Arkov, 2013). Among many germ plasm components, GCL has emerged as a key regulator 

of PGC formation (Cinalli and Lehmann, 2013, Jongens et al., 1992). Embryos that lack 

maternally inherited gcl products (gclΔ/Δ embryos, hereafter) completely lack or form a 

significantly reduced number of PGCs. GCL acts as a rate-limiting factor that controls a 

spindle-independent cleavage event, which physically separates the future germ cell lineage 

from the rest of the embryo that will develop into the soma (Cinalli and Lehmann, 2013). 

Despite its critical function, little is known about the molecular mechanism by which GCL 

promotes PGC formation and prevents acquisition of somatic fate adopted by neighboring 

cells.

The evolutionarily conserved BTB domain in GCL provided a first mechanistic insight (Fig. 

1A). To date, BTB domain proteins have been implicated in two major biological activities: 

(1) transcriptional regulation and (2) protein ubiquitylation as subunits of CRL3s, a major 

class of E3 ubiquitin ligases that are required for fundamental cellular and developmental 

processes, such as cell cycle progression, cell death, and transcription (Genschik et al., 2013, 

Pintard et al., 2004). CRL3s are composed of the central scaffold protein Cullin3 (CUL3), a 

BTB-domain substrate-specific adaptor protein, and the catalytic RBX1 RING-domain 

protein. While it was previously suggested that GCL could affect transcriptional onset of a 

subset of somatic genes (Leatherman et al., 2002), other experiments indicated that the 
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major function of GCL is likely independent of transcriptional regulation (Cinalli, 2012, 

Cinalli and Lehmann, 2013). In support of GCL acting as a substrate-specific adaptor of 

CRL3, GCL was predicted to contain a specialized BTB fold that can accommodate the 

interaction with CUL3 (Zhuang et al., 2009).

In this study, we demonstrate that GCL indeed functions as a CRL3 substrate adaptor to 

promote proper PGC development. We identify the Receptor Tyrosine Kinase Torso as a 

novel interactor and substrate of CRL3GCL. Torso was originally identified in a genetic 

screen for maternal factors required for Drosophila embryo patterning (Klingler et al., 1988) 

and was later shown to specify somatic cell fates at the anterior and posterior ends of the 

embryo through activation of the Ras/Raf/MAPK signaling pathway (Duffy and Perrimon, 

1994, Li, 2005). Torso and its ligand, Trunk, are expressed ubiquitously, but local presence 

of the ligand modifier, Torso-like (Tsl), restricts Torso activity to anterior and posterior poles 

of the early embryo (Casanova and Struhl, 1989, Savant-Bhonsale and Montell, 1993). It 

was previously shown that overexpression of Torso reduces the number of PGCs, similar to 

gclΔ/Δ mutants (Martinho et al., 2004). Torso and its downstream signaling pathway are 

excluded from PGCs (Gabay et al., 1997, Martinho et al.,, 2004), highlighting the 

importance of controlling the somatic signaling pathway that opposes germline 

development.

We also investigate the critical regulatory elements that are required for GCL to function 

properly. GCL lacks any of the substrate recognition domains, such as Kelch and MATH 

domains, identified in other CRL adaptors. Instead of these canonical substrate recognition 

domains, GCL contains a unique, previously uncharacterized peptide sequence (the GCL 

domain) that is highly conserved among all homologs (Fig. S3A). Our studies provide 

evidence that the GCL domain and cell cycle-dependent localization cues are responsible for 

substrate recognition and the spatiotemporal regulation of GCL, respectively. These features 

define the GCL proteins throughout evolution. Moreover, mutations in the mammalian 

homolog of GCL, Gmcl1, are associated with male fertility disorders such as azoospermia in 

mice and humans (Kimura et al., 2003, Kleiman et al., 2003), suggesting that the regulatory 

mechanism of GCL at the crossroad between cell lineages may be broadly applicable across 

species.

Results

CRL3GCL is required for proper germ cell lineage development in Drosophila

To determine whether GCL acts as a CRL3 substrate adaptor, we tested for physical and 

genetic interactions between GCL and CUL3, the only Cullin3 homolog in Drosophila. We 

found that transgenically expressed CUL3 co-immunoprecipitated with endogenous GCL in 

oocyte lysate extracts (Fig. 1B). We confirmed this interaction using co-expressed tagged 

CUL3 and GCL in Drosophila S2 cells (Fig. 1C). Structural studies have previously shown 

that substrate-specific adaptors interact with CUL3 through the conserved ϕ-x-E motif 

within the BTB domain (Fig. S1A) (Canning et al., 2013). As expected from the structural 

prediction, substitution of the glutamic acid within the ϕ-x-E motif of GCL with lysine 

(E100K) disrupted the interaction between GCL and CUL3 (Fig. 1C), without affecting the 
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ability of GCL to homodimerize through its BTB domain (Fig. S1B, C). These data suggest 

GCL forms protein complexes with CUL3.

CUL3 is essential for Drosophila oogenesis (Hudson and Cooley, 2010), precluding us from 

directly addressing its role in PGC formation. Therefore, we tested for dosage-dependent 

genetic interactions between GCL and CUL3. Introduction of a single cul3 loss-of-function 

(LOF) allele into a gcl heterozygous background (gclΔ/+, cul3LOF/+) led to a significant 

reduction in PGCs compared to each heterozygous control (Fig. 1D), suggesting an essential 

role for CUL3 in GCL-dependent PGC formation. In addition, a mutagenesis-induced 

gclE100K allele (Fig. S2D) failed to complement a gcl deletion allele (gclΔ) (Fig. 1E, F), 

despite normal levels and localization pattern of gclE100K mRNA transcripts (Fig. S1E, F). 

These results demonstrate that GCL interacts with CUL3 through the BTB domain to 

assemble CRL3GCL and that CRL3GCL promotes PGC formation in Drosophila embryos.

CRL3GCL targets the RTK Torso for ubiquitylation and degradation

In a CUL3-based ubiquitin ligase complex, the BTB-domain protein GCL is expected to 

confer substrate specificity. To identify targets of CRL3GCL, we used FLAG-HA-tagged 

transgenic constructs to purify GCL-interacting protein complexes from Drosophila embryo 

lysates and analyzed them by mass spectrometry (Fig. S2A–C, Table S1). We employed two 

mutant forms of GCL as controls (Fig. S2A): (1) CUL3-binding mutant GCLE100K is 

expected to act as a “substrate trap,” increasing the chance of co-purification with the 

substrates and (2) a C-terminal truncation  that is expected to lack substrate-

binding would serve as a negative control. This unbiased proteomics analysis of the GCL 

complexes identified peptides derived from CUL3, confirming that GCL and CUL3 form 

protein complexes (Fig. S2D). Additionally, multiple unique peptides corresponding to the 

RTK Torso and the Torso interacting protein Closca were specifically found in GCLWT and 

GCLE100K immunoprecipiates (Fig. S2D).

Given previous genetic studies suggesting a role for Torso in antagonizing PGC formation, 

we focused on the interaction between Torso and GCL. We confirmed the specificity of the 

immunopurification result by transiently expressing GCL and Torso, each C-terminally 

tagged with FLAG or HA, respectively, in HEK293T cells. We found that GCL co-

immunoprecipitated with Torso in this heterologous setting (Fig. 2A), where Torso and its 

ligand are not conserved, suggesting a direct interaction between GCL and Torso. This 

interaction was more prominent with co-expression of dominant-negative CUL3 (DN 

CUL3), a truncated form that is defective in binding RBX1 (Fig. 2A), suggesting that Torso 

could be a CRL3 substrate. Moreover, overexpression of wild-type GCL, but not the CUL3-

binding mutant GCLE100K, led to a substantial decrease in Torso that was blocked with a 

chemical inhibition of Cullin-RING ligase activity using MLN4924 (Fig. 2B). These results 

indicate that GCL mediates the downregulation of Torso in a CUL3-dependent manner. We 

then examined whether GCL promotes the ubiquitylation of Torso in cells co-transfected 

with HA-tagged Torso and MYC-tagged ubiquitin. We found that GCL induced a ladder of 

several high molecular-weight bands that correspond to ubiquitylated forms of Torso 

detected by an anti-MYC antibody in Torso immunoprecipitates that were purified under 

denaturing conditions (Fig. 2C). Importantly, we did not detect these slow migrating bands 
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when the mutant adaptor, GCLE100K, was expressed or MLN4924 was added (Fig. 2C). 

Altogether, these results demonstrate that CRL3GCL targets Torso for poly-ubiquitylation 

and degradation.

To investigate whether CRL3GCL regulates Torso protein levels in vivo, we ectopically 

expressed GCL across the entire embryo and probed for changes in Torso expression. In 

wild-type embryos, Torso expression is undetectable in PGCs and ubiquitously expressed at 

the membrane of all somatic blastoderm cells (Casanova and Struhl, 1989). In contrast, 

ubiquitous GCL overexpression markedly reduced Torso protein levels throughout the entire 

embryo, as detected by immunofluorescence and immunoblotting (Fig. 2D, E, 3A, B). These 

effects were sensitive to GCL dosage, as an ectopic GCL gradient created by using an 

anterior-specific RNA localization signal (Jongens et al., 1994) caused a concomitant 

decrease in the Torso expression level (Fig. 2D, F). Ectopic GCL expression also inhibited 

Torso signaling, as shown by a reduction in doubly phosphorylated ERK (dpERK), which is 

a readout of Torso activity and is required for activation of the somatic program (Fig. 2D, G) 

(Gabay et al.,, 1997). To determine whether this effect on Torso protein involved the CUL3-

dependent function of GCL, GCLE100K was expressed transgenically. Overexpression of 

GCLE100K caused no detectable change in Torso protein expression pattern or levels (Fig. 

2E, 3A, B). These results show that CRL3GCL can promote a reduction in Torso protein 

levels and activity in vivo. Notably, both active Torso, at the anterior and posterior poles, and 

inactive Torso protein, present everywhere else in the embryo, can be depleted in a 

CRL3GCL-dependent manner.

Essential role of conserved GCL domain in substrate recognition

We confirmed the specific interaction between GCL and endogenous Torso by 

immunoprecipitation and immunoblot analysis using embryo lysates (Fig. 3A, B). 

GCLE100K, which is unable to interact with CUL3, showed a more robust interaction with 

Torso (Fig. 3A), suggesting that GCLE100K-bound Torso is unable to be targeted for 

degradation. Upon examining the role of the conserved GCL domain (Fig. S3A), we found 

that both a deletion of the entire GCL domain (Δ40aa), as well as an alanine substitution of a 

highly conserved arginine within this domain (R377A), prevented GCL from interacting 

with endogenous Torso (Fig. 3A, S3B). Consistent with this finding, neither  nor 

GCLR377A transgene expression was able to downregulate Torso expression in vivo or 

rescue the PGC formation defect in gclΔ/Δ embryos (Fig. 3A–C). These results show that the 

biological function of GCL requires interactions with both CUL3 and Torso and that the 

conserved GCL domain is essential for substrate recognition by CRL3GCL.

CRL3GCL restricts the Torso signaling pathway at the posterior pole

If Torso degradation were the major function of CRL3GCL, we would expect that PGC 

formation would be sensitive to Torso dosage. Supporting this hypothesis, we found a 

significant increase in the number of PGCs in embryos carrying LOF mutations in the Torso 

ligand-modifier, Tsl (tsl−/−), which is required for Torso receptor activation (Johnson et al., 

2015, Stevens et al., 1990) (Fig. 4A). To directly test the hypothesis that persistent Torso 

signaling in the absence of GCL is detrimental to PGC formation, we investigated whether 

mutations in the torso pathway could suppress the gcl mutant phenotype. We reduced torso 
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mRNA expression through in vivo RNAi in gclΔ/Δ embryos and found that this manipulation 

abrogated the characteristic defect in PGC formation (Fig. 4B). Similarly, introducing tsl 
mutations completely restored PGC formation and division in gclΔ/Δ embryos (Fig. 4C, D, 

S4A). These results indicate that it is Torso activity, and not presence of the Torso protein 

per se, that inhibits PGC formation. The rescued PGCs in gclΔ/Δ, tsl−/− embryos showed the 

hallmarks of bona fide PGCs: Vasa expression and global transcriptional repression as 

indicated by the absence of RNAPII pSer2 (Fig. 4E). In gclΔ/Δ, tsl−/− embryos, we observed 

accumulation of Torso protein at the plasma membrane of Vasa expressing PGCs (Fig. 4F), 

as well as at the interface between PGCs and the adjacent somatic tissue (Fig. S4B, C). This 

pattern of expression was not observed in gcl heterozygous control embryos (Fig. 4F, S4B, 

C), indicating that in the wild-type setting, CRL3GCL actively promotes degradation of Torso 

at the posterior pole to prevent Torso expression and subsequent activation of the somatic 

program within PGCs. Consistent with GCL acting upstream of Torso, the developmental 

defects typically associated with mutations in the Torso pathway were not rescued in gclΔ/Δ, 
tsl−/− embryos (Fig. S4D, E). Therefore, our results demonstrate that CRL3GCL specifically 

restricts Torso expression and activity at the posterior pole in order to allow PGCs to form 

properly.

Torso activation leads to transcriptional upregulations of tll and hkb through transduction of 

the Ras/Raf/MEK/MAPK signaling pathway (Duffy and Perrimon, 1994) (Fig. S5A). To 

determine the role of this canonical pathway in preventing PGC formation, we employed in 
vivo RNAi against dsor1 (MEK) and rolled (MAPK) mRNAs. We found that reducing dsor1 
or rolled mRNAs could not rescue the PGC formation defect in gclΔ/Δ embryos (Fig. S5B), 

despite the efficient knockdowns as shown by reduction in the dpERK signal (Fig. S5C). 

These findings suggest the existence of an alternative pathway downstream of the Torso 

RTK with non-transcriptional outputs that is responsible for counteracting PGC formation. 

This is consistent with previous findings that the PGC formation defect seen in gclΔ/Δ 

embryos cannot be rescued by global transcriptional inhibition (Cinalli and Lehmann, 2013) 

and that PGCs form in the absence of transcription (Lehner, 1992).

Inhibition of the Torso signaling pathway is critical for germ cell lineage development

To identify the sequences in Torso required for CRL3GCL-dependent degradation, we 

examined the cytosolic portion of Torso by generating a series of truncation and deletion 

mutants and performing co-immunoprecipitation and immunoblotting analysis (Fig. S6). 

This analysis revealed a degron motif located between the two split kinase domains that is 

essential for the interaction between Torso and GCL (Fig. S6). By substituting the critical 

amino acids within this motif with alanines, we generated a Torso variant that cannot interact 

with GCL (TorsoDeg) (Fig. S6F). Unlike TorsoWT, TorsoDeg did not coimmunoprecipitate 

with GCL even with the overexpression of DN CUL3 that would stabilize the substrate-

adaptor interaction by promoting the accumulation of the substrates (Fig. 5A).

Consistent with the loss of interaction with GCL, this TorsoDeg mutant is insensitive to 

CRL3GCL-mediated ubiquitylation (Fig. 5B). To address the biological implication of the 

degron motif, we generated an endogenous torso mutant that carries alanines in lieu of the 

degron motif using CRISPR/Cas9 (torsoDeg). Embryos carrying one copy of maternally 
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inherited torsoDeg exhibited a dominant PGC formation defect (Fig. 5C). Importantly, this 

degron mutation did not interfere with Torso RTK function. Unlike a missense mutation 

within the kinase domain found in previously reported loss-of-function alleles of torso 

(torsoM522K and torsoG556R) (Schupbach and Wieschaus, 1986), torsoDeg did not affect the 

catalytic activity as indicated by the appropriate dpERK expression and normal embryonic 

patterning (Fig. 5C and data not shown). Together, these results demonstrate that CRL3GCL 

functions as a dedicated E3 ubiquitin ligase for Torso for PGC formation and that inhibition 

of Torso signaling exclusively at the posterior pole is required for the proper germline 

development.

GCL regulates Torso during mitosis at the plasma membrane

Physical and genetic interactions suggest that the CRL3GCL and its substrate, the Torso 

RTK, would co-localize in the same subcellular compartment. However, the prominent 

locations of Torso and GCL are the plasma membrane and the nucleoplasmic side of the 

nuclear envelope (nuclear envelope, hereafter), respectively (Casanova and Struhl, 1989, 

Jongens et al.,, 1994, Robertson et al., 1999). Because PGC formation is coupled to mitotic 

divisions (Cinalli and Lehmann, 2013), we reasoned that CRL3GCL could reach the plasma 

membrane transiently and target Torso at the posterior pole during mitosis after nuclear 

envelope breakdown. Indeed, an early study noted GCL protein at the plasma membrane 

during the initial stage of “pole bud formation” (Jongens et al.,, 1992). To determine the 

localization of CRL3GCL during the cell cycle, we analyzed the subcellular distribution of 

HA-tagged GCL transgenes in relation to Torso protein. We observed the GCLWT transgene 

at the nuclear membrane during interphase in blastoderm embryos (Fig. 6A). However, 

following nuclear envelope breakdown during mitosis, we found that GCL localized closer 

to submembranous F-actin (Fig. 6A). To simultaneously observe GCL and Torso, we 

examined expression of the  transgene, which is unable to target Torso for 

degradation (see above, Fig. 3), and found that this mutated form of GCL co-localized with 

Torso at the plasma membrane during mitosis. In interphase, however,  showed 

distinct nuclear localization while Torso was continuously expressed at the plasma 

membrane throughout all stages of the cell cycle (Fig. 6B). Therefore, the GCL-Torso 

interaction takes place at the plasma membrane and is regulated by the cell cycle-dependent 

subcellular changes in GCL localization.

Nuclear membrane localization sequesters GCL

To examine whether membrane localization of GCL is required for Torso-degradation, we 

generated a GCL transgene with a mutation in the N-terminal glycine required for 

myristoylation-mediated membrane targeting (GCLG2A). As expected from the role of 

myristoylation, the HA-tagged GCLG2A variant was nucleoplasmic during interphase and 

cytoplasmic during mitosis (Fig. 7A). This mislocalization of GCL led to a dramatically 

reduced interaction with Torso in comparison to the wild type despite similar levels of the 

bait. As a result, Torso expression remained unaffected in vivo (Fig. 7A, B). Furthermore, 

GCLG2A did not support PGC formation in a gcl mutant background (Fig. 7F). Together, 

these results directly support our hypothesis that membrane enrichment of GCL enables the 

efficient control of Torso protein, an essential step in PGC formation.
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To address the biological significance of GCL’s localization at the nuclear envelope, as 

oppose to the plasma membrane, we generated a CRISPR/Cas9-induced mutant gcl allele 

that lacks the nuclear localization signal (NLS, gclNLS). One copy of gclNLS in otherwise 

wild-type females resulted in unexpected defects during the early stages of oogenesis (Fig. 

7C–D) and complete female sterility (Fig. 7E). To determine if these defects were CUL3-

dependent, we introduced a single copy of cul3 LOF allele and found that the defects were 

alleviated. In gclNLS/+,cul3LOF/+ females, a significant number of egg chambers developed 

to later stages of oogenesis (Fig. 7C–D), also reflected in an increased number of eggs laid 

(Fig. 7E). The dominant gain-of-function phenotypes suggest that the NLS normally 

sequesters GCL to the nucleus and prevents GCL from targeting aberrant substrates together 

with CUL3. Indeed, during oogenesis, wild-type GCL protein is expressed in postmitotic 

germ cells (nurse cells and oocyte), where it would remain at the interior of the nuclear 

envelope (Moore et al., 2009). To determine the function of nuclear localization during 

embryogenesis and PGC formation, we generated a conditional GCL transgene that lacks the 

nuclear localization signal (GCLNLS) and is expressed under GAL4/UAS control. This 

allowed us to control the expression level and timing of the dominant active GCLNLS protein 

during oogenesis using a late oogenesis driver, maternal tubulin-gal4, and to test the role of 

the NLS in gclΔ/Δ embryos. Like the endogenous mutant allele, expression of this construct 

also led to sterility in most female flies; however, in rare developing embryos PGC 

formation was rescued (Fig. 7F). This finding supports the hypothesis that CRL3GCL 

functions directly with Torso at the plasma membrane and is sequestered at the nuclear 

membrane for temporal regulation. Altogether, our results demonstrate that cell cycle-

dependent localization changes in GCL provide exquisite regulation of its function and that 

the continuous cytoplasmic activity of GCL throughout the cell cycle is detrimental for 

normal development.

Discussion

The exact molecular events leading to PGC formation in early Drosophila development and 

the mechanism of GCL function in this process were largely unknown. Here, we show that 

GCL is a substrate-specific adaptor for the E3 ubiquitin ligase complex, CRL3GCL. We find 

that CRL3GCL targets the RTK Torso for degradation in order to inhibit somatic signaling 

and promote PGC formation. Disruption of the CRL3GCL complex results in Torso protein 

accumulation at the posterior pole where PGCs would form, thereby activating the 

downstream somatic program at the expense of the germline program. The interaction 

between CRL3GCL and Torso is intricately regulated in space and time by the cell cycle-

dependent control of GCL’s subcellular localization.

GCL requires a previously uncharacterized but conserved domain, which we have named the 

“GCL domain,” for its substrate recognition function. Deletion and missense mutations 

within the GCL domain inhibit GCL from interacting with the RTK substrate and interfere 

with PGC formation in vivo. Expressing the mammalian homolog of GCL (Gmcl1) can 

partially rescue the PGC formation defect in Drosophila gcl mutants (Leatherman et al., 

2000), suggesting that the substrate-specific adaptor functions of GCL has been retained 

across great evolutionary distance. The GCL domain is located C-terminal to the BTB 

domain and is predicted to form β-sheet structures akin to those found in Kelch and MATH 
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domains used as substrate binding motifs in other BTB adaptors (Canning et al.,, 2013). 

Future experiments including structural analysis will be needed to identify the specific 

architectural features in association with its substrate in Drosophila and other species.

CRL3GCL is the dedicated E3 ubiquitin ligase complex that targets the Torso RTK for 

degradation specifically at the posterior pole to promote PGC formation, controlling the 

downstream somatic signaling pathway. gcl null mutant animals are viable and fertile, but 

produce healthy embryos that are defective in PGCs formation, suggesting the critical GCL 

function is restricted to controlling the separation of germ and somatic cell lineages. The 

PGC formation defect in gclΔ/Δembryos was rescued by genetically inhibiting activation of 

the Torso signaling pathway. Consistently, a mutant Torso RTK that is resistant to GCL-

mediated ubiquitylation and degradation produces a phenotype similar to that of 

gclΔ/Δembryos. This suggests that Torso is the only biologically relevant target for GCL in 

PGC formation. In the absence of Torso, GCL appears to be dispensable for PGC formation, 

indicating that yet unknown factors bring about the morphological changes required to 

separate the future germ cells from the soma (Cinalli and Lehmann, 2013, Lerit et al., 2017). 

These factors are germ plasm-enriched, but sensitive to Torso signaling.

Our study illuminates critical aspects of RTK regulation. We find that ubiquitous 

overexpression of GCL depletes Torso even in regions where Torso is normally inactive 

suggesting that CRL3GCL promotes Torso degradation independently of receptor activation. 

This differs from the classic mechanisms for modulating RTK via endocytosis- and 

lysosome-dependent degradation stimulated upon ligand binding and receptor activation 

(Haglund and Dikic, 2012, Lloyd et al., 2002, Marmor and Yarden, 2004). The degron motif 

found in Torso is conserved at the protein domain level in other RTKs with similar split 

kinase domains, such as Torso’s closest homolog the mammalian PDGF receptor (Li, 2005), 

suggesting that other RTKs may share Torso’s alternate modes of degradation. Further 

studies are needed to explore the molecular mechanisms by which a CRL3 complex leads to 

degradation of a membrane bound protein such as the Torso RTK. For instance, segregase 

activity of p97 has been shown to extract ubiquitylated substrates from immobile 

membranes into the cytosol (Kuchay et al., 2017, Rape et al., 2001). In Drosophila embryos, 

p97, also known as TER94, was found to biochemically and genetically interact with other 

germ plasm components, such as Tudor and Vasa to promote PGC formation (Thomson et 

al., 2008).

The inhibition of PGC formation by Torso is likely independent of the canonical signaling 

cascade that leads to transcription of posterior somatic genes, since the lack of PGC 

formation in gclΔ/Δembryos is not rescued by loss of MAPK/ERK. Instead, additional 

downstream signaling pathways may require ligand-induced Torso receptor activation. 

Candidates include the JAK/STAT pathway, which is activated in dominant gain-of-function 

alleles of Torso (Li et al., 2002), and the ARF-GEF Steppke, which has been recently 

identified as a negative regulator of PGC formation (Lee et al., 2015). It will be of interest to 

explore further whether and how these alternative pathways oppose PGC formation.

PGC formation is achieved by remarkably precise spatiotemporal control of CRL3GCL. 

Previous studies have shown that GCL protein expression is developmentally coordinated by 
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restricting translation to the germ plasm, the site of PGC formation, in early embryogenesis 

(Moore et al.,, 2009, Rangan et al., 2009). We now find that cell cycle-dependent subcellular 

localization changes of GCL further confine the activity of CRL3GCL. GCL co-localizes 

with its phenotypically critical substrate only during mitosis upon nuclear envelope 

breakdown. Indeed, the bud furrow constriction that leads to the completion of PGC 

formation is coupled to a mitotic division that divides a single bud into two daughter cells 

(Cinalli and Lehmann, 2013). These findings suggest that during bud furrow constriction 

and subsequent mitotic divisions, Torso is precisely and efficiently degraded only within 

PGCs, while it continues to be expressed and active in the neighboring cells fated to become 

somatic cells. These findings are consistent with previous reports suggesting that subcellular 

localization changes provide an efficient way of controlling accessibility of E3 ubiquitin 

ligases to their substrates (Skaar et al., 2013). Since protein translation is significantly lower 

during mitosis than in interphase (Fan and Penman, 1970, Stumpf et al., 2013), it seems 

likely that GCL would be translated during interphase, but would stay inactive at the nuclear 

membrane until nuclear envelope breakdown. Indeed, it is not unprecedented that a nuclear 

lamina protein is found at the plasma membrane (Cartegni et al., 1997). How the change in 

GCL localization is regulated during mitosis remains unknown. It is possible that cell cycle-

specific cues, such as phosphorylation by a cyclin-dependent kinase, instruct GCL to 

relocate and shuttle between the two positions. Notably, other CRL3 adaptors are 

dynamically expressed and are essential throughout development in mammals (Jin et al., 

2012, Werner et al., 2015), suggesting other CRL3s might use molecular and cellular 

mechanisms similar to CRL3GCL.

GCL localization is restricted during interphase to the nuclear envelope. However, our 

observation that GCL co-localizes with its substrate Torso at the plasma membrane suggests 

that the nuclear envelope is not the subcellular location where GCL promotes PGC 

formation. In support of this notion, it was previously shown that PGCs could form in the 

absence of nuclei (Raff and Glover, 1989). Instead, the nuclear envelope may serve to 

sequester GCL during interphase to prevent CRL3GCL activity from inappropriately 

targeting cytoplasmic substrates. Consistent with this sequestration model, we found that 

specifically mutating the nuclear localization signal of GCL caused oogenesis defects 

unrelated to the normal function of GCL. Nuclear sequestration may allow GCL to be 

expressed and poised in non-dividing cells. This type of regulation could be especially 

advantageous in quiescent cells, such as stem cells, in which specific pathways need to be 

switched on or off promptly upon expansion and differentiation in response to signaling 

and/or developmental cues. Because the regulatory sequences of GCL characterized in this 

study are evolutionarily conserved, our study can now bring new insight to the molecular 

function of GCL from worms to humans.

Germline fate specification in the early embryo has been universally linked to broad 

transcriptional repression of somatic signatures (Seydoux and Braun, 2006). Examples from 

many different organisms show that this repression is critical for germ cells to follow their 

unique potential as carriers of the next generation. In Drosophila and C. elegans, Polar 

granule component (Pgc) and PIE-1, respectively, globally repress PolII-dependent gene 

transcription in future germ cells, while a more selective transcriptional silencing of somatic 

gene expression occurs in mammals (Nakamura and Seydoux, 2008). Here we reveal an 

Pae et al. Page 10

Dev Cell. Author manuscript; available in PMC 2018 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



alternative, protein degradation-dependent mechanism uniquely suited for the swift and 

precise control of germ cell lineage by switching off somatic signaling pathways. Indeed, 

ubiquitin-mediated destruction of a protein substrate is a highly efficient and irreversible 

way of controlling protein function (Skaar et al.,, 2013). It will be interesting to see if 

degradation-based mechanisms also play a role in germ cell specification in mammals, 

which rely on inductive signals from extra-embryonic tissues to initially separate the 

germline potential from the soma (Lawson et al., 1999, Ohinata et al., 2005, Tam and Zhou, 

1996). More broadly, the exquisitely controlled spatiotemporal switch described here could 

be used to define cell fate at the single cell level and coordinate the development of different 

cell lineages.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Ruth Lehmann (Ruth.Lehmann@med.nyu.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

D. melanogaster—Drosophila were maintained on cornmeal molasses yeast medium at 

25°C using standard procedures. A list of all strains used is provided in Key Resources 

Table.

To generate transgenic strains, expression plasmids were injected into embryos of a strain 

carrying the attP2 landing site and integrated into the 3L chromosome using phiC31 

integrase. Injection was performed by BestGene, Inc.

To generate CRISPR/Cas9-induced mutants, an optimal gRNA and ssODN (indicated in Key 

Resources Table) were injected into a vasa-cas9 (X) strain (Bloomington #51323) by 

BestGene Inc. Correctly targeted mutants were identified by PCR screening and sequencing.

Tissue culture Cells—S2 cells were obtained from Drosophila Genomics Resource 

Center (DGRC) and cultured in Schneider media supplemented with 10% fetal bovine serum 

(FBS) under standard growth conditions. HEK293T cells were cultured in Dulbecco’s 

modified Eagle’s medium containing 10% FBS. Transfection of the expression vectors was 

done with Effectene (Qiagen) according to the manufacturer’s protocol. Where indicated, 

MG132 (Peptides International, 10μM) and MLN4924 (Active Biochem, 0.5μM) were used.

METHOD DETAILS

Histology—Embryos were collected and fixed according to the standard protocol for hand 

devitellinization. Briefly, embryos were dechorionated in 50% (v/v) Clorox® for 2 minutes, 

washed thoroughly with H2O, and fixed in a solution containing 5% formaldehyde/50% 

heptane for an hour with shaking. Fixed embryos were then manually devitellinized, 

permeabilized in PBSTB (0.1% w/v bovine serum albumin (BSA), 0.1% Triton X-100 in 

PBS), and stained with indicated primary antibodies diluted in PBSTB (4°C overnight) and 
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appropriate secondary antibodies (1:500, Room temperature for 2 hours). Embryos were 

mounted in Vectashield mounting medium (VECTOR Laboratories).

Ovaries were dissected in cold PBS and fixed in 5% formaldehyde in PBS for 20 minutes 

and permeabilized in PBST (1% Triton X-100 in PBS) for an hour before staining with 

indicated antibodies. Primary and secondary antibodies were diluted in PBSTB (1% w/v 

BSA, 0.2% Triton X-100 in PBS). Ovaries were mounted in Vectashield mounting medium 

containing DAPI (VECTOR Laboratories) prior to imaging.

The following primary antibodies were used at the indicated dilution: rabbit anti-Vasa 

(Lehmann laboratory, 1:5,000), chicken anti-Vasa (Lehmann laboratory, 1:500), rabbit anti-

Torso (a gift from V. Cleghon, 1:1,000), rabbit anti-RNA Polymerase II CTD repeat 

(Phospho S2) (Abcam ab5095, 1:200), mouse anti-HA.11 (Covance 16B12, 1:1,000), rabbit 

anti-dpERK (Cell Signaling 4370, 1:250), mouse anti-Orb 4HB (Developmental Studies 

Hybridoma Bank, AB_528418), mouse anti-γTubulin (Sigma-Aldrich GTU-88, 1:500), 

rabbit anti-phospho-Histone H3 (Ser 10) (Cell Signaling 9701S, 1:1,000), and Alexa Fluor 

633-conjugated Phalloidin (Life Technologies A12379, 1:500).

Biochemical methods—For co-immunoprecipitation assays, Drosophila embryos or 

cells were collected in ice cold PBS and lysed in a buffer containing 0.2% NP40, 250mM 

NaCl, 50mM Tris-HCl with cOmplete™ Protease Inhibitor Cocktail (Roche) and 

Phosphatase Inhibitor Cocktail 2 (Sigma), followed by a brief sonication. In vitro translated 

proteins were prepared using TnT T7 Quick Coupled Transcription/Translation System 

(Promega) according to the manufacturer’s protocol. Immunoprecipitation was performed as 

previously described (Pagan et al., 2015). Briefly, lysates or in vitro translated protein mixes 

were immunoprecipitated for two hours at 4°C with anti-FLAG M2 affinity gel (Sigma-

Aldrich) or anti-HA agarose gel (Sigma-Aldrich), as indicated. Immunoprecipitates were 

eluted with either LDS sample buffer or FLAG peptide (Sigma-Aldrich).

For total cell lysis, Drosophila embryos or cells were lysed in a denaturing buffer containing 

1% SDS and boiled for 10 minutes.

Ubiquitylation assay was previously described (Bloom and Pagano, 2005). Briefly, FLAG-

tagged GCL, HA-tagged Torso, and MYC-tagged ubiquitin were overexpressed in 

HEK293T cells for 24 hours. Three hours prior to collection, MG132 or MLN4924 was 

added. Cells were harvested and denatured by adding 1% SDS and boiling for 10 minutes. 

The SDS lysates were diluted 1:10 with lysis buffer, incubated with anti-HA agarose gel 

(Sigma-Aldrich) for 1 hour at 4°C with rotation. The agarose gel was washed four times 

with lysis buffer, and the immunoprecipitated proteins were eluted in LDS sample buffer.

For immunoblotting, lysates and/or eluents were separated by SDS-PAGE, transferred onto 

PVDF membranes, and were probed with the following antibodies: rabbit anti-GCL (a gift 

from T. Jongens, University of Pennsylvania, Philadelphia, USA; 1:1,000), rabbit anti-Torso 

(a gift from V. Cleghon, 1:1,000), rabbit anti-MYC (Santa Cruz Biotechnology sc-789-G, 

1:10,000), rabbit anti-HA (Bethyl A190-108A, 1:10,000), rabbit anti-FLAG (Sigma-Aldrich 

F7425, 1:10,000), rabbit anti-CUL3 (Bethyl A301-109A, 1:5,000), rabbit anti-XRCC3 
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(Novus NB100-165, 1:1,000), and mouse anti-αTubulin (Sigma-Aldrich T6199, 1:10,000). 

Proteins of interest were detected with Horseradish Peroxidase linked ECL anti-Rabbit IgG 

from donkey (GE Healthcare Life Sciences, NA934V) or anti-mouse IgG from sheep (GE 

Healthcare Life Sciences, NA931V), then were visualized with Pierce ECL Western Blotting 

Substrate (Thermo Fisher Scientific 32106) according to the manufacturer’s protocol.

Mass spectrometry—Lysates from 0–2 hour old embryos expressing FLAG-tagged GCL 

transgenes were prepared as indicated above in Biochemical methods. GCL-containing 

complexes were immunoprecipitated using anti-FLAG M2 affinity gel (Sigma Aldrich) and 

eluted with either 3× FLAG peptide (Sigma Aldrich) or LDS sample buffer. A small fraction 

of eluents was separated by SDS-PAGE and visualized using SilverQuest Silver Staining Kit 

(Thermo Fisher) according to the manufacturer’s protocol. Rest of the eluents were reduced 

with DTT at 57°C, alkylated with iodoacetamide at room temperature in the dark for 45 

minutes, and loaded on a NuPAGE® 4–12% Bis-Tris Gel 1.0 mm (Life Technologies). The 

gel was stained using GelCode Blue Stain Reagent (Thermo Scientific), and the stained 

bands were excised and destained in 1:1 v/v solution of methanol and 100mM Ammonium 

Bicarbonate solution. Excised gel pieces were dehydrated with an acetonitrile rinse and in a 

SpeedVac concentrater. To digest the gel, 300ng of sequencing grade modified trypsin 

(Promega) was added to each sample, which was then covered with 100mM ammonium 

biarbonate. Digestion proceeded overnight on a shaker at room temperature. Proteins were 

extracted by incubating each sample with slurry of R2 20 μm Poros beads (Life 

Technologies) in 5% formic acid and 0.2% trifluoroacetic acid (TFA) for 3 hours at 4°C with 

shaking. The beads were loaded onto equilibrated C18 ziptips (Millipore). Peptides were 

eluted by the addition of 40% acetonitrile in 0.5% acetic acid followed by the addition of 

80% acetonitrile in 0.5% acetic acid. Peptides were then concentrated in a SpeedVac 

concentrator and reconstituted in 0.5% acetic acid. Each sample was analyzed individually 

by liquid chromatography (LC) separation online with mass spectrometry (MS) using the 

autosampler of EASY-nLC 1000 (Thermo Scientific). Peptides were gradient eluted from the 

column directly to Q Exactive mass spectrometer (Thermo Scientific) using a 1-hour 

gradient. Following each full MS, twenty data-dependent high resolution HCD MS/MS 

spectra were acquired. MS/MS spectra were searched using a Uniprot Drosophila database 

using Sequest within Proteome Discoverer (Thermo Scientific). MS was performed and 

analyzed at NYUMC Proteomics and Genomics Core.

Plasmids—gcl, cul3, or torso cDNA (obtained from Drosophila Genomics Resource 

Center) was amplified by PCR and subcloned into a variety of pActin5C vectors containing 

3xFLAG or 3xHA tags. The transgenic GCL expression constructs were generated by 

cloning cDNA and a tag containing 3× FLAG and 3× HA into the pWALIUM22 vector (Ni 

et al., 2011) using Gibson Assembly® master mix (New England Biology). For mammalian 

expression constructs, gcl or torso cDNA was subcloned into pcDNA3.1 vector (Thermo 

Fisher) containing either 3xFLAG or 3xHA tag, respectively. All deletion and missense 

mutants were generated by Q5® site-directed mutagenesis kit (New England Biology) 

according to the manufacturer’s protocol using primers designed through NEBaseChanger®.
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Fluorescent in situ hybridization (FISH)—Embryo samples were prepared and 

processed according to the previously described protocol for single molecule FISH 

(smFISH) (Trcek et al., 2015). Briefly, 0 to 1 hour old embryos were dechorionated and 

fixed in a scintillation vial for 20 minutes at room temperature in a solution containing 5ml 

of 4% paraformaldehyde diluted in PBS and 5ml heptane. Paraformaldehyde-containing 

layer was removed and 5ml of 100% methanol was added with vigorous shaking. The 

devitellinized embryos that fell to the bottom of the vial were collected and washed with 

100% methanol three times. Embryos were rehydrated in PBST (PBS with 0.1% Tween 20), 

post-fixed for 20 minutes in 4% paraformaldehyde in PBST, and washed with PBST three 

times. Embryos were treated Proteinase K (3μg/ml in PBST) at room temperature for 13 

minutes then on ice for an hour and then washed with glycine (2mg/ml) twice. Embryos 

were post-fixed again in 4% paraformaldehyde in PBST for 20 minutes and washed with 

PBST thoroughly. Embryos were prehybridized in a solution containing 10% deionized 

formamide (Thermo Fisher) and 2× SSC for 10 minutes, and then hybridized at 37°C over 

night. Hybridization solution was prepared as the following:

Final Concentration Hybridization mix (μl)

Deionized formamide 10% 6

Competitior (4mg/ml E.coli tRNA + 5 mg/ml salmon sperm 
ssDNA)

1

Probe 1 10ng 2

Probe 2 10ng 2

20% Dextran Sulfate 10% 30

BSA (20mg/ml) 2mg/ml 5

20× SSC 2× 5

Vanadyl Ribonucleoside Complex (200mM) 10mM 2.5

ddH2O 6.5

Total volume 60

The next day, hybridization solution was removed, and the embryos were washed twice with 

10% deionized formamide in 2× SSC for 15 minutes each, followed by two washes in PBS 

for an hour each. Embryos were stained with DAPI and mounted in ProLong Gold Antifade 

Reagent (Thermo Fisher) and cured for at least 24 hours before imaging.

Stellaris RNA FISH probes for nanos (Quasar670-conjugated) and gcl (CAL Fluor 590-

conjugated) were purchased from Biosearch Technologies, Inc.

RNA expression analysis—Total RNA was isolated from dissected ovaries using TRIzol 

Reagent (Thermo Fisher) and subsequently treated with a TURBO DNA-free™ Kit (Thermo 

Fisher) to remove any residual genomic DNA contamination. RNA to cDNA EcoDry™ 

Premix (Oligo dT) (Clontech) was used to reverse transcribe 1μg of total RNA. Quantitative 

PCR was carried out using LightCycler® 480 SYBR Green I Master (Roche) with the 

following primers:
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Forward Primer (5′ to 3′) Reverse Primer (5′ to 3′)

gcl TGGGCAGGAGGATTGTAGTC TTTCGTCTGCAGGCTAAGCA

dmn (CG8269) AGACGCCTGGAAGTAAGCAG GTAAGGCGGCTCAACTTGTC

Technical triplicates were used for each genotype. Results for gcl were normalized against 

that for dmn.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and reproducibility—Statistical calculations were done using GraphPad. 

Mann-Whitney U test was used to compare data sets. All experiments were performed in 

three or more biological replicates. Panel images of embryos and ovarioles are representative 

of at least a hundred visualized and imaged. Data are represented as either absolute numbers 

or percentages ± standard deviation, as indicated in Figure Legends.

Microscope and analysis—All fluorescent images were acquired with ×20 or ×40 oil 

objectives on a Zeiss LSM 780 confocal microscope. All post-acquisition analysis was 

performed using ImageJ (NIH; http://rsb.info.nih.gov/ij/). To quantify dpERK fluorescent 

intensity in Figure 2G, a rectagular region of interest (ROI) was set across an embryo, and 

intensity values of dpERK for the ROI were plotted using ImageJ as a function of the 

distance from left to right. Relative fluorescent intensity was calculated by normalizing 

against the center of the embryo (50% distance from left to right). Data are represented as an 

averaged intensity of three biological replicates with standard deviation.

PGC Count—Fixed embryos were stained with an antibody against Vasa (germ cell 

marker), Phalloidin (F-actin) and DAPI (DNA). Embryos undergoing mitotic cycle 12–13 

were used to count the number of PGCs. Posterior pole of the embryos was imaged using 

Zeiss LSM 780 confocal microscope across multiple z-planes covering the span of the 

embryo. Images were then processed in ImageJ, and the total number of Vasa-positive PGCs 

in each embryo was manually counted using the Cell Counter plugin in ImageJ. For each 

genotype, 10 or more embryos were assessed to be statistically significant, as indicated in 

Figure Legends. When appropriate, control siblings were studied to ensure consistency of 

genetic background.

Densitometric quantification of western blots—ImageJ software was used to 

measure the signal intensity of bands on immunoblots. To calculate the relative protein 

expression level, band intensity of the protein of interest was normalized against that of α-

Tubulin (internal loading control). Data are represented as an averaged intensity of three 

biological replicates with standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• CRL3GCL targets the Torso RTK for ubiquitylation and degradation

• Cell cycle-dependent localization change of GCL limits Torso degradation to 

mitosis

• CRL3GCL-mediated degradation of Torso occurs independent of receptor 

activation

• Localized degradation of Torso is critical for proper Primordial Germ Cell 

formation
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Figure 1. Assembly of CRL3GCL is required for proper PGC formation in Drosophila
(A) Domain architecture of GCL protein. MYR: myristoylation signal, NLS: nuclear 

localization signal, BTB: Broad-Complex, Tramtrack and Bric a brac domain, BACK: BTB 

and C-terminal Kelch domain) and the conserved GCL domain. The red asterisks highlight 

the position of functional mutants used in this study.

(B) Ovary lysates were prepared from females expressing FLAG-HA-tagged CUL3 (driven 

by UAS promoter using the germline-specific driver nanos-Gal4) and immunoprecipiated 
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with anti-HA resin. Immuno-complexes were probed with an antibody recognizing 

endogenous GCL. IP, immunoprecipitation; WCL, whole cell lysate.

(C) Drosophila Schneider 2 (S2) cells were co-transfected with the indicated constructs or 

empty vector (EV), as indicated. Twenty-four hours after transfection, cells were harvested 

and lysed. cell lysates were immunoprecipitated (IP) with anti-FLAG resin, and 

immunocomplexes were probed with indicated antibodies.

(D, E) Number of PGCs in embryos of indicated maternal genotype. Each circle represents 

the number of PGCs counted in a single embryo. Bars represent the mean ± standard 

deviation. (n > 12, ****P < 0.0001, ns = not significant, Mann-Whitney test)

(F) Immunostaining of embryos from females of indicated genotype for expression of PGC 

marker Vasa (green). DAPI for DNA (blue). Posterior poles of representative embryos are 

shown. Scale bar = 20μm.

See also Figure S1.
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Figure 2. The Torso RTK is degraded in a CRL3GCL-dependent manner
(A) HEK293T cells were transfected with the indicated constructs. Twenty-four hours after 

transfection, cells were harvested and lysed. Cell lysates were immunoprecipitated (IP) with 

anti-FLAG resin, and immunocomplexes were probed with indicated antibodies. Dominant 

negative CUL3 (DN CUL3) is a truncated form of CUL3 that is defective in binding RBX1, 

thereby stabilizing the GCL-Torso interaction. See also Figure S2.

(B) (Left) HEK293T cells transiently expressing HA-tagged Torso were transfected with 

empty vector (EV), FLAG-tagged GCLWT, or FLAG-tagged GCLE100K for 24 hours. Where 
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indicated, MLN4924 (a Cullin-RING ligase inhibitor) was added for 4 hours prior to 

collection, reflected by the absence of neddylated CUL3 (CUL3Nedd8). Total cell lysates 

were immunoblotted as indicated. (Right) Densitometric scanning quantification of Torso 

expression levels relative to the corresponding αTubulin (loading control) levels. The 

averaged relative Torso expression levels from triplicate experiments are plotted with respect 

to the control (EV without MLN4924 treatment). Error bars represent standard deviation.

(C) HEK293T cells were transfected with MYC-tagged wild-type Ubiquitin (Ub), HA-

tagged Torso, and either FLAG-tagged GCLWT or FLAG-tagged GCLE100K. Twenty-four 

hours post-transfection, cells were treated with either MG132 (a proteasome inhibitor) or 

MLN4924 (a CRL inhibitor) for 3 hours before collection for immunoprecipitation (IP) 

under denaturing condition (to dissociate any protein interacting with Torso that may also be 

ubiquitylated) and immunoblotted as indicated. The bracket on the right indicates a ladder of 

bands with a relative molecular mass of >150 kDa corresponding to poly-ubiquitylated 

Torso. WCE, whole-cell extract. The asterisk indicates a non-specific band.

(D) A graphical illustration of Torso protein expression (blue) and catalytic activity (red) in 

an embryo relative to the site of PGC formation (posterior pole, P). In wild-type embryos, 

ubiquitously-expressed Torso is activated only at the anterior and posterior termini. Dashed 

box highlights the central region of a syncytial blastoderm embryo shown in panel E. Solid 

box highlights the anterior pole (A) shown in panel F.

(E) Embryos ubiquitously expressing either empty vector (EV) or FLAG-HA-tagged GCL 

(WT or E100K). GCL transgenes were generated with UAS promoter and the k10 3′UTR 
regulatory sequence and were expressed using the germline-specific driver nanos-
GAL4∷VP16. Fixed embryos at interphase of nuclear cycle 12–13 were immunostained with 

anti-HA (red) and anti-Torso (green). DNA (blue), F-actin (gray). Scale bar = 10μm.

(F) Embryos ectopically expressing GCL at the anterior pole (gcl-bcd 3′UTR) were fixed 

and stained with an antibody recognizing Torso (green). DAPI (blue) counterstains DNA, 

and phalloidin (red) labels F-actin. Embryos from wild-type (w−1118) females are used as 

controls. Scale bar = 50μm.

(G) (Left) Embryos ectopically expressing GCL at the anterior pole (gcl-bcd 3′UTR) were 

fixed and stained with an antibody recognizing dpERK as a readout of Torso catalytic 

activity (red). Embryos from wild-type (w−1118) females are used as controls (top). Scale bar 

= 100μm. (Right) dpERK intensity across the embryo (0 = Anterior, A; 100 = Posterior, P) 

relative to the center of the embryo. Black line represents averaged relative dpERK intensity 

of 3 wild-type embryos during nuclear cycle 12–13, magenta line represents averaged 

relative dpERK intensity of 3 gcl-bcd 3′UTR embryos at the same stage. Grey and pink 

lines represent standard deviation for wild-type and gcl-bcd 3′UTR embryos, respectively.
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Figure 3. The conserved GCL domain is essential for substrate recognition
(A) Lysates prepared from 0–2 hours AEL (after egg laying) embryos expressing either 

empty vector (EV) or a FLAG-HA-tagged GCL variant (WT, E100K, Δ40aa, or R377A) 

were immunoprecipitated (IP) with anti-FLAG resin. Immunocomplexes were probed with 

antibodies specific to the indicated endogenous proteins. GCL transgenes, generated with 

UAS promoter and the k10 3′UTR regulatory sequence, were expressed using the germline-

specific driver nanos-GAL4∷VP16.
(B) Densitometric scanning quantification of the Torso expression levels in the embryo 

lysates relative to the corresponding αTubulin (loading control) levels. The averaged relative 

Torso expression levels from triplicate experiments are plotted with respect to the EV 

control. Error bars represent standard deviation.

(C) EV or a FLAG-HA-tagged GCL variant (WT, E100K, Δ40aa, R377A) was expressed in 

gclΔ/Δ embryos using the germline-specific driver nanos-GAL4∷VP16. Number of PGCs in 

each embryo was counted and plotted. Bars represent the mean ± standard deviation. (n = 20 

for each genotype, ****P < 0.0001, ns = not significant, Mann-Whitney test).

See also Figure S3.
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Figure 4. GCL controls PGC formation by inhibiting Torso activity at the posterior pole
(A) Torso signaling was manipulated in gclΔ/+ control embryos by introducing tsl loss-of-

function mutations. Number of PGCs in embryos from mothers of indicated genotype was 

counted and plotted. Bars represent the mean ± standard deviation. tsl−/− corresponds to 

tslA263V/Y279N. (n > 15, ****P < 0.0001, Mann-Whitney test)

(B) Torso expression was manipulated by combining gclΔ/Δ mutation with transgenic-based 

torso knockdown (RNAi) with three individual shRNA lines. The germline-specific driver 

maternal tubulinGAL4∷VP16 was used to express shRNA. Non-targeting RNAi against 

mCherry in gclΔ/Δ embryos was used as a control. Number of PGCs in embryos from 

mothers of indicated genotype was counted and plotted. Bars represent the mean ± standard 

deviation. (n = 10, ****P < 0.0001, Mann-Whitney test)

(C) Torso signaling was manipulated in gclΔ/Δ embryos by introducing tsl loss-of-function 

mutations. Number of PGCs in embryos from mothers of indicated genotype was counted 

and plotted. Bars represent the mean ± standard deviation. Tsl−/− corresponds to 

tslA263V/Y279N. (n > 20, ****P < 0.0001, Mann-Whitney test)

(D) Representative embryos of indicated maternal genotype. Anti-Vasa (green) 

immunostaining marks PGCs in the embryos, and F-actin labeled by phalloidin (magenta) 

outlines both germ and somatic cells. Scale bar = 20μm.

(E) Fixed embryos from mothers of indicated genotype were immunostained with anti-Vasa 

(green) and anti-RNA PolymeraseII phosphoSer2 (RNAPII pSer2) (red). DNA (blue). To 
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image a uniform layer of PGCs, posterior portion of the embryos was cut, turned, and 

mounted. Dotted line outlines Vasa-expressing PGCs. Scale bar = 20μm.

(F) Fixed embryos from mothers of indicated genotype were immunostained with anti-Vasa 

(green) and anti-Torso (red). DNA (blue). Dotted line outlines Vasa-expressing PGCs. In 

gclΔ/Δ, tsl−/− embryo, but not gclΔ/+, tsl−/−, these cells express Torso at the cell membrane. 

Scale bar = 20μm.

See also Figures S4 and S5.
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Figure 5. Deregulated Torso activity at the posterior pole inhibits PGC formation
(A) HEK293T cells were transfected with FLAG-tagged GCLWT, HA-tagged Torso (either 

WT or Deg mutant), and MYC-tagged dominant negative CUL3 (DN CUL3), as indicated. 

Cell lysates were immunoprecipitated (IP) with anti-FLAG resin, and immunocomplexes 

were probed with the indicated antibodies. For TorsoDeg amino acids IENIG were mutated to 

alanines.

(B) HEK293T cells were transfected with MYC-tagged wild-type Ubiquitin (Ub), either 

HA-tagged Torso or HA-tagged TorsoDeg, and either FLAG-tagged GCLWT or FLAG-
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tagged GCLE100K. Twenty-four hours post-transfection, cells were treated with MG132 for 3 

hours before collection for immunoprecipitation (IP) under denaturing condition and 

immunoblotted as indicated. The bracket on the right indicates a ladder of bands with a 

relative molecular mass of >150 kDa which, presumably, are poly-ubiquitylated species of 

Torso. WCE, whole-cell extract.

(C) Embryos from torso+/− (torso+/HH), torso−/− (torsoHH/WK), or torsoDeg/− (torsoDeg/HH) 

females were immunostained with antibodies recognizing Vasa (green) to assess PGC 

formation and dpERK (magenta) to assess Torso signaling activity. Presence of the rounded 

nuclei (Blue) around the periphery of the embryos was used to select and assess embryos of 

nuclear cycle 12–13. Arrowhead points at the absence of PGC at posterior pole. Scale bar = 

50 μm.

See also Figure S6.
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Figure 6. GCL localizes at the cortical membrane after nuclear envelope breakdown and co-
localizes with Torso during mitosis
(A) Central region of embryos of nuclear cycle 12–13 expressing FLAG-HA-tagged 

GCLWT. Fixed embryos were immunostained with anti-HA (red). DNA (blue) was used to 

determine the cell cycle stage of each embryo, and phalloidin (cyan) labels F-actin and 

outlines cell membrane. Dashed rectangle highlights the area shown in inset. Scale bar = 

10μm.
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(B) Central region of embryos of nuclear cycle 12–13 expressing FLAG-HA-tagged 

 during interphase or mitosis. DNA (blue) was used to determine the cell cycle 

stage of each embryo. Fixed embryos were immunostained with anti-HA (red) and Torso 

(green) to assess co-localization. Dashed rectangle highlights the area shown in inset. Scale 

bar = 10μm.
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Figure 7. Disruption of the nuclear localization signal in GCL results in gain-of-function defects 
in oogenesis
(A) Immunofluorescence analysis in embryos expressing FLAG-HA-tagged GCLG2A with 

antibodies recognizing HA (red) and Torso (green). DNA (blue) was used to determine the 

cell cycle stage of each embryo. Scale bar = 20μm. GCL transgenes, generated with UAS 

promoter and the k10 3′UTR regulatory sequence, were expressed using the germline-

specific driver maternal tubulinGAL4∷VP16. Embryos during nuclear cycle 12–13.

(B) (Top) Lysates prepared from 0–2 hours AEL embryos expressing either empty vector 

(EV) or a FLAG-HA-tagged GCL variant (WT or G2A) using the UAS-GAL4 system were 
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immunoprecipitated (IP) with anti-FLAG resin. Immunocomplexes were probed with 

antibodies specific to the indicated endogenous proteins. (Bottom) Densitometric scanning 

quantification of the Torso expression levels in the embryo lysates relative to the 

corresponding αTubulin (loading control) levels. The averaged relative Torso expression 

levels from triplicate experiments are plotted with respect to the EV control. Error bars 

represent standard deviation.

(C) Fixed ovarioles of indicated genotype were immunostained with anti-Orb (magenta), 

which marks an oocyte in each egg chamber, and Vasa (green). DNA (blue), F-actin (grey). 

Wild-type (w−1118) ovarioles are used as controls. Images are representative of at least 100 

ovarioles analyzed per genotype. Scale bar = 100μm.

(D) Percentage of ovarioles with early stage (Stage 3, green) or late stage (Stage 10, 

magenta) egg chambers was scored for the ovarioles of indicated genotype. At least 100 

ovarioles analyzed per genotype.

(E) Number of eggs laid by 5 females of indicated genotype was counted over the course of 

24 hours to assess their fertility. Each circle represents a biological replicate. (****P < 

0.0001, Mann-Whitney test)

(F) Number of PGCs in embryos of indicated maternal genotype. Bars represent the mean ± 

standard deviation. (n=20 for each genotype, except for ΔNLS, ****P < 0.0001, ns=not 

significant, Mann-Whitney test)
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