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SUMMARY

RNA granules are membraneless condensates that provide functional compartmentalization within
cells. The mechanisms by which RNA granules form are under intense investigation. Here, we
characterize the role of mMRNASs and proteins in the formation of germ granules in Drosophila.
Super-resolution microscopy reveals that the number, size, and distribution of germ granules is
precisely controlled. Surprisingly, germ granule mMRNAs are not required for the nucleation or
the persistence of germ granules but instead control their size and composition. Using an RNAI
screen, we determine that RNA regulators, helicases, and mitochondrial proteins regulate germ
granule number and size, while the proteins of the endoplasmic reticulum, nuclear pore complex,
and cytoskeleton control their distribution. Therefore, the protein-driven formation of Drosophila
germ granules is mechanistically distinct from the RNA-dependent condensation observed for
other RNA granules such as stress granules and P-bodies.
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Curnutte et al. observe that germ granule proteins rather than mMRNAs promote the nucleation
and stability of Oskar germ granules in Drosophila. While RNA regulators and mitochondrial
proteins control the number and size of germ granules, the proteins of the ER, nuclear pores, and
cytoskeleton control their distribution.

INTRODUCTION

RNA granules compartmentalize and concentrate RNA regulators and RNAs in cells. They
are inextricably linked to post-transcriptional gene regulation and associated with human
diseases.! Some RNA granules, such as stress granules, which accumulate RNAs during
cellular stress, and processing bodies (P-bodies), which are linked to mRNA degradation, are
ubiquitous and form in all cells. Other RNA granules, namely germ granules, which instruct
the germ cell fate, form in specialized cells. RNA granules often form in distinct cellular
locations. This creates asymmetries in protein and RNA concentrations, which polarize cells
both in shape and function. In addition, RNA granules are thought to promote inter- and
intra-molecular interactions that may enhance biological reactions required for cell growth
and development.2 Given the benefits that RNA granules appear to provide to a cell, it is
important to understand the mechanisms that govern their formation.

RNA granules form by phase separation, a process that promotes condensation of granule
components into larger, non-membrane-bound, and mostly spherical condensates. Weak,
multivalent interactions among granule components are critical for the formation of
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granules. They give rise to a dynamic network that endows RNA granules with liquid-
like properties. These properties allow RNA granules to condense and dissolve quickly
in response to cellular and environment signals and exchange components with their
surroundings.3

Proteins that reside in granules tend to contain low complexity domains (LCDs) and
intrinsically disordered regions (IDRs), which promote protein condensation.3# In addition,
RNA-binding proteins (RBPs), protein chaperones, heat shock proteins, protein degradation
factors, and post-translational modifications regulate protein condensation.>~7

Interestingly, RNA has emerged as an important regulator of the formation and persistence
of RNA granules, including stress granules, P-bodies, the mammalian TIS granules, the
Whi3 granules in Ashbya gossypii, glycolytic bodies in Saccharomyces cerevisiae, and P
granules (the germ granules in Caenorhabditis elegans).>8-16 RNAs are thought to achieve
this feat by engaging in many protein:RNA and RNA:RNA interactions, thus providing a
scaffold for the condensation of granule proteins.1’:18 Not surprisingly, RNA helicases are
common constituents of RNA granules,”-19 where they are thought to dissolve RNA:RNA
interactions to limit condensation and growth of RNA granules.2°

In Drosophila, germ granules form in a specialized cytoplasm called germ plasm, which
accumulates at the posterior of the late oocyte and early embryo. There, germ granules

are thought to regulate translation and decay of a subset of mMRNAs necessary for

the establishment of primordial germ cells (PGCs).21-24 Removal of the germ plasm
prevents the formation of PGCs and abolishes embryonic patterning,2>-27 underscoring the
observation that germ plasm and its germ granules are required for the development of the

fly.

The Drosophila germ granules are nucleated by Oskar (Osk),21:2528 3 protein encoded by
an mRNA, which localizes to the posterior during mid oogenesis. Multiple mechanisms
localize oskar (0sk) mMRNA. Initially, dynein-mediated transport delivers it from the nurse
cells into oocyte. Afterward, kinesin motors help enrich it at the posterior, and the RNA
localization element that forms during splicing of 0sk2? is required for this transport.30

In addition, translation of osk is repressed during transport and relieved only at the
posterior,31:32 which ensures that germ granules form at the correct time and place.
Afterward, Osk recruits other granule components, including Vasa, a conserved DEAD-
box RNA helicase; Tudor (Tud), a Tudor-domain protein required for protein:protein
interactions; and Aubergine (Aub), an Argonaute family protein involved in piRNA
biosynthesis.2” Osk is also an RBP predicted to bind germ granule mRNAs, including nanos
(nos), polar-granule-component (pgc), germ cell less (gcl), and CycB.33:34

Once germ granules form, filamentous (F) actin and cortical microtubules enable sustained
anchoring of germ granules,28:35-38 which keeps them enriched at the posterior. Indeed,
fully functional germ granules persist for several hours when fertilization is delayed.3%:40

In addition, germ granules display liquid and hydrogel-like properties2® that are thought to
promote biological reactions in germ granules and allow germ granules to resist dissolution
during purification.28 However, apart from Osk and a few other factors, little is known about

Cell Rep. Author manuscript; available in PMC 2023 August 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Curnutte et al.

RESULTS

Page 4

how components, resident to germ granules, instruct the formation and the stability of the
Drosophila germ granules.

Here, we employed quantitative, super-resolution microscopy to identify mechanistic
principles that govern the formation of germ granules in the fly. Surprisingly, we find

that, while RNA controls the size and composition of germ granules, it is not required for
their nucleation and persistence. Instead, an RNAI screen identified 30 genes that regulate
the number, size, and distribution of germ granules, 25 of which have not been previously
described in this role. Therefore, we demonstrate that the formation of the Drosophila germ
granules is primarily driven by proteins in a process that is mechanistically distinct from the
RNA-dependent condensation typically observed for RNA granules.

The number, size, and distribution of germ granules are precisely controlled

To identify factors that control the formation of germ granules in Drosophila, we first
determined how their number, size, and distribution changed during their life cycle. We
focused our studies on the germ granule nucleator Osk, since changes in the accumulation of
this protein best reflect the spatiotemporal changes of germ granules.21:28 To visualize germ
granules /n vivo, we used flies in which the endogenous osk locus was tagged with GFP
(Osk:GFP) by CRISPR-Cas9 genome editing. These flies had egg hatching rates similar

to wild-type (WT) flies (Figure S1A), indicating that Osk:GFP retained WT function and
formed functional germ granules.

We began our measurements at oogenic stage 10A, the time when germ granules and their
mRNAs begin to accumulate at the posterior of the developing oocyte, 384142 and finished
at nuclear cycle (NC) 14 of the early embryo, when most germ granules disappear.28 To
count Osk:GFP granules, we used a spot detection algorithm?344 and observed that granules
accumulated in four distinct phases (Figures 1A-1C). During the first phase, which lasted
approximately 9 h and encompassed oogenic stages 10A and 10B, 31.0% of Osk:GFP
granules were formed. During the second phase, which included oogenic stages 11 and

12, 50.3% of Osk:GFP granules formed in less than 3 h. With the onset of the third

phase during oogenic stage 13, granule formation slowed and reached a peak several hours
later in embryogenesis during NC 1-8. Finally, during the fourth phase, which took place
after NC 8, the number of germ granules began to decrease until late NC 14, when only
16.0% of Osk:GFP granules could be detected at the posterior (Figures 1B and 1C). Live
imaging revealed that germ granules are anchored and largely immobile at the posterior.4°
Furthermore, fluorescence recovery after photo bleaching (FRAP) analysis demonstrated
that Osk:GFP granules exchange less than 40% of their content with the surrounding
cytoplasm.26 These published results combined with our data (Figure 1C) indicate that germ
granules maintain their numbers because they are remarkably persistent rather than being
replenished by continuous dissolution and condensation of Osk protein.

With a diameter of 250 nm,6 individual germ granules are not much bigger than the
resolution limit of our structured illumination microscope (SIM),4” which prevented us from
reliably recording decreases in the physical size of germ granules. Instead, to estimate
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changes in germ granule size, we measured the intensity of Osk:GFP fluorescence per
granule, which reflected the abundance of Osk protein per granule and hence its size

(STAR Methods). Using this approach, we recorded that germ granule size fluctuated during
development (Figure 1D). Initially, granule size increased slightly until oogenic stage 13,
after which it began to diminish until NC 14, when only 20.2% of Osk:GFP fluorescence
per granule remained (Figure 1D). However, as the total amount of Osk:GFP fluorescence at
the posterior increased by 4.6-fold between oogenic stage 10 and 13 (Figures S1B and S1C),
the average size of Osk:GFP granules increased by only 1.1-fold (Figure 1D). Instead, new
granules formed, spanning an ever-increasing area at the posterior (Figures 1E, S1D, and
S1E). Thus, Osk:GFP granules have a finite size that, when reached, triggers the formation
of additional new granules rather than promoting growth of increasingly bigger ones.

Importantly, as new germ granules formed, their number per square micrometer (um?)

did not change throughout oogenesis (Figure 1E). These data revealed that the spatial
distribution of germ granules and therefore their anchors at the posterior is controlled during
development. Moreover, the 1.6 to 1.8 germ granules per pm? we recorded using SIM and
spot detection analysis was the same as the previous results of 1.7 germ granules per pm?2
recorded by electron microscopy (EM).4! This result indicated that our methods identified
individual, well-separated germ granules. After NC 9, however, germ granules became
organized into crescents surrounding the nuclei of the future PGCs (Figure 1Biv), consistent
with previous observations.*8 These granules are coupled to astral microtubules, giving rise
to the crescent organization of germ granules among dividing PGCs.*8

Furthermore, the number and size of Osk:GFP granules closely followed the accumulation
of oskmRNA and total Osk:GFP protein at the posterior (Figures S1B and S1C), in
agreement with previous observations.3842 Thus, changes in the number and size of
Osk:GFP granules can be largely explained by the amount of localized and translating osk
MRNA, the stability of Osk protein, and its ability to condense into granules.

Notably, we observed similar spatiotemporal changes in the accumulation of germ granules
labeled with the Vasa:GFP protein generated by CRISPR-Cas9 genome editing (Figure S1F
and S1G). This was an anticipated result given that Osk and Vasa interact with each other
and that the accumulation of Vasa in germ granules depends on Osk.26:49:50 |n support

of this observation, the FRAP Kinetics of Vasa:GFP are similar to those recorded for
Osk:GFP,28 suggesting that the behavior of Vasa in granules is dictated by Osk. Finally,

nos, pgc, and CycB mRNAs also accumulated in a manner similar to Osk:GFP (Figures 1F,
1G, and S1H), indicating that mMRNA enrichment at the posterior depended on the amount of
germ granule proteins, supporting previous observations.42:43

Together, our measurements revealed that the number, size, and distribution of germ
granules are spatiotemporally controlled. To determine how this control is achieved, we
set out to identify the factors that regulate the formation of germ granules.

Osk-bound mRNAs are not required for condensation of Osk protein

Many RNA granules rely on RNA for their formation. In contrast to these findings, Osk
protein, which lacks its RNA-binding (SGNH) domain, forms granules efficiently when
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expressed in Drosophila S2 cell lines.28 These data indicate that the nucleation of the
Drosophila germ granules does not require interaction of Osk protein with its mMRNA.

To address this possibility in the embryo, we ectopically expressed Osk, which lacked

the SGNH domain (ASGNH Osk) and its full-length counterpart (FL Osk) at the anterior
pole (Figure 2A), as previously described.®! Tagging of the two Osk variants with the
mCherry fluorescent protein allowed their detection.>! Single-molecule fluorescent /n situ
hybridization (smFISH) analysis of nine germ granule mRNAs confirmed that only the
expression of the FL Osk resulted in enrichment of mMRNASs at the anterior pole (Figures 2B,
2C, S2A, and S2B). However, regardless of RNA-binding capacity, we observed that both
FL Osk and ASGNH Osk formed granules (Figures 2B, 2C, S2A, and S2B), demonstrating
that, in the embryo, Osk was able to condense without binding to the mRNA. Our results
thus demonstrated that the nucleation of germ granules does not require Osk-bound mRNA.

RNA is required for composition but not persistence of germ granules

To determine whether RNA is required for the persistence of germ granules, we degraded
RNAs in live oocytes with RNase A and investigated the effect of this treatment on germ
granules. We used oocytes because we could deliver RNase A in them using a mild Triton
X-100 treatment.

Our experiments revealed that a 30-min treatment of oocytes with RNase A did not dissolve
Osk:GFP granules (Figures 3A and 3B). Instead, these oocytes displayed the same number
of granules as those that were treated only with Triton or those that were immediately

fixed upon dissection (“‘untreated’’ sample) (Figure 3C). smFISH confirmed that nosand
osk mMRNAs were degraded in oocytes treated with RNase A but were still present in
oocytes treated with Triton alone (Figures 3A and 3B). We verified these results with
quantitative RT-PCR (gRT-PCR) analysis, which demonstrated that RNase A treatment
reduced mRNA levels in the RNase A-treated oocytes by more than 99.9% compared with
Triton-only treated oocytes (Figures S3A and S3B). Osk:GFP granules were observed in
RNase A-treated oocytes across all oogenic stages (Figure S3Ci and S3Cii). Remarkably,
even a 2-h treatment with RNase A did not dissolve Osk:GFP granules (Figure S3D). RNase
A treatment also did not dissolve Vasa:GFP or Tud:GFP granules (Figure S3E) or reduce
the amount of these proteins at the posterior (Figure S3F), but it did significantly reduce
Aub:GFP signal (Figures S3E and S3F). Thus, unlike Osk:GFP, Vasa:GFP, and Tud:GFP,
Aub:GFP requires RNA for its enrichment in germ granules. Finally, oocytes treated with
RNase A formed 1.8-fold bigger granules compared with untreated oocytes (Figure 3D),
indicating that RNA has a role in regulating the size of Osk:GFP granules.

However, the 1.3-fold increase in granule size upon Triton treatment (Figure 3D) raised

a possibility that the detergent could have increased the stability of germ granules and
counteracted the destabilizing effect that the removal of RNA in RNase A-treated oocytes
might have had. To test this possibility, we isolated germ granules from NC 1-8 embryos
using a detergent-free buffer and incubated isolated granules with RNase A or an RNase
inhibitor. We observed that RNase A treatment did not dissolve isolated germ granules or
change their appearance compared with granules treated with an RNase inhibitor (Figure
S3G). qRT-PCR analysis confirmed that RNase A treatment reduced r0s, pgc, and CycB
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levels compared with the samples treated with RNase inhibitor by more than 99.9% (Figure
S3H). In addition, denaturing agarose gel electrophoresis revealed that RNA was efficiently
degraded in RNase A-treated samples (Figure S3I), further supporting our observation that

the removal of RNA with RNase A was efficient.

Our results demonstrated that, while RNA limits incorporation of Osk:GFP into granules
and thus their size, germ granules maintain their number and distribution upon removal of
the RNA with RNase treatment over extended periods of time. Taken together, our data
revealed that the nucleation and persistence of Drosophila germ granules relies primarily on
germ granule proteins.

RNAI screen identifies regulators of germ granule number, size, and distribution

To identify proteins that are required for the formation of germ granules, we performed

an RNA. screen of genes encoding the 117 proteins that have previously been co-
immunoprecipitated with Osk.%! These genes included the core germ granule constituents
Vasa, Tud, and Aub and 114 additional proteins, whose function in the formation of germ
granules is largely unclear. We reasoned that proteins resident to germ granules would have
a high likelihood of regulating the properties of germ granules, including their number, size,
and distribution.

To identify candidate genes that could regulate germ granules, we first evaluated the
efficiency of gene expression knockdown (KD) of individual RNAI using gRT-PCR and egg
hatching analysis. Afterward, we examined whether the expression of RNA. lines changed
MRNA localization pattern at the posterior (Figure 4A). Given that the efficiency of mMRNA
localization correlated with the number of germ granules (Figures 1F, 1G, and S1H), we
reasoned that any change in the levels of localized mMRNAs could reflect a change in germ
granule number, size, and distribution. Finally, we identified bona fide regulators of germ
granules by investigating how the reduction of gene expression of candidate genes changed
the number, size, and distribution of fluorescently labeled germ granules (Figure 4A). We
focused on embryos during NC 1-8, since, at this developmental stage, aside from their
size, the number and distribution of germ granules changed minimally compared with other
developmental stages (Figures 1C-1E).

Individual RNAi-mediated KD of 117 genes was performed using the UAS-Gal4 system.
The expression of the Gal4 inducer was driven by the promoter of the maternal alpha tubulin
(ata) gene, which restricted the expression of the RNAI to late oogenesis,>2 when germ
granules begin to appear (Figure 1C). KD of 11 genes gave rise to females that did not lay
eggs, while for 26 genes, RNAI reduced target mRNA expression by less than 35% (Figures
4A and S4A; Table S1), which allowed us to triage these genes from further analysis.

However, for 80 of the 117 genes, RNAI reduced target mRNA expression by more than
35%, with 46 of them reducing expression by more than 90% (Figure S4A; Table S1).

Since many of these genes encoded essential proteins that are required for early embryonic
development (Table S1), we reasoned that we could evaluate how efficiently these RNAI
lines reduced protein expression by measuring the rate of egg hatching. We observed that,
of the 80 genes that demonstrated KD efficiency greater than 35%, 47 of them demonstrated
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a reduction in egg hatching rate greater than 50% (Figure S4B, magenta bars; Table S1).

In contrast, only two of the 26 genes with KD efficiency less than 35% demonstrated a
reduction in egg hatching rate greater than 50% (Figure S4B, black bars; Table S1). These
data suggested that the RNAI lines we used efficiently reduced not only the mRNA levels of
target genes but also of the proteins these mMRNASs code for. Taken together, our gRT-PCR
and egg hatching analysis identified 80 candidate genes suitable for further analysis.

We then examined the 80 candidate genes for their role in germ granule formation. We
evaluated how their KDs changed the localization of n0s, pgc, and CycB mRNAS to
granules, as this approach allowed for a rapid screening of germ granule phenotypes

with minimal genetic manipulation. We identified 37 candidate genes that altered mMRNA
localization pattern of nos, pgc, and CycB, while 43 of them displayed WT mRNA
localization pattern of these genes (Figure 4A and S4C—S4F). KD of 26 of these 37

genes reduced or abolished mRNA localization, while KD of one gene, Pgamb, increased
it (Figures S4C—S4E). Eighteen of these encoded for RBPs and 19 encoded non-RBPs
(Figure S4D). We also identified 10 genes whose KD caused extensive branching of germ
granules with a mesh-like appearance, which indicated that the distribution of granules was
dysregulated in these embryos (Figures S4D—S4F, gene names in blue). KDs of four of
these genes triggered only changes in the distribution of granules, while six also reduced the
localization efficiency of nos, pgc, and CycB (Figure S4D and S4E).

We then sought to determine whether the 37 candidate genes were bona fide regulators

of germ granule formation. To visualize granules, we crossed the flies that expressed
RNAI with those expressing either Osk:GFP or Vasa:GFP, depending on the chromosomal
integration of a particular RNAi construct (Figure 4A; Table S1). In this and our previous
studies, we demonstrated that Vasa:GFP granules recapitulate all the principal features of
Osk:GFP granules, including their number, size, distribution (Figures 1C-1E, S1F, and
S1G), location, and biophysical properties.26:4344 Thus, we conclude that Vasa:GFP and
Osk:GFP can be used interchangeably for the interrogation of germ granule properties.

Our analysis revealed that seven of the 37 candidate genes failed to display a germ

granule phenotype (Figure 4A). These genes likely represented proteins required for mMRNA
enrichment to granules but not for the formation of germ granules. However, we identified
30 hit genes required for the formation of germ granules, 25 of which have not been
previously characterized in this role. Importantly, these changes in germ granule number,
size, and distribution were also observed in embryos that expressed WT Osk and Vasa
(Figure S4C-F), demonstrating that GFP tagging of these two proteins did not trigger
changes in the behavior of germ granules.

Of the 30 hit genes, we observed that 21 of them affected granule number (i.e., Hrb98DE)
and size (i.e., Pgamb5), while nine genes, including Srpé8, affected granule distribution
(Figure 4B). Interestingly, the genes that affected granule number, size, and distribution
fell into two distinct groups (Figure 4C). Gene KDs that affected granule number and size
were enriched for RNA regulators, helicases, and mitochondrial proteins, while those that
affected granule distribution encoded proteins of the endoplasmic reticulum (ER), nuclear
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pore complex (NPC), and cytoskeleton. We next characterized the phenotypes of genes
belonging to these two groups.

RNA regulators, helicases, and mitochondria proteins control germ granule number and

size

The number and size of germ granules depend on their stability and anchoring as well as
the ability of Osk protein to condense and nucleate new granules. These steps depend on the
abundance of Osk (Figures 1C-1E), which in turn relies on Osk protein stability as well as
0sk mRNA localization and translation.

We identified 21 genes whose KDs changed the number and size of granules (Table S1). We
compared the phenotypes produced by the KD of these genes with those of staufen (stau),
valois (vIs), and capsuleen (csul). These three proteins did not co-purify with Osk®? but are
known regulators of Osk protein expression and germ plasm assembly.53-55

We observed that 10 of the 21 gens (/ark, Khe, CG2246, KIp3A, sub, Sec31, Mcmb,
Hrb98DE, wisp, aub) also reduced localization of osk mRNA (Figure SSA—S5E),
suggesting that the primary function of these 10 genes in the formation of germ granules
may be in regulating osk mRNA enrichment rather than in regulating the germ granules
themselves.

However, KD of the remaining 11 genes (vas, CG5641, CG7878, Usp7, elF2a, Pagmb,
Trap1, Nipped-A, Mcm3, tud, Pfas) changed the number and size of granules without
reducing localization of osk mRNA (Figure S5C). These genes encode splicing and
translational regulators (CG5641, elF2a), RNA helicases (vas, CG7878), DNA helicases
and DNA repair proteins (Mcm3, Nipped-A), mitochondrial regulators and chaperones
(Trapl, Pagmb), and proteins involved in the synthesis of purine nucleotides (Pfas) and
protein turnover (Usp?) (Figure 5D). These proteins affected granules in three ways. The
KD of vasand of CG5641 reduced the number of granules by 48% and 56%, respectively,
while increasing their size only by 15% and 25%, respectively (Figures 5Ai and 5Aii). Thus,
if fusion among granules occurred, it moderately contributed to the decrease in the number
of granules. Instead, vasand CG5641 may regulate anchoring or stability of granules or limit
the ability of Osk protein to nucleate granules.

The KD of CG7878, Usp7, elFZa, and Pgam5 did not affect the number of granules (Figure
5Bi) but instead affected their size (Figure 5Bii). Thus, in these embryos, granules nucleated
and anchored efficiently and were stable but did not grow normally. Specifically, upon KD
of Pgam5, embryos formed granules that were 55% larger than WT germ granules (Figure
5Bii), while over-expression (OE) of Pgam5 (Pgam5 OE) reduced their number and size by
77% and 17%, respectively (Figures S6Ai and S6Aii). Conversely, KDs of CG7878, Usp?7,
and e/FZa reduced granule size by 76% (CG7878) to 39% (elF2a) (Figure 5Bii), suggesting
that these genes likely regulated translation of osk mRNA, Osk protein stability, or its ability
to incorporate into granules.

The KDs of Trap1, Nipped-A, Mcm3, tud, and Pfas affected the number and the size of
granules (Figures 5Ci and 5Cii). Specifically, KD of tudand Pfas reduced their number
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and the size (Figure 5Ci,ii). Using available fly lines, we demonstrated that OE of fud (fud
OE) increased the size of germ granules and induced their branching (Figures S6Bi-S6Biii),
while OE of Pfas (Prfas OE) reduced germ granules size (Figures S6Ai and S6Aii). Thus, fud
and Pfas control germ granules by regulating their stability and anchoring or by regulating
the stability and condensation of Osk protein.

Finally, KDs of 7rap1, Nipped-A, and Mcm3reduced the number of granules by 30.5%
(7rapl) to 37.3% (Nipped-A) and increased their size by 29.5% ( 7rapl) to 90.8% (Mcm3)
(Figures 5Ci and 5Cii). While the fusion of granules could partially explain the increase
in germ granule size, enhanced Osk protein expression, enhanced stability, or increased
condensation were likely the major driver of germ granule growth.

Germ granule mRNAs encode proteins required for PGC formation and abdominal
segmentation.2’ To evaluate whether the 21 hit genes regulated the function of germ
granules in addition to their phenotype, we counted the number of PGCs and abdominal
segments upon their KD. We observed that KD of Nipped-A had no effect, while KDs

of Mem3, Mcmb5, Pfas, elF2a, wisp, Sec31, aub, sub, lark, KIp3A, and Khc arrested
progression through early embryogenesis, which prevented us from studying the effect of
these genes on PGC formation and abdominal segmentation (Figures S6C and S6D; Table
S1). However, KD of nine genes reduced the number of PGCs and/or abdominal segments
(Figures S6C and S6D; Table S1). Of these, Vasand 7ud have been described in this role
before,>6-5% while Pgam5, Usp7, CG5641, CG7878, Trapl, Hrb98DE, and CG2246 have
not. Thus, these nine genes regulated not only the phenotype of germ granules but also their
function.

Proteins of the ER, NPC, and cytoskeleton regulate the distribution of germ granules

We identified nine genes, Srp68, Sec63, CG8507, RpL 26, Elys, Nup205, Apl, RanBPM, and
Dlic, as regulators of germ granule distribution (Figure 6A). To our knowledge, these severe
distribution phenotypes have not been observed for Drosophila germ granules before. The
KD of these genes caused branching of germ granules that ranged from mild (e.g., RanBPM)
to severe (e.g., Srp68, Sec63, Elys, and Dlic) (Figures 4B, 6A, and 6B). With the exception
of RpL26and Apl, whose KD efficiencies were 99.7% and 94.1%, respectively, the KD
efficiencies for other genes ranged from 60.9% (Srp68) to 89.2% (Sec63) as measured by
gRT-PCR analysis (Table S1). The degree of gene KDs and redundancy in gene function
may, in part, account for the range in the phenotypes observed for frequency and the severity
of distorted granule distribution.

Previous studies and gene annotations reveal that these genes encode for proteins of the ER
(Srp68, Sec63, CG8507, Rpl26), NPC (Elys, Nup205, Apl), and cytoskeleton (RanBPM,
Dlic) (Figure 6C). They participate in co-translational and post-translational translocation

of proteins into the ER (Srp68and Sec63, respectively89), folding and localization of

the low-density lipoprotein (LDL) receptor-related protein (CG8507) (predicted; Flybase),
form the scaffold of the central NPC channel (£/ysand Nup205),81 control nuclear import
(Apl) (predicted; Flybase), organize microtubules (RanBPM),52 and participate in dynein-
mediated transport (Dlic).%3 In addition, RpL26 encodes a protein of the 60S large ribosomal
subunit that is required for interaction of the ribosome with the Sec61 translocon and for
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resolution of stalled ribosomes in the translocon during co-translational translocation.84:65
Of these, only Srp68 was an RBP (Table S1).

The association of Drosophila germ granules with the cytoskeleton is well established

(see section ““discussion*‘). However, their interactions with the ER and NPCs have not
been thoroughly investigated. We observed that germ granules readily co-localized with
RFP-KDEL (Figures 6Di, 6Dii, and S7A), an ER marker.66 As the PGCs formed, germ
granules remained co-localized with the ER, which also became enriched at the posterior
(Figure 6Diii), further supporting our observations that germ granules interacted with the
ER. Consistent with this finding, EM of early embryos revealed contacts between germ
granules and the ER.57 In addition, Nup107-GFP, an NPC marker,%8 also co-localized with
germ granules (Figures 6E and S7A), demonstrating that germ granules also interacted

with NPCs. Importantly, Osk immunoprecipitated other ER, NPC, and cytoskeletal proteins.
However, KDs of these genes, although efficient (Table S1), had no phenotype. Since
branched granules were also observed in embryos that expressed WT Osk and Vasa (Figures
S4C—S4F), we conclude that GFP tagging of these two proteins did not cause branching.
Thus, the nine genes that we identified were bona fide and specific regulators of germ
granule distribution.

To determine whether KDs of these genes affected other aspects of germ granule formation,
we quantified the efficiency of accumulation of Osk or Vasa proteins. Due to the branching
of granules, we were unable to detect individual granules. Instead, we quantified the total
amount of Osk:GFP and Vasa:GFP fluorescence at the posterior. We found that, for most
genes, their KDs had no significant effect on the levels of Osk:GFP or Vasa:GFP (Figure
6F). Since Osk:GFP and Vasa:GFP proteins are highly concentrated in germ granules,6 our
data suggest that these gene KDs did not affect the number of granules formed but only
altered their spatial arrangement. The exceptions were Srp68, CG8507, and Apl, whose KDs
decreased Osk:GFP levels. Osk mRNA localized normally upon KD of CG8507, suggesting
that a reduced accumulation of Osk:GFP in these embryos could have resulted from reduced
osk translation, reduced Osk protein stability, or inefficient granule formation or anchoring.
In contrast, KD of Ap/and Srp68also reduced localization of osk mRNA (Figure S7B),
which likely decreased Osk protein levels. Expression of osk mRNA was unaffected (Figure
S7C), indicating that, apart from the distribution of germ granules, Ap/and Srp68also
regulated localization of osk transcripts to the posterior.

However, KD of Srp68, Sec63, CG8507, RpL 26, Elys, Nup205, Apl, and Dlic did not
reduce the number of PGCs and abdominal segments, while KD of RanBPM arrested
progression through early embryogenesis (Figures S7D and S7E; Table S1). Thus, these
genes primarily regulated the distribution of germ granules.

In summary, we demonstrate that the formation of Drosophila germ granules is precisely
controlled and primarily driven by proteins, which regulate germ granule number, size,

and anchoring to the ER, NPCs, and the cytoskeleton (Figure 7A). Their formation is
mechanistically distinct from the RNA-dependent condensation observed for stress granules
and P-bodies. However, individual components rely differently on RNA for their enrichment
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in germ granules, indicating that multiple intermolecular interactions driven by proteins and
RNA control the size and composition of germ granules.

DISCUSSION

Regulation of germ granules by mRNA

We report that, contrary to other RNA granules,>8-16 the nucleation and persistence of the
Drosophila germ granules is independent of Osk-bound mRNAs. An important implication
of this finding is that the function of a particular RNA granule could dictate the role that
RNA plays in its formation. In granules that mostly store post-transcriptionally inactive
RNAs, such as stress granules and P-bodies, RNA could be required for the formation and
persistence of granules. However, in granules that contain translationally active mRNAs,
such as the Drosophila germ granules, RNA may serve primarily as a substrate for post-
transcriptional regulation rather than provide a scaffold for their formation.

However, we also observed that RNase A treatment reduced accumulation of a core germ
granule protein, Aubergine (Figures S3E and S3F), indicating that RNA is important for
the compositional specificity of germ granules. In addition, the removal of RNA increased
the size of germ granules (Figure 3D), indicating that RNA limits condensation of Osk
protein and germ granule growth, as observed in other RNA granules.16:69 In support of this
observation, when Short Oskar lacking its RNA-binding domain is expressed in S2 cells, it
forms granules that are much bigger than those formed by WT Short Oskar.26 We further
observed that, as the amount of Oskar increased during oogenesis, new germ granules
formed rather than increased in their size, which also rapidly enriched mRNAs. Together,
our data raise the possibility that mRNAs could indirectly promote their own enrichment at
the posterior. By limiting Osk condensation, mMRNAs could stimulate the formation of new
germ granules and thus promote their own enrichment at the posterior.

Regulators of germ granule number and size

While the protein-driven condensation of Drosophila germ granules is distinct from

the RNA-dependent formation observed for stress granules and P-bodies, our study

also revealed similarities in how these distinct granule form. Like stress granules and
P-bodies,>":70 we observed that germ granules rely on RBPs, protein chaperones, and
degradation factors for condensation. Notably, these regulators often require energy for
their ability to control condensation.”-19 In agreement with these findings, we identified
CG2246 and Pfas proteins, which are involved in the biosynthesis of purine nucleotides
(FlyBase) as germ granule regulators. These two proteins could supply energy to helicases,
chaperones, and translation machinery to control osk mRNA localization and translation as
well as Osk condensation. Finally, we identified Mcm3 and Mcmb proteins, subunits of the
Mcm2-7 DNA replication complex,’! as germ granule regulators (Figures 5Ci, 5Cii, and
S5). Importantly, Mcm4, another subunit of the Mcm2-7 complex,’t and pontin (human
RUVBL1), a AAA+ DNA helicase involved in DNA repair,’2 also co-purified with Short
Oskar,?! but, unlike Mcm3 and Mcm5, had no effect on germ granule formation despite
efficient KDs (Table S1). Interestingly, all four proteins also regulate mammalian stress
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granules’; however, our data indicate that only Mcm3and Mcmb5 function in both RNA
granules.

Regulation of germ granule distribution by the ER, NPC, and cytoskeleton

We observed that Drosophila germ granules associated with ER, NPC, and cytoskeleton,
a feature that is shared by many RNA granules, including stress granules, P-bodies, TIS
granules, Whi3 granules, P granules, and the perinuclear nuage.”3-79

The link between the cytoskeleton and germ granules is well established. F actin anchors
germ granules in oocytes and early embryos prior to the formation of PGCs and Osk

is required for this process, while astral microtubules and dynein motors organize germ
granules into crescents that abut the nuclei of PGCs.#8 Upon localization, sk mRNA
translates into two isoforms, Long Oskar and Short Oskar, that differ in the first 138 amino
acids.89 Short Oskar forms germ granules,*9:80 while Long Oskar stimulates the formation
of F actin and thereby anchoring of germ granules.36-38:80 However, an additional, actin-
independent mechanism immobilizes germ granules at the posterior,3° possibly involving the
ER and NPC proteins we uncovered in this study.

Interestingly, the endocytic pathway is also required for osk mRNA localization and the
formation of germ granules in the fly.37:41.81.82 |ndeed, Long Oskar almost exclusively
associates with the endocytic membranes at posterior cortex,*! where it stimulates
endocytosis to entrap and maintain oskmRNA and germ granules at the posterior,35:37.41.82
However, while the primary function of Long Oskar is to enhance endocytosis and the
formation of F actin protrusions, the maintenance of WT levels of germ granules at the
posterior requires activity of both Osk isoforms.#! These observations suggest that Short
Oskar itself, or the genes products enriched in germ granules, stimulates endocytosis and
rearranges the actin cytoskeleton and that the association of germ granules with the ER
could facilitate this process.

A branched germ granule phenotype suggested that anchors that immobilized granules at
the posterior lost their spatial organization and coalesced. Alternatively, this phenotype
could have been caused by a change in their biophysical properties, such that granules

can interact with each other but could not completely fuse. In addition, ER and the NPCs
could also promote granule condensation. In A. gossypii, the recruitment of Whi3 to the ER
membranes initially promotes condensation of Whi3 and afterward prevents it, which limits
the growth of Whi3 granules.”® Interestingly, we observed that the condensation of Osk
protein and therefore the size of germ granules is controlled, perhaps through its interactions
with the ER or the NPC. Branching of germ granules further indicates that, upon contact,
germ granules did not fuse, a behavior suggestive of a change in the material properties and
hardening of granules.18 Thus, similar to Whi3, the membrane of the ER and the nuclear
envelope could regulate the number and size of germ granules by regulating condensation of
Osk protein.

The role of ER and NPCs in germ granule function

Germ cells are immortal cells required for the continuity of the species. They achieve
this feat by extensive transcriptional and post-transcriptional regulation coupled with
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communication between germ cells and surrounding somatic cells, which enables germ cells
to establish, promote, and protect their totipotent potential.

Association of germ granules with the ER and NPCs carries important functional
consequences for the development of germ cells. Up to 200 different mRNASs enrich in germ
granules83 and only four (n0s, pgc, gcl, and CycB) have been extensively characterized for
their role in germline development.2” Some germ granule mRNAs might code for signaling
and receptor proteins required for cell-to-cell communication during germline development
and could translate on the ER to deliver regulators to the surface of germ cells (Figure

7B). In addition, the genetic material of PGCs is extensively regulated to prevent somatic
differentiation and preserve totipotency of PGCs.84 For instance, the Pgc protein coded

by the germ granule pgc mRNA inhibits recruitment of the transcription elongation factor
P-TEFb to transcription sites and prevents differentiation of PGCs to somatic cells.8 Here,
the association of germ granules with the NPCs (Figure 7B) could augment nuclear import
of regulators such as Pgc to bolster the efficiency of gene expression regulation in PGCs.
Thus, association of germ granules with the ER and NPCs could play a central role not only
in the formation of the Drosophila germ granules but also in linking the germ granules, ER,
and NPCs with the establishment of the germ cell lineage.

Limitations of the study

Studies of stress granules revealed that RNA promotes their formation in two ways.

First, RNA binding triggers conformational changes of stress granule nucleator proteins,
thereby promoting their condensation.® Second, RNA enables protein:RNA and RNA:RNA
interactions and provides a scaffold for protein condensation.1”:18 In contrast to these
findings, we observed that mutant Osk lacking its RNA-binding domain nevertheless
condenses and forms granules. However, since only Osk-bound mRNAs were investigated,
it is possible that other mRNAs could trigger Osk condensation indirectly, perhaps by
promoting protein-protein interactions between Osk and its binding partners that themselves
interact with these mRNAs. Furthermore, since the 30 hit genes are essential, the reduction
in PGC numbers and abdominal segments upon their knockdown could have resulted from
the lack of these essential activities rather than misregulation of germ granule function, per
se.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Tatjana Trcek (ttrcekpl@jhu.edu).

Materials availability—Publicly available reagents used in this study and unique reagents
generated in this study are available from the lead contact upon request.

Data and code availability

. Microscopy data generated in this study will be shared by the lead contact upon
request.
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. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fly lines—All Drosophila melanogaster lines used in this study were raised on standard
cornmeal agar medium at 60% humidity, 25°C, 12h light/12h dark cycle. In all experiments,
3 to 7 days old females were used. To count germ granules, females expressing Osk:EGFP
(w;, osk::EGFPX; Gift from Graydon Gonsalvez lab) or Vasa:EGFP (w; vas::EGFPK!, Gift
from Akira Nakamura lab8®) tagged with the CRISPR/Cas9 genome editing were used.
Vasa: GFP transgenes (y,w; P[E GFP-vas w+]cylll),* Tud:EGFP (w: HA_EGFP:: tud<),86
Aub:EGFP (w: EGFP::aub!/cy0),88 VasamCherry (w:vas::mCherryN88 mnk aub/"NZ (mnk
aub’™NZ/cy0) 87 mnk, aub®* (mnk, aub?%/cy0),87 tua©30-51 (Tud“39-51/cy0),88 tudi
(tud1/cy0),88 vasP! (yw;vasPlbn/cy0)89 and vasi (vasi/cyo)® flies were described before.
The full list of flies and their genotypes is provided in Table S2.

METHOD DETAILS

Microscopy and deconvolution—Images were acquired with a vt-instant Structured
Illumination Microscope (vt-iSIM; BioVision Technologies) equipped with the 405nm
100mw, 488nm 150Mw, 561nm 150mW, 642nm 100mW and 445nm 75 mW lasers, two
ORCA-Fusion sSCMOS cameras and the Leica HC PL APO 63x/1.30 GLYC CORR CS2,
HC PL APO 63x/1.40 OIL CS2 and HC PL APO 100x/1.47 OIL CORR TIRF objectives.
Images were acquired in three dimensions (3D) and afterward deconvolved using Huygens
(Scientific Volume Imaging), as described before.%

Embryo collection—Embryos were collected as described before.%0 In short, flies were
placed in an egg collection cage and mounted with an apple juice plate containing a dollop
of yeast paste. The cage was placed into a 25°C incubator and females were allowed to lay
eggs, after which the embryos were dechorionated with the bleach solution, collected into
the egg collection basket and washed to remove bleach. Eggs were then fixed in a solution
containing saturated heptane and paraformaldehyde fixative at R/T for 20 min. Afterward,
the embryos were devitellinized by methanol cracking, washed with 100% methanol and
store in 100% methanol at 4°C until further use.

Oocyte dissection and fixation—Three to seven-day old, well-fed females were
anesthetized and dissected in a chilled 1x PBS buffer. Individual oocytes were separated
from ovarioles into stages 10A, 10B, 11 and 12 and stages 13 and 14. They were then

fixed for 20 min in 4% paraformaldehyde (Electron Microscopy Sciences; # 15713) at room
temperature (RT), followed by three washes in 1XPBS.%0 Oocytes were then washed 3 times
with methanol and stored at 4°C until use.

smFISH in embryos and oocytes—smFISH procedure and probes used to label
mRNAs were described before.44:90
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Timing of oocyte stages and embryonic nuclear cycles—Staging of oocytes and
embryonic nuclear cycles was done as described previously.?49 In short, oocytes and
embryos were stained with the DAPI nuclear stain to determine the position and the number
of the nuclei in oocytes and embryos, which then enabled us to stage the oocytes and
embryos into the correct oogenic stage and nuclear cycle.

Egg hatching—To quantify the egg hatching rate of the Osk:GFP CRISPR/Cas line, 20
to 40 virgin females were collected and mated with WT (W1118) males. 4 days later, they
were caged and allowed to lay eggs overnight at 25°C on apple juice plates supplemented
with yeast paste, %0 after which the number of laid eggs was determined. The plates

were incubated for two more days at 25°C after which the number of hatched eggs was
determined. To quantify the egg hatching rate of individual RNAI lines, 5-10-day old
females mated with the males derived from the same cross. Afterward, the egg hatching rate
was scored as indicated above.

In vivo RNase assay—Three to seven-day old, well-fed females were anesthetized

and dissected in Schneider’s Drosophila Medium (Thermo Fisher Scientific; #21720024)
supplemented with FBS (10%; Invitrogen; #10082-139), penicillin-streptomycin (1%;
Fisher; #15140122), and insulin (200 ug/mL; Sigma-Aldrich; #15500-500MG) prewarmed
to 25°C, which enabled a prolonged investigation of germ granules in live oocytes.%
Individual oocytes were removed from ovarioles with care. The oocytes were separated
into stages 10 through 12 and stages 13 and 14. The oocytes were then washed with 1x
PBTx (1XPBS that contains 1% Triton X-100) and incubated at RT for 15 min. Dissection
time between the removal of the first pair of ovaries and the incubation in PBTx was

kept to no more than 30 min. The PBTx was removed and the oocytes were washed once
with supplemented Schneider’s medium. The oocytes were then treated with supplemented
Schneider’s medium alone or supplemented Schneider’s medium containing insulin and
RNase A (100 mg/mL; Millipore Sigma; # 10109169001), both prewarmed to 25°C. The
oocytes were then incubated at 25°C for 30 min and afterward fixed as described above or
homogenized in Trizol reagent (Thermo Fisher Scientific; # 15596026) for RNA isolation
(see below).

In vitro RNase assay—This assay was modified from.26:97 Embryos were collected as
described above. After dechorionation, embryos were added to a 1.7 mL tube containing
1xPBS by carefully removing them from the mesh with a paintbrush. The PBS was removed
and replaced with cold lysis buffer containing 50 mM Tris at pH 7.6, 50 mM NaCl, 5

mM MgCI2, 1 mM B-mercaptoethanol (Millipore Sigma; # 444203-250ML), 1x protease
inhibitor complete mini EDTA free (Sigma, #11836170001) and initially supplemented with
0.4 U/uL RNase Out (Invitrogen; # 10777019). All subsequent steps were performed at 4°C.
The embryos were then homogenized and centrifuged at 2000g for 2 min. The supernatant
was removed and split into two equal fractions. Both fractions were centrifuged at RT at
10,000g for 10 min. The supernatant was removed and the pellet was either resuspended
with cold lysis buffer (50 mM Tris at pH 7.6, 50 mM NaCl, 5 mM MgCI2, 1 mM
[B-mercaptoethanol, 1x protease inhibitor) containing 1ug/uL RNase A or with cold lysis
buffer (50 mM Tris at pH 7.6, 50 mM NaCl, 5 mM MgCI2, 1 mM p-mercaptoethanol, 1x
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protease inhibitor) supplemented with 0.4 U/ul RNase Out inhibitor. The resuspended pellets
were then added to a Lab-Tek 11 8 Chambered Coverglass dish (Thermo Fisher Scientific; #
155409PK) and incubated for 1 h at RT. The samples were then imaged. After imaging the
resuspensions were added to a 1.7 mL tube with 100uL Trizol for subsequent RNA isolation
(see below).

RNA isolation—Total RNA from RNase experiments was isolated from Trizol reagent
using Zymogen Direct-zol Microprep RNA Kit and treated on column with DNase | (Zymo
Research, R2061).

Denaturing RNA gel—After RNA extraction wit Zymo Direct-zol Kit, samples were
loaded onto a 0.5X TAE gel (1.5% agarose) using 2X RNA Loading Dye (NEB, N0362) and
examined after running the gel for 80 min at 70 V.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—A two-tailed t test was used to calculate statistical significance
using SigmaPlot. Statistical details of experiments including sample size, error type and
number of biological and technical replicates can be found in figure legends.

gRT-PCR—Quantitative PCR analyses was performed as described before*3 using a CFX
Opus 96 Real-Time PCR System from Bio Rad. The gRT-PCR primers used in this study
are listed in Table S3. Per condition, three biological replicates and three technical replicates
were analyzed. Flies expressing a Vasa:GFP transgene were used for normalization.

Quantifying the number and size of germ granules—The number and size of

germ granules was determined using a spot detection algorithm called Airlocalize.%991 The
embryos were imaged in 3D with an HC PL APO 100x/1.47 OIL CORR TIRF objective
after which the images were deconvolved.®? To measure germ granule size, we quantified
the total fluorescent intensity of Osk:GFP or Vasa:GFP per granule, which reflected the
amount of Oskar and Vasa proteins per granule and thus served as a proxy for the size

of germ granules. Airlocalize detects individual, fluorescently labeled spots such as germ
granules using a 3D Gassian kernel to find the center and intensity of each spot within a 3D
image. Subtraction of the local background during spot detection increased the robustness of
spot identification and localization against a high autofluorescent background.? The number
and sizes of germ granules for embryos laid by WT and mutant flies are listed in Table S1.

Quantifying the change in the number and size of germ granules upon KD
with RNAi—The number and size of germ granules upon KD all 37 genes are reported in
the Table S1. Only genes that trigger changes in the number or size of germ granules greater
than 30% were considered as inducing significant differences. The bars in Figures 5 and S5
show a percent change in the number or size of germ granules labeled with Osk:GFP (vas,
CG5641, Trapl, tud) and Vasa:GFP (CG7878,Usp7, elF2a, Pgamb, Nipped-A, Mcm3, Pfas)
upon KD of a particular gene. The percent change was calculated relative the number and
size of germ granules in WT embryos expressing only Osk:GFP or Vasa:GFP. Labeling of
germ granules with Osk:GFP or Vasa:GFP depended on the chromosomal integration of the
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RNA.I construct (Table S2). twa©39-51, tud, 1 vasP! and vas”® mutant alleles were used to
quantify changes in the number and size of germ granules in the absence of Tudor and Vasa
proteins. Mean number 4 to 59 embryos per genotype were quantified and afterward the
percent change calculated.

Quantifying the span of germ granules—Embryos and oocytes were imaged in
3D using a 400nm Z step. Afterward, the Z plane in which the germ granule produced
the longest span was analyzed using a line segmentation tool in ImageJ®? (Figure S1D).
Segmented lines were drawn to trace the periphery of the oocyte in the chosen Z plane,
tracing where germ granules were present. The total distance of the drawn lines was then
measured using the Measure feature in ImageJ.

Quantifying the distribution of germ granules—In describing changes in the spatial
organization of germ granules, we employed the term ““distribution’’, as this term describes
the spread of objects over an area without implying that that the number of these objects

has also changed among experiments. In WT embryos, where individual germ granules
appeared as well separated, individual spots, we quantified the distribution of germ granules
by measuring the number of granules per square micrometer of germ plasm. However,

in mutant embryos, where germ granules no longer presented as individual entities,

we only qualitatively noted a change in their spatial distribution. We avoided the term
““morphology’’, since the size of individual germ granules is within the resolution limit of
SIM, 4647 which prevented us to unequivocally determine whether the KDs of genes we
studied affected the appearance of individual germ granules or not. We also avoided the
term ““density’’, since upon knockdown of genes we were unable to reliably detect and
quantify individual germ granules and report changes in their number. To calculate the germ
granule distribution, a two-dimensional (2D) region of interest (ROI) of known micrometer
dimensions was cropped from the center of an image of the germ plasm and the number of
granule determined as described above and before.?? The 2D regions were averaged across
several Z slices, as different regions of the germ plasm were in focus across the z stack.

Quantifying total fluorescence intensity—Total fluorescence of Oskar:GFP,
Vasa:GFP and of smFISH-stained mRNA at the posterior pole was measured in ImageJ
Fiji using 3D Objects Counter as described before.#4

Immunofluorescence and PGC counting—Three hours after egg laying,
dechorionated embryos were fixed and immunostained using polyclonal rabbit antisera at
1:1000 dilution. Embryos were then imaged in 3D and PGCs counted in a 3D stack, as
previously described.26

Evaluating segmentation defects by detecting ftz gene expression—Three to

4 h after egg laying, dechorionated embryos were fixed and stained with smFISH probes
(Table S4). The number of abdominal segments labeled with the 7%z stain counted, as
described previously.?8 In short, WT embryos develop seven f#z stripes while mutations that
affect abdomen formation will develop fewer segments. These can be counted using low
magnification objective lens.
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Co-localization measurements—Colocalization measurements between germ granules
and the ER or NPCs were measured in ImageJ Fiji using PCC(Costes) analysis function of
the JaCoP plugin? as described before.4

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
The number, size, and distribution of germ granules is precisely regulated
Oskar germ granules do not require RNA for their nucleation and stability

RNA regulators and mitochondrial proteins control germ granule number and
size

ER, nuclear pore, and cytoskeletal proteins regulate germ granule distribution
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Figure 1. The number, size, and distribution of germ granules are precisely controlled
(A) (i-iv) Schematic of germ granule accumulation during development. NC, nuclear cycle.

(B and C) Accumulation of Osk:GFP in (i) stage 10 and (ii) stage 14 oocytes, and (iii) in NC
1-8 and (iv) NC 13 embryos. The numbers on the graph indicate oogenic stages and NCs.

Mean + SEM of 4-8 oocytes/stage and 2—-14 embryos/NC.
(D) Total fluorescence intensity of Osk:GFP/granule. Magenta line marks the mean. All
changes are statistically significant (p < 0.001; two-tailed t test).
(E) Number of Osk:GFP germ granules/um?2. Mean + SEM of 8-40 regions of interest
(ROIs)/oocyte stage is shown. At least 20,000 germ granules from several oocytes and
embryos/oogenic stage and NC were analyzed. Changes are not statistically significant
(two-tailed t test).
(F) Accumulation of 70s mRNA in (i) stage 10 and (ii) stage 14 oocytes, and (iii) in NC 1-8
and (iv) NC 13 embryos.
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(G) Total fluorescence of 70s MRNA. Mean + SEM of 2-12 oocytes/stage or 3—13 embryos/
group is shown. Scale bar, 10 um.
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Figure 2. Osk-bound mRNAs are not required for condensation of Osk protein

(A) Depiction of embryonic poles.

(B and C) Embryos expressing the FL Osk:mCherry (B) or ASGNH Osk:mCherry (C) and
labeled with probes against nosand CycB. Scale bar, 10 um.
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Figure 3. RNA is required for composition but not persistence of germ granules
(A and B) Stage 10 (A) and stage 14 (B) oocytes expressing Osk:GFP germ granules

were treated with 1% Triton X-100 (control) or Triton X-100 followed by RNase A and
hybridized with probes against oskand ros.

(C) Number of Osk:GFP granules in stage 14 oocytes untreated (from Figure 1C), treated
with Triton X-100 only, or treated with Triton X-100 and RNase A. Mean + SEM of 4—-8
oocytes/condition is shown.

(D) Total fluorescence intensity of Osk:GFP/granule in stage 14 oocytes that were untreated
(data from Figure 1D), treated with Triton X-100 only, or treated with Triton X-100 and
RNase A. Mean + SD of at least 34,946 germ granules from four stage 14 oocytes is shown.
***p < 0.001 (two-tailed t test). Scale bar, 10 pm.
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Figure 4. RNAI screen identifies regulators of germ granule number, size, and distribution
(A) Design of the RNAI screen.

(B) Embryos with an altered number (Hrb98DE), size (Pgamb), or distribution (Srp68) of
germ granules. Yellow arrowheads point at germ granules with a branched distribution.
(C) Genes that alter the number, size, and distribution of germ granules. Scale bar, 2 um
(small images), 10 um (larger images).
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Figure 5. RNA regulators, helicases, and mitochondria proteins control germ granule number

and size

(A—D) Proteins that regulate germ granule number (A), size (B), number and size (C), and
their functional categorization (D). v/s (blue) did not co-purify with Osk®1 but is a known
regulator of germ plasm assembly®* and was included for comparison.
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Figure 6. Proteins of the ER, NPC, and cytoskeleton regulate the distribution of germ granules
(A) Osk:GFP or Vasa:GFP germ granules in WT embryos and in embryos upon RNA.-

induced KD. Yellow arrowheads point at germ granules with a branched distribution. Image
of the Srp685<P embryo is from Figure 4.

(B) Embryos with severe, mild, and WT germ granule distribution.

(C) Gene Ontology (GO) analysis of gene hits.

(D) (i-iii) Germ granules (green) co-localize with the ER (RFP-KDEL, magenta).

(E) Germ granules (green) co-localize with the NPCs (magenta).

(F) Intensity of Osk:GFP and Vasa:GFP germ granules upon RNAI-induced KD. Mean £
SEM of 7-23 embryos/gene is shown. Statistical significance: two-tailed t test. Scale bar, 1
pum in (D ii); 10 um in (A), (D i), (D iii), and (E).
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Figure 7. Regulation of germ granules by their mMRNAs and proteins
(A) Regulators of germ granule number, size, and distribution.

(B) Anchoring of germ granules to the ER and NPCs.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Polyclonal rabbit Vasa antisera
Goat anti-rabbit Alexa Fluor 546

Gift from Ruth Lehmann lab

Invitrogen

RRID:AB_2940894
A-11035

Chemicals, peptides, and recombinant proteins

20% Paraformaldehyde Aqueous Solution, EM Grade Electron Microscopy Sciences 15713
Schneider’s Drosophila Medium Thermo Fisher Scientific 21720024
Methanol Fisher chemical A412-4

10% Fetal Bovine Serum Invitrogen 10082-139
Penicillin-streptomycin Fisher 15140122
Insulin Sigma-Aldrich 15500-500MG
Triton X-100 Sigma-Aldrich T8787-250ML
RNase A TRIzol reagent Millipore Sigma 10109169001
TRIzol reagent Thermo Fisher Scientific 15596026
B-mercaptoethanol Millipore Sigma 444203-250ML
protease inhibitor complete mini EDTA free Sigma-Aldrich 11836170001
RNase Out Invitrogen 10777019

2X RNA Loading Dye NEB N0362

RQ1 RNase-Free DNase Promega M6101

Oligo dT(20) primer Thermo Fisher Scientific 18418020
Critical commercial assays

SuperScript® IV Reverse Transcriptase Invitrogen 18090010
SYBR Green reporter dye Thermo Fisher Scientific 4309155
Direct-zol Microprep RNA Kit Zymo Research R2061
Experimental models: Organisms/strains

w1118 (“‘wild type’”) BDSC 5905
Vasa:GFP transgene Treek et al.# N/A
Osk:EGFP (CRISPR/Cas9) Gift from Graydon Gonsalvez lab  N/A
Vasa:EGFP (CRISPR/Cas9) Kina et al.86 N/A
Tud:EGFP (CRISPR/Cas9) Kina et al 8 N/A
Aub:EGFP (CRISPR/Cas9) Kina et al.8 N/A
Vasa:mCherry (CRISPR/Cas9) Kina et al 8 N/A
Mata-gal4; mata-gal4 Gift from Ruth Lehmann lab N/A

mnk aubHN2 Klattenhoff et al.8” N/A

mnk, aubQC42 Klattenhoff et al.87 N/A
TudC30-51 Arkov et al.88 N/A

tudl Arkov et al.88 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
vasD1 Lasko et al.8 N/A

vasl BDSC 1574
Nup107:GFP BDSC 35514
RFP-KDEL BDSC 30909
FL-Short Osk:mCherry Hurd et al.5! N/A

ASGNH Short Osk:mCherry Hurd et al.5 N/A

RNAI lines are listed in Table S2 VDRC/BDSC Table S2
Oligonucleotides

osk smFISH probes Troek et al. % N/A

nos smFISH probes Trcek et al. 4 N/A

CycB smFISH probes Trcek et al.* N/A

gcl smFISH probes Treek et al.* N/A

pgc smFISH probes Troek et al. 4 N/A

ftz smFISH probes (Table S4) Stellaris smFISH probes N/A

The list of all gqRT-PCR primers used in this study are reported in Table S3  IDT Technologies N/A

Software and algorithms

Airlocalize spot detection algorithm Treek et al.; Lionnet et al 909t N/A
SigmaPlot www.systatsoftware.com N/A

ImagelJ Schneider et al .9 https://imagej.nih.gov/ij/
PCC(Costes) co-localization ImageJ plugin Bolte et al .93 JACOP ImageJ
Huygens deconvolution software Svi N/A

Other

Hard-Shell 96 well gRT-PCR plates Bio Rad HSP9601
Lab-Tek 11 8 Chambered Coverglass dish Thermo Fisher Scientific 155409PK
CFX Opus 96 Real-Time PCR System Bio Rad N/A

Vt-iSIM BioVision Technologies N/A
Hard-Shell 96 well gRT-PCR plates Bio Rad HSP9601
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