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Abstract

Background: Reproductive capacity in many organisms is maintained by germline stem cells 

(GSCs). A complex regulatory network influences stem cell fate, including intrinsic factors, 

local signals, and hormonal and nutritional cues. Post-transcriptional regulatory mechanisms 

ensure proper cell fate transitions, promoting germ cell differentiation to oocytes. As essential 

RNA binding proteins with constitutive functions in RNA metabolism, heterogeneous nuclear 

ribonucleoproteins (hnRNPs) have been implicated in GSC function and axis specification during 

oocyte development. HnRNPs support biogenesis, localization, maturation, and translation of 

nascent transcripts. But whether individual hnRNPs specifically regulate GSC function has yet to 

be explored.

Results: We demonstrate that hnRNPs are expressed in distinct patterns in the Drosophila 
germarium. We show that three hnRNPs, squid, hephaestus, and Hrb27C are cell-autonomously 

required in GSCs for their maintenance. Although these hnRNPs do not impact adhesion of GSCs 

to adjacent cap cells, squid and hephaestus (but not Hrb27C) are necessary for proper BMP 

signaling in GSCs. Moreover, Hrb27C promotes proper GSC proliferation, whereas hephaestus 
promotes cyst division.

Conclusions: We find that hnRNPs are independently and intrinsically required in GSCs for 

their maintenance in adults. Our results support the model that hnRNPs play unique roles in stem 

cells essential for their self-renewal and proliferation.

SUMMARY STATEMENT

Heterogeneous ribonucleoproteins encoded by squid, hephaestus, and Hrb27C are necessary for 

germline stem cell maintenance in the Drosophila ovary.
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INTRODUCTION

Stem cells are critical for tissue homeostasis and cellular diversity in developing and mature 

organs. Many stem cells divide asymmetrically, balancing long-term stem cell self-renewal 

with the production of progenitor cells that differentiate into functionally specialized 

cells1–3. To ensure tissue integrity and proper organ function, stem cell self-renewal and 

proliferation must be tightly regulated. As stem cell decline contributes to age-related tissue 

degeneration4–6, understanding how stem cell activity is controlled may offer new strategies 

for optimization of tissue repair and regeneration in vivo.

The Drosophila melanogaster ovary is a robust model system with which to elucidate the 

molecular mechanisms controlling stem cell function. Ovaries are comprised of 14–16 

ovarioles filled with maturing egg chambers or follicles, each of which will ultimately 

develop into a single oocyte (Figure 1A)7. Germline stem cells (GSCs) reside at the most 

anterior region of the ovariole (called the germarium; Figure 1B). Asymmetric division of 

the GSC perpendicular to the cap cells produces another GSC and a cystoblast committed to 

differentiation. The cystoblast mitotically divides four times with incomplete cytokinesis to 

form an interconnected 16-cell germline cyst. One cell of the cyst differentiates to form the 

oocyte, while the remaining cells become nurse cells, which ultimately load the oocyte with 

maternal factors essential for embryogenesis (Figure 1B).

GSCs are regulated by a complex network of paracrine and endocrine signaling mechanisms 

that maintain their self-renewal and proliferation in concert with intrinsic controls8–10. GSCs 

are physically connected via adherens junctions to adjacent somatic cap cells (Figure 1B), 

which secrete the bone morphogenetic protein (BMP) ligands Decapentaplegic (Dpp) and 

Glass bottom boat (Gbb)11,12. Upon activation, BMP receptors Punt (Put) and Thickveins 

(Tkv) on GSCs suppress differentiation via activation of Mothers against decapentaplegic 

(Mad), which transcriptionally represses Bag of marbles (Bam), a primary differentiation 

factor13–15. Translational control of differentiation factors is also critical for regulating GSC 

self-renewal and cystoblast differentiation16,17. Alternative splicing, RNA modification, and 

ribosome biogenesis each control the output of gene expression in the germline to modulate 

cell fate transitions. Thus, uncovering the specific roles of proteins that post-transcriptionally 

regulate gene expression is critical to understanding how GSCs are maintained in a self-

renewing proliferative state.

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are a large and diverse family of RNA 

binding proteins that act as essential regulators of RNA metabolism, localization, and 

stability18–20. At least 14 hnRNPs are encoded in the Drosophila genome20,21. HnRNPs 

function constitutively as RNA packaging proteins and in RNA biogenesis, but also function 

in a regulatory capacity by binding specific RNAs and interacting with other regulatory 

factors, including other hnRNPs19,21,22. Aberrant germline phenotypes, including dorsalized 

eggs and female sterility, were among the first biological processes attributed to mutations 
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in Drosophila hnRNPs23–30. For example, Heterogeneous nuclear ribonucleoprotein at 98DE 

(Hrb98DE) stabilizes E-cadherin mRNA to promote stem cell adhesion and oocyte location 

within cysts31, while hnRNPs Squid (Sqd), Heterogeneous nuclear ribonucleoprotein at 27C 

(Hrb27C), Glorund, Hephaestus (Heph), and Syncrip (Syp) spatially restrict mRNAs in the 

Drosophila oocyte to establish the embryonic body axes20. HnRNPs are thought to play 

essential roles in stem cell maintenance and progenitor cell differentiation in mammals32. 

Moreover, Hrb27C was identified as a potential regulator of GSC maintenance in large-scale 

genetic screens, suggesting that additional hnRNPs other than Hrb98DE are also active in 

GSCs33,34. Yet while phenotypic reports of Hrb27C and sqd mutants hinted at potential 

function in GSCs or the early germline30, roles for hnRNPs in mitotically dividing germ 

cells in Drosophila have remained largely unexplored.

In this study, we investigated whether Hrb27C or other hnRNP family members contribute to 

GSC maintenance and/or early germ cell development in Drosophila. We identified unique 

protein localization patterns for six hnRNPs in the Drosophila germarium, which suggest 

cell type-specific functions for hnRNPs in oogenesis. We also uncovered novel roles in 

oogenesis for the hnRNP family members Hrb27C, sqd, and heph. Using spatially and 

temporally controlled loss-of-function analyses, our data suggest that Hrb27C, sqd, and heph 
are independently and intrinsically required in GSCs for their maintenance. In contrast to the 

known mechanism of action of related hnRNP Hrb98DE, depletion of Hrb27C, sqd or heph 
did not impact adhesion of GSCs to cap cells; however, loss of sqd or heph, but not Hrb27C, 

resulted in reduced BMP signal activation in GSCs. We also provide evidence that Hrb27C 
promotes GSC proliferation, while heph promotes cyst division. Taken together, these data 

support the hypothesis that hnRNPs bind a non-overlapping set of transcripts in GSCs and 

are essential in GSCs and their immediate daughters to support oogenesis in adult females.

RESULTS

hnRNPs are differentially expressed in the germarium.

To explore whether specific hnRNPs could function in the earliest stages of oocyte 

development, we used available protein trap transgenes and antibodies in wild-type ovaries 

to assess the cellular expression and subcellular localization of hnRNPs. We focused 

on the germarium, which is the anterior-most portion of the Drosophila ovariole and 

the location of GSCs and mitotically-dividing germ cells (Figure 1A–B). We performed 

immunofluorescence for green fluorescent protein (GFP) on ovaries from young, well-fed 

females harboring transgenes Hrb27C::GFP (Figure 1C), sqd::GFP (Figure 1D), heph::GFP 
(Figure 1E), nonA::GFP (Figure 1F), or Hrb87F::GFP (Figure 1G), which use endogenous 

gene loci to drive expression of hnRNP proteins tagged with GFP. We co-localized GFP 

with antibodies against Hu li tai shao (Hts), an adducin-like protein which localizes to 

fusomes in germ cells and plasma membranes in follicle cells, and antibodies against 

LaminC (LamC), which is highly expressed in the nuclear lamina of cap cells (Figure 1C–

G). This combination of antibodies allowed us to visualize germline and somatic cells in 

the germarium based on their location and the abundance and/or localization of Hts and 

LamC. We detected cytoplasmic GFP in germ cells in ovaries from Hrb27C::GFP, sqd::GFP, 

and heph::GFP females -in distinct, yet overlapping, regions in the germarium (Figure 1C–
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E). Expression of Hrb27C::GFP was particularly strong in 8-cell cysts (Figure 1C), while 

expression of heph::GFP was stronger in mitotically dividing cysts than in 16-cell cysts 

(Figure 1E). GFP was localized prominently in germ cell nuclei in ovaries from nonA::GFP 
and Hrb87F::GFP females (Figure 1F–G).

We also observed expression of hnRNPs in somatic cells. GFP was detected in cap cells 

in nonA::GFP and sqd::GFP germaria (Figure 1D, F), while Hrb27C::GFP and heph::GFP 
were expressed primarily in follicle cells (Figure 1C, E). Hrb87F::GFP was observed at 

much higher levels in somatic escort and follicle cells than in germ cells (Figure 1G). 

Similarly, we also localized Syp protein in the germarium using an available antibody35 on 

wild type female flies. We found Syp exclusively expressed in the cytoplasm of somatic 

cells in the germarium, including cap cells, escort cells, and follicle cells (Figure 1H). These 

data indicate that hnRNPs are expressed in cell type-specific patterns and localize in either 

cytoplasm or nuclei in germ cells and surrounding somatic cells at the earliest stages of 

oocyte development.

Three HnRNPs are independently and autonomously required in GSCs for their 
maintenance.

The distinct expression patterns of hnRNPs in the germline and somatic cells of the 

germarium suggests that these proteins may have at least partially independent roles in 

germ cells. Indeed, prior studies indicate that sqd, Hrb27C, and heph are present in a 

ribonucleoparticle complex that represses translation of oskar mRNA in late oogenesis, 

aiding in oocyte axis patterning20. Yet their expression in GSCs and mitotically dividing 

germ cells suggest that these hnRNPs have additional, earlier functions other than oocyte 

axis patterning in late oogenesis. Having previously identified Hrb27C in genetic screens 

for novel regulators of GSC maintenance33,34, we hypothesized that one function of sqd, 

Hrb27C, and heph might be to promote GSC self-renewal. To test this hypothesis, we 

used Flippase/Flippase Recognition Target (Flp/FRT)-mediated mosaic recombination with a 

negative labeling system and available FRT-containing loss-of-function mutants to inactivate 

the function of Hrb27C, sqd, or heph in GSCs specifically in adults (Figure 2A)36. (Despite 

their expression in GSCs, we were not able to further examine potential roles for nonA or 

Hrb87F in germ cells using this technique, as suitable genetic stocks in the FRT background 

could not be attained.) Flp/FRT-mediated mosaicism allowed us to lineage-trace clonal 

populations of homozygous mutant cells in otherwise heterozygous animals. An FRT site 

lies proximal to a mutation in a gene of interest in trans to another FRT chromosome 

arm carrying the corresponding wild-type allele linked to a GFP marker (Figure 2A). Flp 

catalyzes mitotic recombination between the FRT sites in dividing cells, leading to the 

formation of clones of homozygous mutant cells. We used a heat-shock-promoter driven 

Flp transgene that expresses the Flp recombinase in response to high temperature, and thus 

mediates recombination in a time-controlled manner. This system is particularly useful for 

the dissection of gene function in GSCs because it allows the experimenter to genetically 

label homozygous mutant cells and follow their “output” over time, as all daughter cells 

generated from the homozygous mutant GSC are GFP-negative.
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In this assay, GSCs and their daughter cells carrying homozygous mutations in sqd (Figure 

2C), heph (Figure 2D), or Hrb27C (Figure 2E) were recognized by loss of GFP in mosaic 

germaria. We specifically selected null or strong hypomorphic alleles of sqd (sqdix50 

and sqdix77), heph (hephe1 and hephe2) and Hrb27C (Hrb27CF680, Hrb27Ck02814, and 

Hrb27Cf04375) for our analyses, each of which has been previously described23,28,37,38. 

Germaria were analyzed eight days after clone induction, allowing negatively labeled 

cystoblasts/cysts to be cleared from germaria and ensuring that GFP-negative cysts 

originated from a negatively labeled GSC36. In control “mock mosaic” germaria, where all 

cells are wild-type, GFP-negative GSCs were nearly always accompanied by GFP-negative 

cystoblasts/cysts, resulting in very few germaria with a GSC loss phenotype (Figure 2B, F) 

and indicating that these GSCs self-renew and produce differentiating progeny. In contrast, 

significant percentages of sqd, heph, and Hrb27C mutant mosaic germaria contained GFP-

negative cysts without an accompanying GFP-negative GSC, evidence that the mutant GSC 

produced some progeny, but had reduced capacity to be maintained in the niche (Figure 

2C–F). Although we cannot rule out possible roles for these hnRNPs in somatic cells in 

the germarium, these data demonstrate that sqd, heph, and Hrb27C are independently and 

autonomously necessary in GSCs for their maintenance in the niche.

Technical limitations prevented us from specifically inactivating Hrb87F function in 

GSCs using the FLP/FRT technique. A report describing decreased female fecundity in 

Df(3R)Hrb87F mutants39, however, prompted us to investigate whether it is also necessary 

for GSC maintenance. Female homozygous Df(3R)Hrb87F mutants (see Experimental 

Procedures) survived to adulthood, but had multiple defects in oogenesis and were sterile39. 

We observed a more rapid rate of decline of GSCs per germarium in female homozygous 

Df(3R)Hrb87F mutants as compared to heterozygous sibling controls (Figure 2I). While 

we cannot determine from this assay whether Hrb87F functions in the GSCs or the soma 

or both, this data supports the hypothesis that Hrb87F also contributes to the proper 

maintenance of GSCs as flies age.

Hrb27C is necessary for GSC proliferation, while heph is necessary for timely cyst 
division.

Apparent loss of GSCs in our Flp/FRT lineage tracing assay could be compounded by 

defects in cyst division. To measure the rate of cyst production, we examined mosaic 

germaria with both wild-type (GFP+) and hnRNP mutant (GFP-) cysts, and quantified 

the number of cysts at each stage of mitotic division according to the morphology of the 

fusome, a specialized organelle that branches with each cyst division (Figure 3A–E)40,41. 

The proportion of mutant and neighboring GFP-positive cystoblasts/cysts at each mitotic 

division was equivalent in sqdix50 and Hrb27CrF680 mutant mosaic germaria (Figure 3E). 

In contrast, although we observed hephe2 mutant cysts at all stages of mitotic division (see 

Figure 2D, for example), hephe2 mutant 4-, 8-, and 16-cell cysts were under-represented in 

mosaic germaria (Figure 3B, E). To further assess cyst division rates, we then compared 

the number of GFP− cysts per GSC to the number of GFP+ cysts per GSC, and calculated 

cyst division rate as a ratio of the two values. If the rate of cyst division is equivalent 

between mutant (GFP-) cysts and adjacent wild-type (GFP+) cysts, then the cyst division 

ratio should roughly equal 1.0. Indeed, this was the case for Hrb27CF680 and sqdix50 mutant 
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mosaic germaria, which had cyst division ratios of 1.2 (n = 39 germaria; 544 cysts) and 

0.93 (n = 23 germaria; 300 cysts), respectively. In contrast, the cyst division ratio of hephe2 

mutant mosaic germaria equaled 0.48 (n = 38 germaria; 373 cysts), indicating that heph 
mutant cysts divide slower than their wild-type counterparts (see Figure 3B as an example). 

Moreover, we found no evidence of caspase-mediated apoptosis in sqdix50 (Figure 3C), 

hephe2 (Figure 3B), or Hrb27CF680 (Figure 3D) mutant mosaic germaria, suggesting that 

GSCs or cysts are not lost due to premature cell death. These data suggest that heph, but not 

sqd or Hrb27C, is specifically necessary for timely cyst division.

The rate of cyst production is also dependent on the rate of GSC proliferation. To test 

whether hnRNP mutant GSCs progressed through the cell cycle at equivalent rates to 

wild-type GSCs, we measured the percentage of GFP-negative GSCs that incorporated the 

thymidine analog EdU in mosaic germaria (Figure 3F–J). In mock mosaic germaria (where 

all cells are wild-type), 10–12% of GFP-negative GSCs are labeled with EdU during a 

one-hour pulse (Figure 3F, J). We did not observe statistically significant differences in 

rates of proliferation in sqdix50 (Figure 3G, J) or hephe2 (Figure 3H, J) mutant GSCs versus 

mock GFP-negative control GSCs. In contrast, significantly fewer Hrb27CrF680 mutant 

GSCs incorporated EdU versus controls (Figure 3I–J), indicating that Hrb27C specifically 

promotes GSC cell cycle progression. Taken together, these results argue against a general 

germ cell dysfunction in hnRNP mutant cells, but instead support the model that Hrb27C, 

heph, and sqd control distinct cellular processes in GSCs and dividing germ cells.

Loss of heph, sqd, or Hrb27C does not impair GSC adhesion to cap cells.

E-cadherin localizes at the interface between cap cells and GSCs and is necessary for GSC 

self-renewal12. We therefore hypothesized that Hrb98DE, sqd, heph, and Hrb27C promote 

GSC self-renewal by stabilizing the physical attachment of GSCs to the stem cell niche 

by adherens junctions. To test whether loss of Hrb27C, heph, or sqd abrogated E-cadherin 

expression, we performed immunofluorescence for E-cadherin in sqd, heph, and Hrb27C 
mosaic germaria (Figure 4A, C, E). This allowed us to directly compare E-cadherin mean 

fluorescence intensity at the cap cell-GSC interface between hnRNP mutant GSCs and 

adjacent wild-type GSCs (Figure 4B, D, F). We found, however, that E-cadherin expression 

in sqdix50 (Figure 4A–B), hephe2 (Figure 4C–D), or Hrb27CrF680 mutant GSCs (Figure 

4E–F) was comparable to adjacent wild-type (GFP+) GSCs. These data indicate that loss of 

sqd, heph, or Hrb27C independently does not deplete E-cadherin levels at the GSC/cap cell 

interface, suggesting that impaired maintenance of sqd, heph, and Hrb27C mutant GSCs is 

not due to loss of a physical attachment to the niche.

heph and sqd mutant GSCs have a reduced response to BMP signals.

BMP signaling via Mad is necessary to repress transcription of the differentiation factor 

bam in GSCs, thus suppressing their differentiation13,15. We therefore wanted to address 

whether sqd, heph, or Hrb27C mutant GSCs might prematurely express Bam, potentially 

causing their differentiation. Unfortunately, we were unable to successfully visualize Bam 

anti-sera in combination with our mosaic clonal markers, and technical limitations of the 

Flp/FRT mosaic system prevented us from monitoring Bam transgenic reporter lines in 

the context of sqd, heph, or Hrb27C mosaic germaria. We therefore sought an alternative 
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strategy to deplete hnRNPs from GSCs and their immediate daughters. In combination 

with the bipartite Upstream Activating Sequence (UAS) / Gal4 transactivation system, 

RNA interference (RNAi) is a powerful, cell-specific tool to deplete target mRNA from 

cells42. We tested available UAS-RNAi transgenic strains for Hrb27C or heph by driving 

the RNAi under the control of germline-specific Gal4 transgenes, but these lines did 

not impact oogenesis, likely because the transgenes are targeted for destruction43. We 

did, however, identify two UAS-RNAi transgenic strains, sqdGL and sqdHMC, that target 

sqd and phenocopied sqd null mutant phenotypes, including GSC depletion (Figure 5A) 

and egg dorsalization (Figure 5B)23,24. We therefore focused our analyses on the sqdGL 

RNAi line, which produced the strongest phenotypes, and asked whether sqd-depleted 

GSCs prematurely induced Bam expression. We monitored Bam protein expression using 

a transgene (Bam-sfGFP) carrying a fosmid genomic fragment wherein bam was fused at 

the C-terminus with green fluorescent protein (GFP)44. In driver-only control germaria, 

Bam-sfGFP is absent from GSCs, but expressed in differentiating 2-cell and 4-cell cysts 

(Figure 5C; n = 68 germaria). An identical expression pattern was previously reported using 

Bam anti-sera14. Similarly, Bam-sfGFP was undetectable in GSCs in sqd-depleted germaria 

(Figure 5D; n = 74 nos-Gal4::VP16>sqdHMC germaria, n = 62 nos-Gal4::VP16>sqdGL 

germaria). We also noted, however, that GSC number in sqd RNAi lines did not decrease 

substantially as the flies aged (i.e. from 3- to 12-days after eclosion) (Figure 5A). This 

suggests that the level of sqd knock-down is sufficient in the RNAi background to reduce, 

but not completely abolish, the ability of GSCs to self-renew. It is therefore not clear 

whether bam expression is not affected by depletion of sqd, or whether the levels of sqd have 

not been sufficiently reduced in the RNAi experimental model to fully de-repress bam.

To further test whether premature differentiation contributed to the loss of sqd, heph, and 

Hrb27C mutant GSCs from the niche, we then asked whether hnRNP mutant GSCs could 

properly respond to BMP signals. We measured the levels of phosphorylated Mothers 

against decapentaplegic (pMad), a well-characterized reporter of BMP pathway activation 

(Figure 5A–E)15,45. To control for technical variation in immunofluorescence staining, 

we then calculated the ratio of nuclear pMad fluorescence intensity values in mutant 

(GFP-negative) GSCs and adjacent wild-type (GFP-positive) GSCs in the same germarium. 

In mock mosaics, where all cells are wild-type, GFP-negative and GFP-positive GSCs 

expressed pMad equivalently (Figure 5E), leading to an average GFP-/GFP+ ratio equal to 

0.96 (Figure 5I). Similarly, Hrb27CrF680 mutant GSCs also expressed equivalent levels of 

pMad as adjacent GFP-negative wild-type GSCs (GFP-/GFP+ ratio = 0.92; Figure 5H–I). 

In contrast, sqdix50 and hephe2 mutant GSCs displayed significantly lower levels of nuclear 

pMad than neighboring wild-type GSCs (Figure 5F–G), resulting in average GFP-GFP+ 

ratios of 0.53 and 0.79, respectively (p < 0.0001; Figure 5I). These data indicate that 

sqd and heph are necessary for GSCs to properly respond to niche BMP signals, but 

that Hrb27C likely promotes GSC self-renewal predominately through another mechanism. 

Taken together, these results suggest that although Hrb27C, sqd, and heph mutant GSCs 

have reduced capacity for self-renewal, the mechanisms through which these hnRNPs 

promote self-renewal are likely quite divergent and dependent on regulation of unique sets of 

transcripts.
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DISCUSSION

Gene expression involves the formation of distinct ribonucleoprotein complexes containing 

nascent transcripts, hnRNPs, and translation initiation factors that regulate the amount 

and location of protein produced within a cell46. Post-transcriptional regulation and 

translational repression are predominant mechanisms controlling germ cell development, 

and as such are critical for oogenesis in a variety of organisms16,17,47–49. As multifunctional 

RNA binding proteins, hnRNPs have emerged as important post-transcriptional regulators 

of gene expression with specialized cellular functions20. In Drosophila oogenesis, Sqd, 

Hrb27C, and Glo are necessary for translational repression and localization of gurken, 

nanos, and oskar mRNAs, whose spatially-regulated translation establishes concentrated 

areas of asymmetrically distributed protein in the oocyte23,29,50,51. Earlier in oogenesis, 

Hrb98DE promotes GSC self-renewal via regulation of E-cadherin translation31; however, 

it was unknown whether other hnRNPs might also control GSCs. Here, we extend these 

foundational studies to demonstrate that in addition to their known roles in later stages of 

oogenesis, three hnRNPs, Hrb27C, Sqd, and Heph, play distinct roles in GSC self-renewal 

and cyst division and are likely independent of Hrb98DE. Our genetic loss-of-function 

studies suggest that these hnRNPs individually control unique aspects of GSC and cyst 

biology, perhaps reflecting unique sets of mRNA targets. Taken together, our study suggests 

a broad role for hnRNPs in the regulation of GSCs and their daughters.

Our data demonstrate that individual hnRNPs are expressed in a spatially- and temporally-

restricted manner in the Drosophila germarium. For example, while many hnRNPs are 

expressed in the germline and soma, Syp is expressed only in somatic cells. Our antibody 

localization of Syp protein is consistent with recent single-cell RNA sequencing studies 

demonstrating very low levels of Syp mRNA in mitotically-active germ cells52,53. In 

addition, Heph is highly expressed in mitotically dividing cysts, but its expression decreases 

in germ cells coincident with the terminal mitotic division. We also find that hnRNPs exhibit 

distinct intracellular localization. HnRNPs shuttle between the nucleus and the cytoplasm 

to control the nuclear export of mature mRNAs46. Our results demonstrate that NonA and 

Hrb87F are both concentrated in the nucleus, while Hrb27C appears primarily cytoplasmic. 

The intracellular location of hnRNPs in germ cells likely reflects their diverse functions 

in post-transcriptional processing, maturation, and nuclear export of RNA polymerase II-

dependent transcripts54. For example, NonA preferentially binds introns of nascent RNAs to 

facilitate nuclear paraspeckle formation (Knott et al., 2016; McMahon et al., 2016), while 

Hrb27C binds 3’UTRs to control alternative splicing, mRNA localization, and translation 

(Blanchette et al., 2009; Huynh et al., 2004; McMahon et al., 2016; Nelson et al., 2007).

Attempts to identify transcripts bound by hnRNPs in Drosophila have yielded thousands 

of putative targets and illuminated extensive cross-regulatory interactions21,55–57. Our data 

suggest that Sqd and Heph enable GSCs to properly receive BMP signals. It is tempting to 

speculate that Sqd and Heph regulate the splicing or stability of essential BMP signaling 

components autonomous to GSCs, such as the receptors Put or Tkv or the transcription 

factor Mad. Alternatively, hnRNPs could post-transcriptionally repress factors that normally 

repress BMP signaling and promote differentiation. Translational repression is critical 

for the initiation of cyst differentiation16,17,58. RNA binding proteins Pumilio (Pum) and 
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Brain tumor (Brat) post-transcriptionally repress Mad and Med mRNAs by recruiting the 

deadenylase complex CCR4-NOT59,60. Destabilization of Mad and Med transcripts by 

CCR4-NOT aids in repressing BMP signaling in cystoblasts, permitting de-repression of 

bam and other pro-differentiation factors. Pum also forms complexes with Nanos to repress 

Brat and Mei-P26 in GSCs, suppressing differentiation59,61,62. We also cannot exclude 

a third possibility, that the hnRNPs regulate other as-yet-unidentified transcripts critical 

for promoting GSC self-renewal. Our finding that Hrb27C promotes GSC proliferation, 

independent of the reception of BMP signals, suggests that Sqd, Heph, and Hrb27C 

recognize unique sets of transcripts that contribute to the ability of the GSC to self-renew. 

Given the extensive repertoire of hnRNPs, and the complexity of the BMP response in 

GSCs, there is an extremely wide range of putative transcripts that could be regulated by 

Sqd, Heph, and Hrb27C. Future experiments aimed at elucidating the RNA recognition 

properties of these hnRNPs may help us understand how they individually regulate GSCs 

and their dividing daughters.

EXPERIMENTAL PROCEDURES

Drosophila strains and culture conditions

Flies were maintained at 22°−25°C on a standard medium containing cornmeal, molasses, 

yeast and agar (Nutrifly MF; Genesee Scientific) supplemented with yeast. For all 

experiments, unless otherwise noted, flies were collected 2 to 3 days after eclosion and 

maintained on standard media at 25°C. Flies were supplemented with wet yeast paste 

(nutrient-rich diet) 3 days before ovary dissection. Genes/alleles with multiple names are 

referenced using FlyBase nomenclature (www.flybase.org) for simplicity.

The following alleles were used for protein expression: Hrb27CfTRG00930.sfGFP-TVPTBF 

(Hrb27::GFP; Vienna #v318283)44; sqdCPTI000239 (sqd::GFP; Kyoto #115104)63; PTB::GFP 
(referred to as Heph::GFP, a gift of Ilan Davis)28; nonACPTI003091 (nonA::GFP; Kyoto 

#11538963; Hrb87FCC00189 (Hrb87F::GFP; a gift of Subhash Lakhotia)64,65; and Bam-
sfGFP (to visualize cytoplasmic Bam; Vienna #v318001)44.

Genetic mosaic generation, germline RNAi, and stem cell analyses

Genetic mosaic analysis via Flippase/Flippase Recognition Target (Flp/FRT)66 used the 

following alleles on FRT-containing chromosomes: sqdix50 and sqdix7724 (gifts of Amanda 

Norvell); hephe1 and hephe237 (gifts of William Brook); Hrb27CrF680 (gift of Amanda 

Norvell), Hrb27CK02814 (Kyoto #111072), and Hrb27Cf04375 (Kyoto #114656)23. Other 

genetic tools are described in FlyBase. Genetic mosaics were generated using FLP/FRT-

mediated recombination in 1–3 day old females carrying a mutant allele in trans to a wild-

type allele (linked to a Ubi-GFP or NLS-RFP marker) on homologous FRT arms with a hs-
FLP transgene, as previously described36. Flies were heat shocked at 37°C twice per day 6–

8 hours apart for 3 days, then incubated at 25°C on standard media supplemented first with 

dry yeast, then with wet yeast 3 days prior to dissection. Flies were dissected 8 days after 

clone induction. Wild-type alleles (FRT40A or FRT82B) were used for control mosaics. 

GSCs were identified by the location of their fusomes adjacent to the cap cells40. GSC loss 

was measured by the number of germaria that contain a GFP-negative cyst (generated from 
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the original GFP-negative stem cell) but lack a GFP-negative GSC, compared to the total 

number of germaria containing a germline clone36. Results were analyzed by Chi-square 

tests comparing GSC loss in mock control germaria (where all cells are wild type) to GSC 

loss in hnRNP mutant mosaic germaria using Microsoft Excel.

To measure stem cell loss in P{w+Tsr+}/P{w+Tsr+}; ry Df(3R)Hrb87F/ry Df(3R)Hrb87F 
(referred to as Df(3R)Hrb87F)39, flies were raised at 25°C and dissected 3, 8, 12, and 21 

days after eclosion. GSC loss was measured by the average number of GSCs per germarium 

in mutants compared to heterozygous sibling controls. Statistical analysis was performed 

using Student’s t-test, in Excel.

For RNAi experiments, germline knock-down was facilitated by expressing the 

germline-specific nos-GAL4::VP16-nos.UTR (referred to throughout as nos-Gal4::VP16; 

Bloomington #4937)67,68. Driver expression was confirmed using UASp-tubGFP 
(Bloomington #7373)69. Females carrying drivers alone were used as controls. To facilitate 

sqd knock-down in the germline, the following RNAi lines (carried in pVALIUM20 or 

pVALIUM22 transgenes for maximum germline efficiency) were used: UAS-sqdHMJ21209 

(Bloomington #53891), sqdGL00473 (Bloomington #35627), and sqdHMC03848 (Bloomington 

#55169). For assessing egg laying and egg morphology, 20 pairs of flies of the appropriate 

genotype (in triplicate) were mated in bottles containing grape agar plates at 37°C for 24 

hours. Total numbers of eggs laid and the percentage of dorsalized eggs were quantified 

by manually counting the eggs under a stereoscope. For counting GSC number, flies were 

raised at 25°C and dissected 3, 6, and 12 days after eclosion. GSC loss was measured by 

the average number of GSCs per germarium in mutants compared to driver-only controls. 

Statistical analysis was performed using Student’s unpaired t-test in Excel.

GSC proliferation was measured by counting the number of GFP-negative / EdU-positive 

GSCs following a one hour incubation in EdU. Chi-squared analysis was used to compare 

the percentage of total GFP-negative GSCs that also labeled for EdU in mock mosaic 

germaria versus hnRNP mutant mosaic germaria.

Immunofluorescence and microscopy

Ovaries were dissected, fixed, washed, and blocked as previously described33,70. Briefly, 

ovaries were dissected and teased apart in Grace’s media (Lonza or Caisson Labs) and fixed 

using 5.3% formaldehyde in Grace’s media at room temperature for 13 minutes. Ovaries 

were washed extensively in phosphate-buffered saline (PBS, pH 7.4; Thermo Fisher) with 

0.1% Triton X-100, then blocked for three hours in a blocking solution consisting of 5% 

bovine serum albumin (Sigma), 5% normal goat serum (MP Biomedicals) and 0.1% Triton-

X-100 in PBS. The following primary antibodies were diluted in block and used overnight 

at 4°C: mouse anti-Lamin C (LamC) [LC28.26, Developmental Studies Hybridoma Bank 

(DSHB), 1:100], mouse anti-Hts (1B1, DSHB, 1:10), rabbit anti-GFP (ab6556, Abcam, 

1:2000), chicken anti-GFP (ab13970, Abcam, 1:2000), guinea pig anti-Syncrip (a gift from 

I. Davis, 1:5000)35, rabbit anti-cleaved Caspase 3 (9661, Cell Signaling Technology, 1:50), 

rat anti-E-cadherin (DCAD2, DSHB, 1:20), rabbit anti-pMad [(Smad3) phospho S423 + 

S425, ab52903, Abcam/Epitomics, 1:50]. Samples incubated with pMad were permeabilized 

with 0.5% Triton-X100 in PBS for thirty minutes before blocking. Samples were incubated 
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with Alexa Fluor 488-, 568- or 633-conjugated goat-species specific secondary antibodies 

(Molecular Probes; 1:200). EdU was detected using AlexaFluor-594 or −647 via Click-

It chemistry following the manufacturer’s recommendations (Life Technologies) and 

counterstained with DAPI (Sigma 1:1000 in PBS). Ovaries were then mounted in 90% 

glycerol containing 20.0 μg/mL N-propyl gallate (Sigma). Data was collected using a Zeiss 

LSM 700 laser scanning confocal microscope. Images were analyzed using Zen Blue 2012 

software and images were minimally and equally enhanced via histogram using Zen and 

Adobe Photoshop CC.

Quantification of fluorescence intensity in GSCs

Fluorescence intensity in confocal sections was measured via ZEN Blue 2012 (Zeiss) by 

manually demarcating individual GSC and measuring nuclear intensity mean values (IMV; 

gray value/pixel) at the z-level containing the largest nuclear diameter for the specific 

antibody analyzed. Because of slight variations in pixel intensity among stain sets, IMVs 

for each fluorescent protein were calculated for a minimum of 30 individual GSCs. Controls 

are adjacent GFP-positive (wild type) GSCs within the same germarium. To normalize 

pMAD quantification, IMVs were evaluated as a ratio of GFP-/GFP+ GSCs within the 

same germarium, where a ratio equal to 1.0 represented equivalent intensity in both cells. 

Statistical analysis was performed using Student’s unpaired two-tailed T-test with Mann-

Whitney nonparametric post-test using Prism (GraphPad).
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Figure 1. 
Drosophila hnRNPs are expressed in distinct patterns in the germarium. (A-B) The ovary 

(A) is composed of 15–20 ovarioles (one ovariole is shaded in light gray). At the anterior 

tip of each ovariole is a germarium (B), where germline stem cells (GSCs; yellow) are 

anchored to a somatic niche (light blue) composed of cap cells and terminal filament (TF) 

cells. GSCs divide asymmetrically to form cystoblasts (green) which divide mitotically four 

times with incomplete cytokinesis, forming cysts (green). One cell in the cyst becomes the 

oocyte (oo, pink); the other 15 become nurse cells (nc, green). Germ cells are characterized 

by the presence of a fusome (magenta), which extends as germ cells divide. Somatic escort 

cells (gray triangles) signal to germ cells to promote differentiation. Follicle stem cells 

(FSC; gray) give rise to follicle cells (gray) which surround the 16-cell germline cyst, 
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giving rise to an egg chamber that buds off the germarium. (C-H) Representative germaria 

from GFP-tagged hnRNP transgenic flies labeled with anti-GFP (C-G) or wild-type flies 

labeled anti-Syp (H) and counterstained with anti-Hts+anti-LamC (red; fusomes, follicle cell 

membranes, and cap cell nuclear envelopes). Grayscale images of the corresponding green 

channel alone in C’-H’. Solid white lines demarcate GSCs; asterisks represent cap cells. 

Somatic cell nuclei (arrows) or membrane extensions (arrowheads) are indicated in G-H. 

The yellow arrow in G points to an ovarian sheath cell nucleus. Scale bar = 10 μm.
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Figure 2. 
HnRNPs are required for GSC self-renewal. (A) The FLP/FRT technique was used 

to generate genetic mosaics. Mitotic recombination is mediated by heat-shock-induced 

expression of flippase (hsFLP). Homozygous mutant (mut) cells are identified by the 

absence of a GFP marker, which is linked to the wild-type allele. (B-E) Mock mosaic 

control (B), sqdix50 (C), hephe2 (D), or Hrb27CrF680 (E) mutant mosaic germaria labeled 

with anti-GFP (green; wild-type cells) and anti-Hts+anti-LamC (red; fusomes, follicle cell 

membranes, and cap cell nuclear envelopes). GSCs are outlined in white (wild-type = solid 

line; mutant = dashed line); asterisks indicate cap cells. Arrows indicate GFP-negative cysts. 

Scale bar = 5 μm. (F-G) Sibling control (F) or Df(3L)Hrb87F mutant germaria labeled with 
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anti-Vasa (green; germ cells), anti-Hts (red), and anti-LamC (red). GSCs are outlined. (H) *p 

< 0.05, **p < 0.001; Chi-squares test (F, H) or Student’s two-tailed T-test (G)
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Figure 3. 
Heph and Hrb27C are necessary for timely cyst divisions and GSC proliferation, 

respectively. (A-D) Mock mosaic germarium from a female raised on a nutrient-deficient 

diet (control, A), hephe2 (B), sqdix50 (C), and Hrb27CrF680 (D) mosaic germaria stained 

with anti-GFP (green; wild-type cells), anti-cleaved Caspase (magenta, dying cysts), anti-

Hts+anti-LamC (red; fusomes, follicle cell membranes, and cap cell nuclear envelopes). 

Since germaria from wild-type flies raised on nutrient-rich media rarely have dying cysts, 

a nutrient-deficient diet was used for one set of controls to ensure staining conditions for 

the cleaved-Caspase antibody were sufficient. (E) Percentage of total control (GFP+) or 

mutant (GFP-) cystoblasts/cysts in hnRNP mosaic germaria. Numbers in bars represent 

number of germline-mosaic germaria analyzed. Cyst division ratios are listed above bars 
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(number of cysts scored in parentheses). (F-I) Mock mosaic (F), sqdix50 (G), hephe2 (H), 

and Hrb27CrF680 (I) mosaic germaria stained with anti-GFP (green; wild-type cells), EdU 

(white; cells in S phase), anti-Hts+anti-LamC (red). (J) Percentage of GFP-negative GSCs 

that are positive for EdU in mosaic germaria eight days after heat shock. Numbers in bars 

represent the number of GFP-negative GSCs analyzed. **p < 0.001, Chi-squares test. GSCs 

are outlined in white and cystoblasts/cysts are outlined in yellow (wild-type = solid line; 

mutant = dashed line); asterisks indicate cap cells. A caspase-positive wild-type cyst is 

outlined in yellow in A. Scale bars = 5 μm

Finger et al. Page 21

Dev Dyn. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure. 4. 
Loss of Hrb27C, sqd, or heph does not impact E-cadherin levels at the GSC/Cap cell 

interface. (A, C, E) sqdix50 (A), hephe2 (C), and Hrb27CrF680 (E) mosaic germaria labeled 

with anti-GFP (green, wild-type cells), anti-E-cadherin (magenta), anti-Hts+anti-LamC (red; 

fusomes, follicle cell membranes, and cap cell nuclear envelopes), and DAPI (blue; DNA). 

Greyscale images of E-cadherin alone are shown in A’, C’, and E’. GSCs are outlined in 

white (wild-type = solid line; mutant = dashed line), asterisks indicate cap cells. (B, D, 

F). Fluorescence intensity mean value (IMV) of E-cadherin antibody labeling in adjacent 

control (wild-type; GFP+) and mutant (GFP-) GSCs in sqdix50 (B), hephe2 (D), and 

Hrb27CrF680 (F) mosaic germaria. Error bars, mean ± SEM. Numbers in bars represent 

the number of GSCs analyzed. Scale bar = 5 μm
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Figure 5. 
heph and sqd mutant GSCs have a reduced response to BMP signals. (A) Average number 

of GSCs per germarium at 3, 6, and 12 days after eclosion in nos-Gal4::VP16 control 

(gray) or nos-Gal4::VP16>sqd RNAi (light red). Error bars, mean ± SEM. Numbers 

in bars represent number of germaria analyzed. (B) Total normal (gray) or dorsalized 

(black) eggs laid by nos-Gal4::VP16 control or nos-Gal4::VP16>sqd RNAi females. **p 

< 0.001; Student’s two-tailed T-test. (C-D) Driver control (C) or nos-Gal4::VP16>sqdGL 

RNAi (D) germaria expressing Bam-sfGFP in germaria labeled with anti-GFP (green) and 

anti-Hts+anti-LamC (red). Arrows indicate 4-cell cysts. (E-H) Single z-plane images of 

mock mosaic (E), sqdix50 (F), hephe2 (G), and Hrb27CrF680 (H) mosaic germaria labeled 

with anti-GFP (green, wild-type cells), anti-pMad (magenta), and anti-Hts+anti-LamC (red; 

fusomes, follicle cell membranes, and cap cell nuclear envelopes). A GFP+ wild-type GSC 

from the same germarium (but in a different z-plane) is shown in insets (F-H). (I) Ratio of 

GFP- to GFP+ fluorescence intensity mean value of anti-pMAD antibody labeling in GSCs 

within the same germarium. Each dot represents one GSC pair. ***p < 0.0001; Student’s 

two-tailed T-test with Mann-Whitney non-parametric post-test. Error bars, mean ± SEM. 
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Number of germaria analyzed below dots. GSCs are outlined in white and cystoblasts/cysts 

are outlined in yellow (wild-type = solid line; mutant = dashed line); asterisks indicate cap 

cells. Scale bars = 10 μm (E-H) or 5 μm (C-D)
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