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Abstract 28 

The association of genomic loci to the nuclear periphery is proposed to facilitate cell-29 

type specific gene repression and influence cell fate decisions. However, the interplay 30 

between gene position and expression remains incompletely understood, in part 31 

because the proteins that position genomic loci at the nuclear periphery remain 32 

unidentified. Here, we used an Oligopaint-based HiDRO screen targeting ~1000 33 

genes to discover novel regulators of nuclear architecture in Drosophila cells. We 34 

identified the heterochromatin-associated protein, Stonewall (Stwl), as a factor 35 

promoting perinuclear chromatin positioning. In female germline stem cells (GSCs), 36 

Stwl binds and positions chromatin loci, including GSC differentiation genes, at the 37 

nuclear periphery. Strikingly, Stwl-dependent perinuclear positioning is associated 38 

with transcriptional repression, highlighting a likely mechanism for Stwl’s known role 39 

in GSC maintenance and ovary homeostasis. Thus, our study identifies perinuclear 40 

anchors in Drosophila and demonstrates the importance of gene repression at the 41 

nuclear periphery for cell fate. 42 

 43 
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Introduction 47 

The distribution of the genome within the interphase nucleus can tune cell-specific 48 

gene expression. In both plant and animal cells, dense-staining heterochromatin and 49 

repressed tissue-specific genes are typically found near the inner nuclear membrane 50 

(INM)1. In metazoans, an INM-associated network, involving the intermediate filament 51 

protein lamin and other associated proteins, serves as a scaffold for the organization 52 

of peripheral chromatin2. This chromatin, which is associated with the nuclear lamina, 53 

is referred to as lamina-associated domains (LADs) and is usually gene-poor, 54 

transcriptionally silent, and rich in repressive histone marks3–6. Experiments using 55 

LAD-embedded transcriptional reporters4,7–9 and gene tethering to the nuclear 56 

periphery10–12 have shown that perinuclear positioning is generally associated with 57 

reduced transcriptional output, although exceptions can occur12. Functionally, 58 

perinuclear positioning of a locus has been speculated to preserve the inactive 59 

transcriptional state and stabilize cell-specific gene expression programs1,13. 60 

Consistently, detachment of specific loci from the nuclear periphery in multiple cell 61 

types is associated with ectopic gene expression and alterations in cell fate 62 

decisions14–17. While the nuclear lamina14–16,18, nuclear pore complex (NPC) 63 

proteins19–21 and epigenetic modifications22–24 are known to influence chromatin 64 

association to the nuclear periphery, very few chromatin-binding perinuclear anchors 65 

have been identified thus far17,25,26. As a result, the precise relationships between 66 

perinuclear positioning, gene expression and cell fate remain enigmatic. 67 

In this study, we leverage our recently developed HiDRO technology27 to conduct 68 

an RNAi screen in Drosophila cells aimed at identifying perinuclear anchors for 69 

heterochromatin. We individually depleted approximately 1,000 genes known to 70 

possess characteristic DNA-binding domains or nuclear localization sequences, and 71 

then measured changes in the spatial positioning of genomic regions located both at 72 

the periphery and center of the nucleus. Among our hits, we isolated a significant hit, 73 

the heterochromatin-associated MADF-BESS domain containing protein, Stonewall 74 

(Stwl)28 as a factor important for the peripheral positioning of LAD-enriched chromatin. 75 

MADF-BESS proteins are transcriptional regulators that bind DNA through an N-76 

terminal MADF (Myb-SANT like in ADF) domain, whereas the C-terminal BESS motif 77 

mediates protein-protein interactions29,30. Previous studies have demonstrated that 78 

Stwl has a cell-autonomous function in female germline stem cell (GSC) 79 
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maintenance28,31,32 as well as later stages of oogenesis28,31,33,34, likely through gene 80 

repression. Notably, Stwl-depleted GSCs are reported to differentiate precociously (as 81 

determined by fusome-containing germline cysts), even in the absence of critical 82 

differentiation genes31, suggesting that Stwl plays an important role in the balance 83 

between GSC self-renewal and differentiation. However, the mechanism by which Stwl 84 

fine-tunes this vital regulatory step in GSC cell fate has remained unclear. Here, we 85 

show that Stwl is crucial for perinuclear chromatin positioning in female GSCs. Using 86 

RNA sequencing, chromatin profiling and single molecule FISH, we demonstrate that 87 

Stwl promotes repression of canonical GSC differentiation genes such as benign 88 

gonial cell neoplasm (bgcn) by positioning these gene loci at the nuclear periphery. 89 

Overall, our HiDRO screen has identified multiple factors regulating nuclear 90 

architecture in Drosophila. In particular, we have pinpointed Stwl as an important factor 91 

that links perinuclear chromatin organization to female GSC fate.   92 
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Results 93 

Discovery of novel regulators of chromosome positioning  94 

To identify proteins involved in the positioning of chromatin at the nuclear periphery, 95 

we performed an RNAi screen using our recently developed HiDRO platform27 in 96 

Drosophila Kc167 cells (Figure 1A). Specifically, we seeded Kc167 cells onto 384-97 

well plates containing individual dsRNAs in each well and performed high-throughput 98 

Oligopaint FISH to mark three 1Mb genomic regions that span Chromosome 2R and 99 

contain varying amounts of LADs (referred to as Chr. 2R-A, -B, and -C)35. In particular, 100 

74% of Chr. 2R-C is designated as LADs in Kc167 cells (Figure 1B). We also 101 

confirmed by high-resolution FISH that this region was in closer proximity to the 102 

nuclear periphery as compared to Chr. 2R-A and Chr. 2R-B (Figure 1C). We therefore 103 

used the normalized distance between this region and the nuclear periphery as our 104 

primary metric for isolating hits.  105 

We performed an RNAi screen in duplicate, using a Drosophila RNAi Screening 106 

Center (DRSC)-curated transcription factor dsRNA sublibrary that targets 966 genes 107 

encoding DNA-binding or nuclear localizing proteins. A total of ~8 million cells were 108 

analyzed, which yielded 29 “peripheral” hits that significantly increased the distance 109 

between Chr. 2R-C and the nuclear periphery, normalized to the nuclear area (Figure 110 

1D). In addition to our primary metric, we also calculated peripheral distance for Chr. 111 

2R-A and Chr. 2R-B as well as 13 secondary parameters of genome organization, 112 

including the pairwise distance between regions A, B, and C. These also included 113 

measurements related to the size and shape of each domain and the nucleus itself, 114 

creating a multimodal dataset of nuclear organization for all 966 genes analyzed 115 

(Table S1). Together, this revealed that 11/29 peripheral hits also altered chromosome 116 

length, with all 11 causing increased compaction, consistent with peripheral 117 

detachment leading to a global change in genome organization (Figure 1E).   118 

Stwl localizes to the nuclear periphery in Kc167 cells 119 

We used StringDB36 to find any known relationships between the peripheral hits 120 

and recovered 4 distinct subgroups, one of which included the MADF-BESS domain 121 

containing proteins, Su(var)3-7 and Stonewall (Stwl) (Figure 1F). Notably, both 122 

proteins have been associated with heterochromatin repression28,33,37,38. Stwl 123 

represented one of our top hits and, similar to lamin B depletion, its phenotypic profile 124 
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consisted of increased distance for all three Chr2R regions (Figure 1G-1H). We also 125 

note that Stwl depletion decreased chromosome arm length, as measured by the 126 

distance between Chr. 2R-A and Chr. 2R-C.  127 

We next examined the subcellular localization of Stwl in Kc167 cells using an 128 

antibody generated against the full-length protein. Reduced immunofluorescence 129 

signal from this Stwl antibody following a four-day dsRNA knockdown of Stwl 130 

confirmed the specificity of the antibody in Kc167 cells (Figure S1A-S1C). Consistent 131 

with published reports from other cell types, we found that Stwl was present throughout 132 

the nucleus, with an enrichment at the nuclear periphery33,39 (Figure 1I-1K). Using a 133 

shell analysis that divided the nuclear volume into five equi-volume nested shells 134 

(Figure 1I), we calculated the relative signal in each shell and observed that 82% of 135 

Stwl signal occupied the nuclear periphery while 18% occupied the center (Figure 1J-136 

1K). In contrast, only 53% of H3K9me2 signal and 55% of CID/CENPA signal occupied 137 

the periphery (Figure 1K). Total DNA as stained by Hoechst showed only 68% of 138 

signal at the periphery (Figure 1K), suggesting Stwl was more peripheral than 139 

expected for a random distribution throughout the nucleus. We next used affinity 140 

purification coupled to quantitative mass spectrometry to determine Stwl interactions 141 

in Kc167 cells (Figure S1D, Table S2). Consistent with Stwl’s perinuclear localization, 142 

we identified putative interactions with multiple components of the nuclear pore 143 

complex (NPC) including Nup62 and Nup88. Moreover, we also identified interactions 144 

with three other ‘peripheral’ hits from our HiDRO screen, namely Reptin (Rept), Pontin 145 

(Pont) and CG4557. Interestingly, Rept and Pont are members of the Ino80 chromatin 146 

remodeling complex40 and may be required in combination with Stwl to position or 147 

repress specific loci at the nuclear periphery. Overall, our data support a direct role for 148 

Stwl in anchoring chromatin at the nuclear periphery. 149 

Stwl promotes perinuclear chromatin positioning independent of Lamin B in 150 

Kc167 cells 151 

We next asked if Stwl was required for Lamin expression or localization in Kc167 152 

cells. qPCR and immunofluorescence quantification showed that Lamin B expression 153 

was not reduced following Stwl depletion (Figure S1E-S1F). To determine if Stwl 154 

depletion affected the peripheral localization of Lamin B, we examined 5 distinct Lamin 155 

phenotypes and manually assessed >350 cells following LacZ (control) or Stwl 156 
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depletion (Figure S1G). The overall distribution of each phenotype across four Stwl 157 

RNAi replicates was not statistically significant from LacZ depletion (Figure S1H), 158 

suggesting that Stwl relocalizes peripheral chromatin independent of Lamin B 159 

expression or localization.  160 

Stwl regulates chromatin positioning at the nuclear periphery in female GSCs 161 

Stwl has been previously shown to be important for GSC self-renewal, oocyte 162 

specification and egg chamber development in Drosophila ovaries28,31,32. Interestingly, 163 

a previous study has also shown that germ cells transform their spatial genome 164 

organization during GSC differentiation, including changes in the perinuclear 165 

positioning of chromatin41. However, the mechanism of Stwl function in GSC 166 

maintenance and whether it contributes to GSC genome organization remains unclear. 167 

To address this question, we turned to the Drosophila ovary, which is a powerful 168 

system to study germline stem cell (GSC) fate and tissue homeostasis42. Each 169 

Drosophila ovary comprises 16-20 autonomous egg producing units known as 170 

ovarioles. The anterior tip of each ovariole contains a germarium, which houses GSCs 171 

and differentiated germ cells (Figure 2A). Each GSC divides asymmetrically to 172 

produce one self-renewing daughter cell (GSC, green cell) and one differentiating 173 

daughter cell (cystoblast, CB, purple cell), with cystoblasts undergoing further transit 174 

amplifying divisions to generate germline cysts (yellow cells) (Figure 2A). Crucially, 175 

the balance between GSC self-renewal and differentiation maintains tissue 176 

homeostasis; excessive self-renewal can lead to stem cell tumours while precocious 177 

differentiation can lead to tissue atrophy. 178 

We first depleted Stwl constitutively in early germ cells (including GSCs and CBs) 179 

by RNAi using nos-Gal4::VP16 (Figure 2A). As expected, we observed a severe 180 

agametic ovary phenotype upon Stwl depletion (Figure 2B) and fully penetrant female 181 

sterility (Figure S2A). Moreover, these Stwl depleted ovaries contained very few cells 182 

containing the germ cell cytoplasmic marker, Vasa (Figure 2C). Conversely, although 183 

Stwl is expressed in male germ cells, Stwl depletion using nos-Gal4 in the male 184 

germline did not affect testis development or fertility (Figure S2B-S2D), suggesting a 185 

female germline-specific role for Stwl. Additionally, we verified the Stwl knockdown 186 

phenotype using flies carrying a precise stwl deletion (stwlKO4) in trans to a stwl mutant 187 

allele (stwlLL06470) (Figure S2E). Consistent with the constitutive germline knockdown 188 
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of Stwl, stwl mutant females also exhibited substantial germ cell loss and agametic 189 

ovaries (Figure S2F). In contrast to the acute loss of early germ cells when Stwl was 190 

absent in GSCs, Stwl knockdown in differentiated germ cells using bam-Gal4 did not 191 

affect germaria development (Figure 2A-2B, Figure S2G-S2H). Instead, bam-Gal4-192 

mediated Stwl depletion led to downstream defects in egg chamber development 193 

(Figure S2I-S2J), with females exhibiting a strong reduction in fertility compared to 194 

controls (Figure S2K). The role of Stwl in later stages of oogenesis has been 195 

characterized in a separate study43. Altogether, these data suggest that Stwl has a 196 

critical and cell-autonomous function in female GSC maintenance. 197 

To elucidate the series of events linking Stwl depletion to GSC loss, we used an 198 

inducible knockdown system comprising a temperature-sensitive allele of Gal80 199 

(Gal80ts) and nos-Gal4. Here, germ cell specific Gal4 expression is only induced upon 200 

shifting the adult flies to 29ºC (due to inactivation of Gal80ts), triggering RNAi and 201 

subsequent protein depletion. Using this system, we recapitulated the agametic ovary 202 

phenotype observed upon constitutive Stwl depletion 20 days post shift to 29ºC 203 

(Figure 2D). Importantly, we observed that Stwl was depleted in early female germ 204 

cells starting from four days post shift to 29ºC (Figure 2E). Therefore, all further Stwl 205 

depletion experiments were performed in flies shifted for 4-6 days to 29ºC.  206 

Based on our screen and our phenotypic data in Kc167 cells, we hypothesized that 207 

Stwl might position chromatin at the nuclear periphery in female GSCs. Therefore, we 208 

first assessed the position of the Chr. 2R regions (A and C) in female GSCs using 209 

Oligopaint DNA FISH. Specifically, we measured the shortest distance of these loci 210 

from the GSC nuclear boundary, which was marked by the NE-proximal cytoplasmic 211 

protein, Vasa. We observed that Chr. 2R-A was positioned closest to the nuclear 212 

periphery in control GSCs (median distance = 0 µm, Figure 2F-2H). In the absence of 213 

Stwl, however, this locus was primarily observed in the nuclear interior (median 214 

distance = 0.44µm, Figure 2F-2G). In contrast to region A, Chr. 2R-C did not exhibit 215 

peripheral localization in control GSCs (median distance = 0.39 µm), consistent with 216 

cell-type specific LAD composition, and, as such, its position remained unaffected 217 

following Stwl depletion (median distance = 0.28 µm) (Figure 2I-2K). We further 218 

examined the position of centromeres (marked by the centromeric histone, Cid/ 219 

dCENP-A) in GSC nuclei, as they are often observed in proximity to the NE in many 220 

cell types44–46. While control GSCs exhibited a substantial number of NE-proximal 221 
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centromeres (Figure S3A-S3C), centromeres in Stwl-depleted GSCs were re-222 

localized to the nuclear interior (Figure S3A-S3C). Consistent with our data from 223 

Kc167 cells, Stwl positions chromatin at the nuclear periphery in female GSCs.   224 

Reduced peripheral chromatin localization in the absence of Stwl is associated 225 

with gaps in the nuclear lamina. 226 

We next asked whether Stwl localized to the nuclear periphery in female GSCs as 227 

observed in Kc167 cells. We used ovaries enriched for GSC-like cells using bag-of-228 

marbles (bam) mutants47 and stained for Stwl following methanol fixation, a method 229 

that can expose otherwise inaccessible epitopes. Interestingly, we observed that a 230 

fraction of Stwl consistently localized at the nuclear periphery, interspersed with the 231 

nuclear lamina and the nuclear pore complexes (NPCs) (Figure 3A-3B), which agrees 232 

with our observations in cultured cells. We next sought to identify the underlying cause 233 

of the changes in the peripheral chromatin localization observed in Stwl-depleted 234 

GSCs. As loss of nuclear envelope integrity is associated with reduced perinuclear 235 

chromatin14–16, we checked whether Stwl depletion affected NE components in GSCs. 236 

We first checked the localization of Lamin B (lamin Dm0) and Lamin C in the Stwl-237 

depleted GSCs since these proteins at the inner nuclear membrane (INM) are 238 

associated with peripheral chromatin. We observed that 38% of Stwl-depleted GSCs 239 

exhibited stretches of the NE lacking nuclear lamins, referred to as lamina gaps 240 

hereafter, with these gaps spanning 10%-40% of the nuclear envelope (Figure 3C-241 

3D, Figure S4A-S4D). Importantly, the gaps appeared to be specific to lamins since 242 

other INM proteins such as Otefin (Drosophila Emerin orthologue) (Figure S4E-S4F) 243 

and the Lamin B receptor, LBR (Figure S4G-S4H) were still present at the gaps. 244 

Moreover, we noticed an increased signal intensity of nuclear pore complexes (NPCs) 245 

in the lamina gap regions (Figure 3C-3D), consistent with previous reports indicating 246 

that NPCs can cluster in regions lacking the nuclear lamina48,49.  247 

To further assess the underlying chromatin ultrastructure at the nuclear periphery, 248 

we performed transmission electron microscopy (TEM) in control and Stwl-depleted 249 

GSC-enriched ovaries. In contrast to the NE from terminally differentiated mammalian 250 

cells, which are lined with compact and electron-dense heterochromatin1, Drosophila 251 

GSCs exhibited multiple distinct perinuclear electron-dense chromatin foci, likely 252 

reflecting peripherally localized heterochromatin. In the control, we observed ~1 253 
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electron-dense chromatin focus associated with the nuclear periphery per micron of 254 

the nuclear envelope (Figure 3E-3G). In contrast, Stwl-depleted GSC nuclei exhibited 255 

an approximately 2-fold reduction in the perinuclear electron-dense chromatin foci 256 

(Figure 3F-3G). In addition, we observed tracts of clustered NPCs in Stwl-depleted 257 

GSCs (Figure 3F), which likely correspond to the lamina gaps observed by 258 

immunofluorescence staining (Figure 3C-3D). We next asked whether Stwl depletion 259 

led to loss of NPCs from the NE or whether they were rather reorganized across the 260 

nucleus. We observed that the normalized number of NPCs (NPCs per micron of the 261 

NE) remained unchanged across both control and Stwl-depleted GSCs, suggesting 262 

that NPCs are reorganized into clusters in the absence of Stwl (Figure S4I). Notably, 263 

almost no electron-dense chromatin foci were found in NE stretches with NPC 264 

clusters, which correspond to lamina gaps (Figure 3H). Consistently, Stwl-depleted 265 

GSCs with lamina gaps exhibited fewer NE-proximal centromeric foci in comparison 266 

to control GSCs and Stwl-depleted GSCs with an intact lamina (Figure S3A-S3C). 267 

Taken together, our data suggest that gaps in the nuclear lamina likely contribute to 268 

impaired chromatin localization at the nuclear periphery in Stwl-depleted GSCs.  269 

Despite not observing a role for Stwl in Lamin B expression in cultured cells, we 270 

considered that reduced levels of Lamin B in Stwl-depleted GSCs could be a possible 271 

cause of the lamina gaps and lead to GSC loss. To test this, we used Gal4-mediated 272 

lamin B overexpression in the female germline. Lamin B overexpression is known to 273 

result in cytoplasmic lamin accumulations in Drosophila intestinal stem cells (ISCs) 274 

and enterocytes (ECs)50. Consistently, we observed similar cytoplasmic lamin 275 

accumulations following lamin B over-expression in GSCs (Figure S5A-S5B). 276 

However, Lamin B overexpression in Stwl-mutant GSCs failed to rescue the lamina 277 

gaps or the atrophied ovary phenotype (Figure S5C-S5D). These data suggest that a 278 

decrease in Lamin B protein levels is not a primary cause of lamina gaps and GSC 279 

loss in the absence of Stwl.  280 

Recent reports have shown that loss of the INM protein, Otefin, triggers a Chk2-281 

dependent GSC developmental arrest in Drosophila ovaries, with Chk2 mutation 282 

partially restoring germline development in the absence of Otefin51. However, Chk2 283 

and Stwl double mutants did not rescue GSC loss or ovary atrophy (Figure S5E). 284 

Finally, we tested whether germ cell death markers such as lysotracker and Death 285 

caspase 1 (Dcp-1) were elevated in Stwl-depleted germaria52. While we did observe 286 
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cell death in the absence of Stwl, the death was restricted to differentiated germline 287 

cysts and not observed in GSCs (Figure S5F-S5G). Thus, our data point to a distinct 288 

mechanism for GSC loss and ovary atrophy in the absence of Stwl.  289 

Stwl represses the expression of the GSC differentiation gene, benign gonial 290 

cell neoplasm (bgcn)  291 

Based on our FISH and TEM data, we hypothesized that loss of peripheral 292 

chromatin organization in the absence of Stwl might contribute to GSC loss through 293 

altered transcriptional programs. To test this, we first wanted to identify the Stwl-294 

dependent transcriptome, specifically in GSC-like cells. Although other studies have 295 

identified Stwl-dependent gene expression in ovaries, these studies were performed 296 

in young ovaries that contain early egg chambers, differentiated germline cysts as well 297 

as GSCs34,43. Moreover, Stwl-depleted ovaries rapidly lose GSCs (Figure 2B-2C) and 298 

are therefore unsuitable for RNA-seq experiments that seek to determine the GSC 299 

transcriptome. However, a previous study has shown that overexpression of Stwl in 300 

GSCs leads to a subtle increase in the number of undifferentiated germ cells in the 301 

ovary31. Interestingly, we found that Stwl overexpression further enhanced the number 302 

of undifferentiated (Bam-negative) germ cells in a bam heterozygous background, 303 

where GSC differentiation signaling is likely weakened (Figure 4A-4B). This data 304 

further strengthens the idea that Stwl overexpression can promote GSC fate. We 305 

therefore performed RNA-seq to identify Stwl-dependent genes in control and Stwl 306 

overexpressing (StwlOE) GSC-enriched ovaries. We observed 548 genes differentially 307 

expressed following Stwl overexpression (log2FC>|0.6|, padj<0.01), with 154 genes 308 

downregulated in comparison to the control (Figure 4C, Table S3, Table S4). We 309 

specifically focused on the downregulated genes since Stwl is reported to function as 310 

a transcriptional repressor28,31,33. Here, we found that the expression of the GSC 311 

differentiation gene, benign gonial cell neoplasm (bgcn)53–55, loss of which results in 312 

the accumulation of undifferentiated GSC-like cells in the Drosophila ovary, was 313 

reduced 1.9-fold upon Stwl overexpression (Figure 4C-4D). In addition, we identified 314 

that an inhibitor of ecdysone signaling, the transcriptional corepressor, SMRT-related 315 

and ecdysone receptor interacting factor (Smr)56, was also downregulated 1.5-fold 316 

following Stwl overexpression (Figure 4C-4D). Since ecdysone signaling is critical for 317 

GSC self-renewal and maintenance57, Smr activity may promote differentiation and is 318 

likely repressed in GSCs. Interestingly, both bgcn and Smr are upregulated in gene 319 
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expression datasets from other studies using Stwl-depleted ovaries31,34,43, suggesting 320 

that these genes are likely repressed in a Stwl-dependent manner (Figure 4C). 321 

Furthermore, we performed Cleavage Under Targets and Release Using Nuclease 322 

(CUT&RUN)58 chromatin profiling experiment in GSC-enriched ovaries to identify the 323 

direct targets of Stwl (Figure 4E). We observed Stwl peaks mostly at non-coding 324 

sequences such as promoters (~47%) but also at introns, UTRs and distal intergenic 325 

regions (Figure 4E and Figure S6A). We next assessed the extent of overlap 326 

between Stwl bound loci in GSCs and differentially expressed genes upon Stwl 327 

overexpression. We found that 59.1% of downregulated genes and 69.5% of 328 

upregulated genes had a Stwl peak within 1kb of the gene body (Figure S6B). 329 

Importantly, Stwl was bound to genomic regions in close proximity to the bgcn and 330 

Smr gene loci (Figure 4F and Figure S6C), further indicating that Stwl may directly 331 

bind and regulate the expression of these genes.  332 

Stwl positions bgcn at the nuclear periphery to regulate its expression 333 

Our data thus far indicate that Stwl can position chromatin at the nuclear periphery 334 

in GSCs and repress GSC differentiation genes such as bgcn. To test whether these 335 

two functions of Stwl were linked, we first assessed the position of the bgcn locus in 336 

relation to the GSC nuclear periphery using Oligopaint DNA FISH. We measured the 337 

shortest distance between the bgcn locus and the nuclear periphery in control and 338 

Stwl-depleted GSCs. We observed a 1.7 fold reduction in bgcn loci at the nuclear 339 

periphery of GSCs in the absence of Stwl (control GSCs – 34% peripheral bgcn loci, 340 

Stwl-depleted GSCs – 20% peripheral bgcn loci, Figure 5A-5C). We also assessed 341 

the position of the bgcn locus in differentiated germline cysts within the germarium 342 

(Region 2a/2b, Figure 2A). Similar to GSCs, we observed a 1.5 fold reduction in 343 

peripherally localized bgcn loci in Stwl-depleted germline cysts (control cysts – 61% 344 

peripheral bgcn loci, Stwl-depleted cysts – 39% peripheral bgcn loci, Figure 5D-5F).  345 

The increased peripheral localization of bgcn loci in differentiated germline cysts in 346 

comparison to GSCs (61% in germline cysts vs 34% in GSCs) is consistent with the 347 

observation that bgcn expression is typically only observed in GSCs and CBs53.  348 

Importantly, Stwl promotes bgcn positioning at the nuclear periphery in both GSCs 349 

and differentiated germline cysts.  350 
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Does the position of the bgcn gene within the nucleus dictate its expression? To 351 

address this question, we performed single molecule RNA FISH (smFISH) in control 352 

and Stwl-depleted ovaries. We used FISH probes targeting bgcn exons, which mark 353 

cytoplasmic bgcn mRNA molecules as well as nascent transcripts emanating from the 354 

bgcn gene locus. In control cells, cytoplasmic bgcn transcripts were primarily observed 355 

in the GSCs and cystoblasts (Figure 5G), consistent with previous reports53. In 356 

contrast, Stwl-depletion resulted in cytoplasmic bgcn transcripts across the entire 357 

germarium, including differentiated germline cysts in region 2a/2b (Figure 5H). 358 

Importantly, we observed significantly more CBs and differentiated germline cysts with 359 

nascent bgcn transcription upon Stwl depletion (Figure 5I), which strongly correlates 360 

with reduced frequency of bgcn loci at the nuclear periphery (Figure 5A-5F).  361 

Strikingly, nearly all bgcn nascent transcription in control and Stwl-depleted GSCs 362 

was observed in the nuclear interior (Figure 5J). For example, although 34% of bgcn 363 

gene loci are perinuclear in control GSCs, bgcn nascent transcription was 364 

predominantly observed in the nuclear interior (92% of control GSCs with bgcn 365 

nascent transcription, Figure 5K). This suggests that the majority of perinuclear bgcn 366 

gene loci are transcriptionally silent. We observed a similar effect in Stwl-depleted 367 

GSCs, where bgcn nascent transcription was again primarily observed in the nuclear 368 

interior (89% of Stwl-depleted GSCs with bgcn nascent transcription, Figure 5L). 369 

Thus, the bgcn loci that remain at the nuclear periphery are not transcribed, even in 370 

Stwl-depleted GSCs. These data suggest that the primary function of Stwl may be to 371 

position specific chromatin loci or genes at the nuclear periphery, where they are kept 372 

transcriptionally silent through the action of other factors. Taken together, we propose 373 

a model where Stwl promotes GSC fate through perinuclear positioning and 374 

repression of differentiation genes such as bgcn.    375 
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Discussion 376 

The regulation of gene expression is a primary mechanism that dictates cell fate. In 377 

addition to local factors influencing gene expression such as enhancer-promoter 378 

contacts and sequence-specific transcription factors, the position of a gene within the 379 

nucleus can also influence expression1,13,59. In many organisms, the enrichment of 380 

dense and compact heterochromatin at the nuclear periphery gives rise to a gene-381 

repressive nuclear subcompartment. Consistently, genes anchored to the nuclear 382 

periphery are generally transcriptionally inactive while repositioning the same genes 383 

to the nuclear interior is associated with their expression1,13. In many species, INM-384 

associated proteins and repressive chromatin modifications mediate large-scale 385 

chromatin tethering to the nuclear envelope1,2,13. However, chromatin-associated 386 

proteins that position specific gene loci at the nuclear periphery are largely 387 

unidentified, even in powerful multicellular model organisms such as Drosophila.  388 

In this study, we have deployed HiDRO27 in tandem with a high-throughput RNAi 389 

screen for factors influencing nuclear architecture in Drosophila. We have identified 390 

29 hits affecting chromatin positioning at the nuclear periphery, including multiple 391 

heterochromatin-associated proteins such as Su(var)3-7, HP2 and Jarid2 as well as 392 

transcription factors such as Su(H), Sry-delta and Fer2, with many of these hits known 393 

to have important roles in specific cell types38,60–63. Among these hits, we have 394 

revealed that Stonewall (Stwl), a MADF-BESS transcriptional regulator previously 395 

implicated in female GSC maintenance28,31,32, is a novel factor positioning chromatin 396 

at the nuclear periphery in Drosophila cultured cells and female GSCs (Figure 5M). 397 

Using a multimodal approach, we identify that Stwl binds and represses many genes 398 

in female GSCs, including canonical differentiation genes such as bgcn as well as 399 

genes implicated in differentiation such as Smr. We propose that Stwl-mediated 400 

repression of multiple such genes through perinuclear positioning preserves the 401 

balance between self-renewal and differentiation, thereby ensuring the long-term 402 

maintenance of the GSC reservoir and preserving tissue homeostasis (Figure 5M).  403 

Although the nuclear periphery is considered to be a repressive nuclear 404 

subcompartment1, whether perinuclear gene position dictates transcriptional activity 405 

or whether transcriptional activity drives perinuclear positioning of genes has remained 406 

incompletely understood. Our identification of novel perinuclear anchors such as Stwl, 407 
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and the genomic loci that they bind and repress, highlights a path forward to address 408 

this challenging question. For example, oligopaint DNA FISH experiments revealed 409 

that the Stwl-bound bgcn gene locus was often positioned at the nuclear periphery in 410 

GSCs and differentiated germline cysts. This perinuclear positioning was reduced 1.5-411 

1.7-fold in the absence of Stwl and was broadly associated with increased bgcn 412 

expression across the germaria as detected by smFISH. Interestingly, bgcn nascent 413 

transcription was primarily observed in the nuclear interior and rarely observed at the 414 

nuclear periphery in the same cell types. We observed a similar lack of bgcn nascent 415 

transcription at the nuclear periphery in GSCs lacking Stwl. Since the bgcn locus is 416 

present at the nuclear periphery in 34% and 20% of control and Stwl-depleted GSCs 417 

respectively, our data are consistent with a model where Stwl primarily functions to 418 

position loci at the nuclear periphery, and that other components of the perinuclear 419 

heterochromatin subcompartment mediate direct transcriptional repression. However, 420 

Stwl may also have other complementary roles that facilitate transcriptional repression 421 

at bound loci. For example, Stwl may possess a direct transcriptional repression 422 

activity that only operates at the nuclear periphery, potentially through interactions with 423 

specific NE-associated proteins.  424 

Cytologically, we observed that a fraction of Stwl localizes to the nuclear periphery 425 

in both cultured Drosophila cells and female GSCs. Moreover, we identified 426 

interactions between Stwl and NPC proteins (Nup62, Nup88, Nup214 and 427 

Tpr/Megator) through quantitative proteomics in cultured cells. While it is possible that 428 

these interactions could facilitate nuclear import of Stwl, recent studies have also 429 

shown that the perinuclear localization of active and repressive chromatin can occur 430 

through interactions with NPC proteins19–21. Interestingly, we also identified that three 431 

other ‘peripheral’ hits from our screen (Reptin, Pontin and CG4557) co-purified with 432 

Stwl, suggesting that a Stwl-containing multi-protein complex may be required to 433 

facilitate perinuclear positioning of bound loci. At the same time, our discovery of 434 

multiple potential perinuclear anchors suggests a high degree of redundancy in the 435 

system. One example of this potential redundancy may be the male germline, where 436 

Stwl depletion has no effect on GSC maintenance. We therefore speculate that other 437 

proteins function in parallel to Stwl outside of the female germline, and these proteins 438 

may include other ‘peripheral’ hits identified in our screen (e.g. Jarid2 and Su(var)3-7) 439 
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or one of the 45 D. melanogaster MADF-BESS family members (e.g. Brwl or 440 

Hng2)29,64, which are known to function redundantly in other tissues. 441 

In the absence of Stwl, we observe that GSCs undergo substantial changes in 442 

chromatin organization at the nuclear envelope, including decreased electron-dense 443 

perinuclear chromatin foci and gaps in the nuclear lamina. The decreased perinuclear 444 

chromatin association in the absence of Stwl could be due to a lack of bridging 445 

interactions between chromatin and the nuclear envelope. However, another 446 

possibility is that Stwl-dependent genome organization may also promote perinuclear 447 

chromatin association. A parallel study43 has identified that Stwl is enriched at the 448 

boundaries between active and inactive genomic regions in young ovaries, in a 449 

manner reminiscent of insulator proteins that demarcate topologically associated 450 

domains (TADs)65. In the absence of Stwl, they find that the chromatin states of these 451 

active-inactive regions are indistinct, which is suggestive of compartment mixing and 452 

is associated with gene misexpression. Intriguingly, previous studies have noted that 453 

transcriptionally silent lamina-associated domains (LADs) are separated from 454 

neighbouring active genomic compartments by a sharp border4,66. In addition, induced 455 

expression of peripherally positioned genes and alteration of their chromatin state 456 

results in relocalization to the nuclear interior67,68. Kotb and colleagues have further 457 

shown that mixing of active and inactive chromatin states at the Rps19b locus in the 458 

absence of Stwl is associated with detachment from the nuclear periphery in nurse 459 

cells43. Therefore, we postulate that heterochromatin-euchromatin compartment 460 

mixing in the absence of Stwl may destabilize heterochromatin domains and 461 

perinuclear chromatin anchoring.  462 

In summary, our HiDRO-based nuclear architecture screen has identified multiple 463 

potential chromatin-associated perinuclear anchors in the Drosophila genome. Here, 464 

we have focused on Stwl, which we identified as a factor required for positioning 465 

chromatin at the nuclear periphery in female GSCs. Strikingly, we show that this 466 

property of Stwl is critical to promote female GSC fate, through the anchoring of 467 

canonical differentiation genes at the repressive perinuclear sub-compartment. Thus, 468 

our study makes a significant step toward dissecting causal relationships between the 469 

position of a gene, the regulation of its expression and the effect on cell fate decisions 470 

in multiple tissues.  471 
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Materials and Methods 472 

Drosophila husbandry and strains 473 

All flies were raised on standard Bloomington medium at 25ºC unless otherwise noted. 474 

StwlRNAi (BDSC35415), mCherryRNAi (BDSC35785), P{EPgy2}stwlEY00146 (BDSC21350), 475 

bamΔ86(BDSC5427), bamRNAi (BDSC33631)  were obtained from the  Bloomington 476 

Drosophila Stock Center. stwlLL6470 (DGRC141809) was obtained from the Kyoto Stock 477 

center.  nos-GAL4 +VP16 (3rd chromosome)69, bam-GAL470 and bam1 71 have been 478 

previously described. nos-GAL4 +VP16 (2nd chromosome) and nos-GAL4 -VP16; Gal80ts 479 

were gifts from Yukiko Yamashita. For inducible knockdown experiments, nos-GAL4 -480 
VP16; Gal80ts flies were crossed to the desired RNAi strain at 18ºC. Following eclosion, 481 

1 day old flies were collected and shifted to 29ºC to induce RNAi expression. 482 

 483 

HiDRO and screen data analysis 484 

HiDRO was adapted from Park et al., 202327 for Drosophila cells. 384-well plates 485 

(Perkin Elmer #6057300) were seeded with dsRNA by the DRSC screening core at 486 

Harvard. Kc167 cells were resuspended at a concentration of 1x106 cells/ml in serum-487 

free Schneider's S2 media (Thermo Fisher #R69007) and seeded onto 384-well plates 488 

at a volume of 10 µl per well using the Matrix WellMate (Thermo Fisher) and then spun 489 

down at 1200 rpm for 2 min. Unless otherwise indicated, spins were done at this setting 490 

and pipetting was performed by the WellMate. Plates were allowed to incubate at 25ºC 491 

for 30 minutes for dsRNA uptake before being seeded with 30 µl of serum-containing 492 

media. Cells were allowed to grow for 4 days. To fix the cells, cells were first washed 493 

with 1x PBS and then fixed in 4% paraformaldehyde in 1x PBS for 5 min, with plates 494 

spun right after the addition of the fixative to ensure full contact with the cells. PFA 495 

was removed and cells were washed and stored in 1x PBS at 4ºC.  496 

For the first day of the FISH protocol, 1x PBS was used to wash the cells prior to 497 

the addition of a solution of 50% formamide in 2xSSC and 0.1% Tween-20 498 

(50%FMM/2xSSCT). Plates were spun and then incubated at 91ºC for 3 min on heat 499 

blocks (VWR), then 60ºC for 20 min, and then allowed to cool to room temperature. 500 

Wells were aspirated and then filled manually with a multichannel pipette with 20 µl of 501 

hybridization mix containing 50%FMM/2xSSCT and 1 pmol of each probe. Plates were 502 
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spun and placed on the heat blocks for 20 min at 91ºC. Plates were spun one more 503 

time before incubating on the hot block overnight at 37ºC. 504 

For the second day, plates were washed several times with 2xSSCT to completely 505 

remove the hybridization mix from wells. Then, plates were incubated twice with 506 

2xSSCT prewarmed at 60ºC for 5 min. Plates were then incubated with room 507 

temperature 2xSSCT for 5 min, with the last wash containing 1 µg/ml of Hoechst 508 

33342. Then, plates were incubated twice with room temperature 2xSSC for 15 min 509 

prior to the addition of imaging buffer containing 2x SSC, 10% glucose, 10 mM Tris-510 

HCl, 0.1 mg/mL catalase, 0.37 mg/mL glucose oxidase.  511 

Plates were imaged within 5 days of the FISH protocol on the Yokogawa CV7000 512 

at the NCI High-Throughput Imaging Facility (HiTIF) with the 60x objective, and 2x2 513 

pixel binning to achieve a resolution of 0.217 µm per pixel. 10 fields were imaged per 514 

condition, with Z-stacks consisting of 21 slices at 0.5 µm intervals imaged and max-515 

projected for 2D analysis. 516 

Images from HiDRO plates were segmented and measured using CellProfiler 517 

v3.1.872.Both nuclei and FISH foci were identified using the "global" thresholding 518 

strategy and the "Otsu" method. All metrics from the "MeasureObjectSizeShape" 519 

module were exported and processed as follows. First, measurements from individual 520 

nuclei were summarized by determining the minimum distance of spots to the nuclear 521 

periphery, the minimum distance between spots, and the average eccentricity value 522 

for each spot. Then, data from all the nuclei per well were aggregated by averaging, 523 

and z-scores were calculated by comparing the well average to the distribution of 524 

values of all wells of the same plate. In order for a gene to be considered a hit, at least 525 

two replicates of the same dsRNA treatment for that gene had to surpass an absolute 526 

z-score cutoff equal to or larger than of 1.5. 527 

 528 

dsRNA production 529 

The following primers were used to both amplify the gene of interest from genomic 530 

DNA and add T7 adapters. The resulting PCR products were purified using a 531 

NucleoSpin Gel and PCR Cleanup kit (Macherey-Nagel). dsRNA was generated using 532 

the MEGAscript T7 kit (Invitrogen) and purified using the RNeasy kit (Qiagen). dsRNAs 533 
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were heated to 65ºC for 30 minutes and then cooled slowly to room temperature to 534 

renature dsRNA. 535 

Target Forward Primer Reverse Primer 

LacZ TAATACGACTCACTATAGGGCT

GGCGTAATAGCGAAGAGG 

TAATACGACTCACTATAGGGCATTAAAGCGA

GTGGCAACA 

stwl TAATACGACTCACTATAGGGAG

AAGTAGTGTCGCTGCC 

TAATACGACTCACTATAGGGAAAAATCGTCC

CAAGACA 

  536 

Cell culture and knockdowns 537 

Kc167 cells were obtained from the Drosophila Genome Resource Center (DGRC). 538 

Cells were grown at 25ºC in Schneider’s medium, supplemented with 10% FBS. 539 

Cultures were split twice per week at a 1:4 ratio. For knockdowns, 4x106 cells were 540 

incubated with 40µg of dsRNA in 1mL of serum-free medium for 30 mins in each well 541 

of a six-well plate. After incubation, 3mL of complete medium was added to the cells. 542 

Cells were cultured for four days. Control cells were treated with dsRNA targeting 543 

LacZ. 544 

 545 

qPCR 546 

RNA was extracted from cells using the RNeasy Kit (Qiagen) and converted to cDNA 547 

using the Maxima Reverse Transcriptase kit (Thermo Scientific). qPCR was run using 548 

PowerUp SYBR Green Master Mix (Applied Biosystems). Genes of interest were 549 

compared to the geometric mean of three housekeeping genes (Aldh7A1, P5CS, and 550 

Ssadh). Primers used are listed in the table below. 551 

Target Forward Sequence Reverse Sequence Reference 

Aldh7A1 ATCCCGGAACTGGTCAACC CCAGCCCGATGGTATGCTC DRSC: 

PP22342 

P5CS AAAAGGCGCATCCAACCTTCA GACTGCACTGCCCAACTTGA DRSC: 

PP8530 

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

The copyright holder for thisthis version posted November 17, 2023. ; https://doi.org/10.1101/2023.11.17.567611doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.17.567611
http://creativecommons.org/licenses/by-nc/4.0/


Ssadh CGCAGGAGATAGCCGAGATAA TGCAAACCACTCGACGAAGG DRSC: 

PP20828 

Stwl 1 GCCTCTGAGGTGAACCTGATG GTCCCAGGCGTTCTCACTC DRSC: 

PP9552 

Stwl 2 GTTGCCTCCGAAGTTGGAGAG GCGGGTATAGTCATTTCGCAG DRSC: 
PP22368 

Lamin CTTAACGAAGACCTGAATGAGGC CGACAGTGTCTCCTGTTCCAG DRSC: 

PP30862 

 552 

Purification of Stonewall for antibody generation 553 

For expression of N-terminal His6-tagged Stwl in bacteria, the stonewall coding 554 

sequence was amplified by PCR and cloned into the XhoI and NcoI sites of the pET28a 555 

vector (Novagen). The plasmid was transformed into E.coli BL21(DE3) cells 556 

(StrataGene) and protein expression induced with 0.5 mM IPTG at 37°C for 4 h. For 557 

protein purification, cells were resuspended in lysis buffer (6 M GndHCl, 0.1 M NaH2PO4 558 

and 0.01 M Tris-HCl (pH 8.0)), followed by incubation at RT for 60 min. The lysate was 559 

cleared by centrifugation at 12'000 g for 30 min at RT and added to Ni-NTA agarose 560 

beads (Qiagen) equilibrated in lysis buffer. After incubation for 1 h at RT, beads were 561 

washed once with lysis buffer and twice with wash buffer (8 M Urea, 0.1 M NaH2PO4 562 

and 0.01 M Tris-HCl (pH 6.3)). His6-Stwl was eluted with wash buffer adjusted to pH 4.5 563 

and rebuffered to 1X PBS by dialysis. Antibodies were produced in rabbits and affinity-564 

purified using the recombinant antigen at ProteoGenix (Schiltigheim, France). 565 

 566 

Generation of Stwl knockout alleles 567 

Stwl knockout (KO) alleles (replacement of protein coding sequence by a DsRed 568 

cassette) were generated using CRISPR-mediated homology directed repair. Briefly, 569 

1000bp from the 3’UTR and 785bp from the 5’UTR of Stwl were cloned into a vector 570 

(pBSK-attB-DsRed-attB), flanked by a 3XP3-driven DsRed cassette. This plasmid was 571 

co-injected along with two gRNA-expressing plasmids (pU6-Bbs1-ChiRNA containing 572 

gRNA1: GATCCACTGGCTCTCGCTTA and gRNA2: GCATCAGGTTCACCTCAGAGG 573 

in embryos from the nos-Cas9 strain (2nd chromosome, BDSC78781) by Bestgene Inc. 574 
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Transformants were selected based on DsRed expression and proper integration into 575 

the stwl locus was verified by PCR. Two independent and validated stwl KO alleles 576 

(stwlKO4 and stwlKO7) were in our experiments.  577 

 578 

Fertility assays 579 

For male fertility assays, two yw virgin females were crossed to a single tester male in 580 

a vial and allowed to mate for 1 week. Subsequently, the tester male was transferred to 581 

a new vial with two yw virgin females for the next week and so on. For each vial, the 582 

number of resulting progenies (F1) were counted until 20 days post setup. Female 583 

fertility assays were performed in a similar manner except that a single tester female 584 

was crossed to two ~1d old yw males. Atleast 8 replicate crosses were set up for each 585 

genotype. Any vials that contained deceased parent flies were omitted from the 586 

analyses. 587 

 588 

Immunofluorescence staining and microscopy 589 

For cultured cells, Kc167 cells were settled onto poly-L lysine coated glass slides at a 590 

concentration of 1x106/ml for 2 hours. Cells were then fixed to the slide for 10 minutes 591 

with 4% formaldehyde in PBS-Triton (1x PBS with 0.01% Triton X-100) at room 592 

temperature and stored in PBS at 4ºC until use. For the Stwl localization experiment, 593 

slides were instead fixed by methanol fixation. After settling cells onto slides for two 594 

hours as above, the slides were dipped into ice cold PBST (1x PBS with 0.02% Tween-595 

20), incubated in cold methanol at -20ºC for 10 minutes, and stored in PBS at 4ºC until 596 

use. Cells were permeabilized in 1% Triton-PBS for 15 minutes and washed three 597 

times for 5 minutes each in PBST (1x PBS with 0.02% Tween-20). Slides were then 598 

blocked with BSA-PBST (1x PBS with 0.02% Tween-20 and 2% BSA) for 30 minutes 599 

with nutation. Primary antibodies were diluted in BSA-PBST, applied to the sample, 600 

and coverslips were sealed with rubber cement. Slides were incubated overnight at 601 

4ºC. The following day, slides were washed three times for 5 minutes each with PBST. 602 

Secondary antibodies were diluted in BSA-PBST, applied to samples, sealed with 603 

rubber cement, and incubated for 2 hours at room temperature while protected from 604 

light. Slides were washed three times for 5 minutes each with PBST. Slides were 605 
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incubated with Hoescht (1:10,000 in 2xPBS) for 5 mins to stain DNA. Slides were then 606 

mounted using SlowFade Gold (Invitrogen). 607 

For formaldehyde fixation and staining of Drosophila tissues, 3-4 ovaries or 5-7 608 

testes per sample were dissected in 1XPBS and fixed in 4% EM-grade 609 

paraformaldehyde (PFA) for 20 min at room temperature (RT) on a nutator. Fixed 610 

samples were washed three times using 1xPBS containing 0.1% Triton-X (PBS-T) for 611 

15 minutes each and blocked using 3% BSA in 1xPBS-T for 30 minutes. Primary 612 

antibodies were diluted in 3% BSA in 1xPBS-T block and added to the samples for 613 

overnight incubation at 4ºC. On day two, samples were washed as above and 614 

incubated overnight at 4ºC with secondary antibodies diluted in 3% BSA in 1xPBS-T. 615 

On day three, samples were washed as above and mounted with Vectashield + DAPI 616 

(Vector Laboratories). For methanol fixation and staining, 3-4 ovaries were dissected 617 

in 1xPBS and fixed in ice-cold 100% methanol for 10 min at -20ºC. Following fixation, 618 

ovaries were washed and stained as above. The following primary antibodies were 619 

used in this study: rabbit anti-Stwl A2 (raised against full-length Stwl), mouse anti-Hts 620 

(1B1, 1:20, developmental studies hybridoma bank (DSHB)), rat anti-Vasa (1:100, 621 

DSHB), mouse anti-Lamin Dm0 (ADL84.12, 1:400; DSHB), mouse anti-Lamin C 622 

(LC28.26, 1:100; DSHB), mouse anti-Bam (1:50; DSHB), mouse anti-mAb414 623 

(ab24609, 1:100; Abcam), rat anti-dCENP-A for Kc167 cells (AB_2793749, 1:100, 624 

Active motif), rabbit anti-dCENP-A for ovaries (AB_2793320, 1:200; Active Motif) and 625 

mouse anti-H3K9me2 (ab1220, 1:100, Abcam) . Rabbit anti-Vasa (1:1000) was a gift 626 

from Prashanth Rangan. Guinea pig anti-Lamin Dm0, guinea pig anti-LBR and guinea 627 

pig anti-Otefin were gifts from Georg Krohne. All fluorescence microscopy images 628 

were acquired using a Leica TCS SP8 confocal microscope with 63x oil-immersion 629 

objectives (NA = 1.4). Z-stacks were acquired with a slice thickness of 0.30 µm for the 630 

FISH experiments and 0.50 µm for all other experiments.  631 

 632 

Immunofluorescence quantification and localization in Kc167 cells 633 

IF images were analyzed using the ImageJ extension TANGO73. Stwl and lamin IF 634 

intensity was calculated for each nucleus using the integrated density function. For 635 

peripheral localization, images from methanol fixed IF samples were used. Nuclei were 636 

divided into 5 equi-volume shells using the shell analysis feature. The fraction of signal 637 
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in the outer four shells were combined to create the peripheral compartment while the 638 

inner shell constituted the center compartment. The average peripheral to center ratio 639 

was calculated across three replicates. 640 

 641 

IF-Oligopaint DNA FISH 642 

For Drosophila ovaries, whole mount tissue immunofluorescence was performed as 643 

mentioned above. Subsequently, samples were post-fixed with 4% PFA for 50 min and 644 

washed three times for 5 minutes each in 2xSSC containing 0.1% Tween-20 (2x SSC-645 

T). Samples were then washed in 2xSSC-T with increasing formamide concentrations 646 

(20%, 40% and 50%) for 10 min each followed by a final 10 min wash in 50% formamide. 647 

Next, samples in 50% formamide + 2X SSC-T were transferred to a PCR tube and 648 

incubated at 37°C for 4 hr, 92°C for 3 min, and 60°C for 20 min. After this step, excess 649 

formamide solution was removed and the hybridization mix (20-40 pmol per probe, 36µl 650 

probe buffer + 1µl RNAse A) was added to the ovaries. Samples were denatured at 651 

91°C for 3 min followed by overnight incubation at 37°C in the dark. Following 652 

hybridization, samples were first rinsed with 50% formamide + 2xSSC-T and then 653 

washed two times for 30 minutes each at 37°C. Next, samples were washed once with 654 

20% formamide + 2xSSC-T for 10 min at RT followed by four washes with 2xSSC-T for 655 

3 min each and then mounted with Vectashield + DAPI. Oligopaints targeting a 100kb 656 

region on Chr2R:23,799,747-23,900,018 were synthesized for bgcn locus DNA FISH. 657 

On a single slice, the shortest distance from the FISH focus to the nuclear periphery 658 

(marked by Vasa) was identified visually and measured using the line tool in the LAS X 659 

Leica software to estimate the NE-focus distances. 660 

 661 

RNA FISH 662 

RNA FISH in ovaries was performed using the Stellaris RNA FISH protocol for imaginal 663 

discs with minor modifications. Briefly, 3-4 ovaries were dissected in ice cold RNase-664 

free 1xPBS and fixed in 4% PFA in 1xPBS for 30 minutes on a nutator with gentle 665 

shaking. Following fixation, samples were washed three times with RNAse-free 1xPBS 666 

for 5 minutes each and incubated with 1ml 100% ethanol at 4°C overnight on a nutator. 667 

The next day, samples were washed with RNAse-free wash buffer A (2xSSC, 10% 668 

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

The copyright holder for thisthis version posted November 17, 2023. ; https://doi.org/10.1101/2023.11.17.567611doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.17.567611
http://creativecommons.org/licenses/by-nc/4.0/


formamide) for 3 minutes at RT and incubated with 100l of hybridization mix (50-125nM 669 

probes, 2xSSC, 10% dextran sulfate, 1g/l E.coli tRNA, 2mM vanadyl ribonucleoside 670 

complex, 0.5% RNase free BSA, 10% deionized formamide, nuclease free water) 671 

overnight in a humid chamber at 37°C. Following the hybridization, the samples were 672 

washed twice with wash buffer A at 37°C for 30 minutes each, once wash buffer B for 673 

5 min and mounted with Vectashield + DAPI. bgcn RNA FISH probes were designed 674 

using the Stellaris probe designer (Biosearch Technologies). polyT FISH probes were 675 

used to label mRNA and demarcate the nuclear boundary. 676 

 677 

Transmission electron microscopy 678 

Ovaries were dissected and fixed in freshly prepared fixative (2.5 % glutaraldehyde in 679 

0.1 M sodium cacodylate buffer). Fixed ovaries were stored at 4°C until sectioning. TEM 680 

was performed with the Center for Microscopy and Image Analysis at the University of 681 

Zürich. Image analysis was performed using Maps Viewer or ImageJ. Images were 682 

acquired such that each pixel corresponds to 1.7nm. 683 

 684 

RNA extraction from ovaries and RNA sequencing 685 

Briefly, ovaries from 4–5-day old females were dissected in RNase-free 1X PBS and 686 

flash frozen in liquid nitrogen until RNA extraction. RNA extraction for each replicate 687 

was performed using 35 ovaries, using the RNeasy RNA extraction kit (Qiagen). 688 

Samples were treated with DNase post RNA extraction and purified using an RNA 689 

purification kit (Promega). RNA concentrations were assessed using a Nanodrop as 690 

well as a Qubit RNA analyzer for sample quality and RIN scores. Samples of sufficient 691 

quality (RIN>9) were subjected to library preparation (Illumina Truseq mRNA kit) 692 

followed by sequencing using Illumina Novaseq 6000 (single read, 100bp) at the 693 

Functional Genomics Center Zürich (FGCZ).  694 

 695 

RNA sequencing data analysis 696 

On average, we generated 28.3 million reads per sample. The resulting raw reads were 697 

cleaned by removing adaptor sequences, low-quality-end trimming and removal of low-698 
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quality reads using BBTools v 38.18 [Bushnell, B. BBMap. Available from: 699 

https://sourceforge.net/projects/bbmap/.]. The exact commands used for quality control 700 

can be found on the Methods in Microbiomics webpage [Sunagawa, S. Data 701 

Preprocessing — Methods in Microbiomics 0.0.1 documentation. https://methods-in-702 

microbiomics.readthedocs.io/en/latest/preprocessing/preprocessing.html]. Transcript 703 

abundances were quantified using Salmon v 1.10.174 and BDGP6.32. Differential gene 704 

expression analysis was performed using Bioconductor R package DESeq2 v1.37.475. 705 

 706 

Stwl CUT & RUN  707 

CUT&RUN was performed as described in Kotb and colleagues21. Briefly, 20 pairs of 708 

fly ovaries were dissected per replicate and placed on ice in 1X PBS. Each sample was 709 

then treated with the permeabilization buffer (50mL PBST 500 μL Triton-X) for 1 hour 710 

at RT while nutating, followed by washing with 1 mL BBT+ buffer (0.5 g BSA final 0.5% 711 

50 ml PBST) and subsequent removal of the supernatant. Antibody dilutions were 712 

prepared in 500 μL BBT+ buffer, and the sample was incubated overnight at 4°C. Next 713 

day, the sample was washed with PBT+ buffer and then incubated with pAG-MNase 714 

(1:100) in 500 μL BBT+ for 4 hours at room temperature. For DNA cleavage, the 715 

samples were resuspended in 150 μL Wash+ buffer (20mM HEPES, pH 7.5, 150mM 716 

NaCL, 0.1 % BSA, Roche complete EDTA-free tablet +0.5 mM spermidine) and 717 

incubated for 45 minutes at 4°C. The reaction was stopped by adding 150 μL 2xSTOP 718 

buffer (200 mM NaCl, 20 mM EDTA) for 30 minutes at 37°C. The sample was then 719 

centrifuged at 16,000g for 5 minutes and the supernatant was carefully extracted and 720 

transferred to a fresh eppendorf tube. 2 μL of 10% SDS and 2.5 μL of 20 mg/mL 721 

Proteinase K was added to the supernatant and the mixture was thoroughly mixed using 722 

a brief vortexing procedure. Subsequently, the sample was incubated at 50°C in a water 723 

bath for 2 hours. It's important to note that this can be stopped at this step and the 724 

samples can be stored at -20 C. 20 μL of AmpureXP bead slurry and 280 μL of MXP 725 

buffer (20% PEG8000, 2.5 M NaCl, 10 mM MgCl2) were added to 150 μL of the 726 

supernatant and incubated for 15 minutes at RT. Using a magnetic rack, the beads were 727 

collected and the supernatant was discarded. While on the magnetic rack, 1 mL of 80% 728 

ethanol was added to each tube without disturbing the beads. The sample was then 729 

incubated for a minimum of 30 seconds and the ethanol was gently aspirated until all 730 

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

The copyright holder for thisthis version posted November 17, 2023. ; https://doi.org/10.1101/2023.11.17.567611doi: bioRxiv preprint 

https://sourceforge.net/projects/bbmap/
https://methods-in-microbiomics.readthedocs.io/en/latest/preprocessing/preprocessing.html
https://methods-in-microbiomics.readthedocs.io/en/latest/preprocessing/preprocessing.html
https://doi.org/10.1101/2023.11.17.567611
http://creativecommons.org/licenses/by-nc/4.0/


traces of ethanol were removed. The beads were then air-dried for 2 minutes, 731 

resuspended in 10 μL of RNAse-free and DNAse-free water and incubated at RT for 2 732 

minutes. The clear solution (containing the liberated DNA) was then transferred to a 733 

new eppendorf tube. The DNA concentration was determined using a dsDNA high-734 

sensitive Qubit assay and analyzed DNA size distribution in samples using a Fragment 735 

analyzer. 736 

 737 

CUT & RUN library preparation and data analysis 738 

The NEBNext Ultra II DNA Library Prep Kit for Illumina (E7645, E7103) protocol was 739 

followed for library preparation. Reads were first evaluated for their quality using 740 

FastQC (v0.11.8, RRID:SCR_014583). Reads were trimmed for adaptor sequences 741 

using Trim Galore! (v0.6.6, RRID:SCR_011847) and aligned to the dm6 reference 742 

genome version for Drosophila melanogaster using Bowtie2 (version 2.2.8 743 

RRID:SCR_016368) with parameters -q -I 50 -X 700 --very-sensitive-local --local --no-744 

mixed --no-unal --no-discordant. Binary alignment maps (BAM) files were generated 745 

with samtools v1.9 and were used in downstream analysis. MACS2 v2.1.0 was used to 746 

call significant peaks for samples. IgG was used as control to call peaks. Peaks within 747 

ENCODE blacklisted regions and repetitive sequences larger than 100 bases were 748 

removed. Coverage tracks were generated from BAM files using deepTools 3.2.1 749 

bamCoverage function with parameters– normalize using RPKM–bin size 10. For 750 

genomic annotation promoters (-500 b to +500 b) relative to the TSS were defined 751 

according to the drosophila dm6 reference genome version. ChipSeeker (v1.36.0) was 752 

used to annotate Stonewall peaks. Heatmaps of genomic regions were generated with 753 

deepTools 3.2.1 computeMatrix and plotHeatmap commands, or EnrichedHeatmap 754 

(v1.30.0). PCA plot of histone modifications was generated using deepTools 3.2.1 755 

multiBigwigSummary and plotPCA functions.  756 

 757 

Affinity purification and mass spectrometry 758 

Approximately 1.5 x 108 Kc167 cells were harvested for each replicate and stored at -759 

80ºC until further use. For lysis, cells were thawed and resuspended in a buffer 760 

containing 50mM Tris HCl (pH 7.4), 150mM NaCl, 0.3mM MgCl2, 5% glycerol, 0.5% 761 
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NP40, protease inhibitor cocktail (PIC), 1X PMSF and Benzonase. Lysis was performed 762 

using 25 strokes of a type B pestle followed by a one-hour incubation at 4°C. Lysates 763 

were centrifuged at 4300g for 25 minutes at 4°C and the resulting supernatant was 764 

transferred into a fresh tube. Protein concentration was estimated using BCA method. 765 

For the affinity purification, lysates with equal protein concentration were incubated with 766 

Rabbit IgG (Merck, control) and 50 µg of Stwl antibody overnight at 4°C. Next day, pre-767 

equilibrated magnetic Protein A/G beads (125µl slurry/ sample) were added to each 768 

sample at room temperature for ~1.5 hours while rotating. Following this, beads were 769 

washed once with lysis buffer and twice with bead wash buffer (50mM Tris HCl pH 7.4 770 

and 150mM NaCl). Washed beads with bound protein complexes were subjected to 771 

proteolysis by on-bead digestion. Samples were transferred into a 10 kDa molecular 772 

weight cutoff spin column (Vivacon 500, Sartorious), following the FASP protocol76. 773 

Beads in solution were dried, denaturated (8M Urea), reduced (5mM TCEP, 30min 774 

37ºC) and alkylated (10mM Iodoacetamide, 30min 37ºC). Beads were then washed 775 

three times with 50mM ammonium bicarbonate (250µl). During the buffer exchange, 776 

samples were centrifuged at 10000g. Subsequently, samples were proteolyzed with 777 

0.5µg of Trypsin (Promega, sequencing grade) for 16h at 37°C. The proteolysis was 778 

quenched with 5% formic acid and peptides were subjected to C18 cleanup 779 

(BioPureSPN PROTO 300 C18, Nest group), following the manufacturer’s procedure. 780 

The eluted peptides were then dried using a speedvac and resuspended in 20µl of 2% 781 

acetonitrile and 0.1% formic acid. LC-MS/MS was performed on an Orbitrap Exploris 782 

480 mass spectrometer (Thermo Fisher) coupled to an Vanquish Neo liquid 783 

chromatography system (Thermo Fisher). Peptides were separated using a reverse 784 

phase column (75 μm ID x 400 mm New Objective, in-house packed with ReproSil Gold 785 

120 C18, 1.9 μm, Dr. Maisch GmbH) across 180 min linear gradient from 7 to 50% 786 

(buffer A: 0.1% [v/v] formic acid; buffer B: 0.1% [v/v] formic acid, 80% [v/v] acetonitrile). 787 

Samples were acquired in DDA mode (Data Dependent Acquision) with MS1 scan (scan 788 

range = 350-1500, R=60K, max injection time auto and AGC target = 100), followed by 789 

30 dependent MS2 scans (scan range = 120-2100, R = 30K, max injection time auto 790 

and AGC target = 200). Peptides with charge between 2-6 were isolated (m/z = 1.4) 791 

and fragmented (NCE 28%). Acquired spectra were analyzed using the MaxQuant 792 

software version 1.5.2.8 against the Drosophila proteome reference dataset 793 

(http://www.uniprot.org/, downloaded on 18.01.2021, 22’044 proteins including not 794 
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reviewed proteins) extended with reverse decoy sequences. The search parameters 795 

were set to include specific tryptic peptides, maximum two missed cleavage, 796 

carbamidomethyl as static peptide modification, oxidation (M) and deamidation (N-797 

terminal) as variable modification and “match between runs” option. The MS and 798 

MS/MS mass tolerance was set to 10 ppm. False discovery rate of < 1% was used at 799 

PSM and protein level. Protein abundance was determined from the intensity of top two 800 

unique peptides. Intensity values of proteins identified in all replicates in at least one 801 

condition (Stwl pulldown or control pulldown) were median normalized and imputed 802 

using random sampling from a normal distribution generated from 1% lower values. 803 

Statistical analysis was performed using unpaired two-sided t-test. Hits identified from 804 

the differential analysis between the Stwl pulldown versus the IgG control, with 805 

log2FC>1 and p-value<0.05, were considered as interacting proteins. 806 

 807 

Egg chamber classification and quantification  808 

Ovaries from bam-Gal4 > mCherryRNAi or bam-Gal4 > StwlRNAi females were dissected 809 

in 1xPBS followed by the addition of Vectashield containing DAPI. Ovarioles were gently 810 

separated and mounted on a glass slide. Egg chamber stages were classified and 811 

quantified as described elsewhere77.  812 

  813 
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Figure 1. Discovery of novel regulators of chromatin positioning at the nuclear 1135 

periphery in Drosophila.  1136 
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(A) Cartoon schematic of HiDRO screening pipeline and the 1Mb probe regions 1137 

along chromosome 2R. 1138 

(B) Percentage of each Chr. 2R region occupied by LADs. 1139 

(C) Normalized distance from periphery for each Chr. 2R region. 1140 

(D) Z-score plot for genes affecting peripheral localization of Chr. 2R-C. Genes above 1141 

red dashed line represent hits that increase the distance between Chr. 2R-C and 1142 

the nuclear periphery. These are shown larger in the overlay box. Genes below 1143 

blue dashed line represent hits that decrease the distance between Chr. 2R-C 1144 

and the periphery. Lamin B and Stwl are shown in green and red, respectively. 1145 

(E) Venn diagram indicating overlap between the peripheral localization and 1146 

compaction hits. Eleven genes were hits for both metrics, including stwl. 1147 

(F) STRING analysis of peripheral hits. 1148 

(G) Individual Kc167 cell nuclei labelled with probes against Chr. 2R-A (magenta), 1149 

Chr. 2R-B (yellow) and Chr. 2R-C (blue) from LacZ RNAi (control), Stwl RNAi and 1150 

Lamin B RNAi. Outlines show nuclear boundary. 1151 

(H) Radar plot indicating screen metrics following Stwl knockdown (left) or Lamin B 1152 

knockdown (right). Red and blue wedges represent screen metrics in which the 1153 

knockdown significantly increased or decreased the metric, respectively. 1154 

(I) Example nucleus showing Stwl immunofluorescence. Scale bar:5µm. 1155 

(J) Cartoon schematic of shell analysis of immunofluorescence. Shells 1-4 were 1156 

combined to define the periphery and shell 5 defines the center. 1157 

(K) Shell analysis of the indicated nuclear components. The median signal in the 1158 

periphery and the center was calculated from two replicates of >300 nuclei each.  1159 
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 1160 

Figure 2. Stwl is a regulator of perinuclear chromatin positioning in female 1161 

GSCs.  1162 

(A) Schematic of Drosophila ovary and germarium. The germarium resides at the 1163 

anterior tip of the ovariole (red box) and is further sub-divided into region 1 1164 
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containing germline stem cells GSCs (green) and cystoblasts, CB (purple) and 1165 

regions 2a/2b containing differentiated germ cell cysts (yellow).  1166 

(B) Ovaries from Control TM3 / StwlRNAi, nos > StwlRNAi and bam > StwlRNAi imaged 3 1167 

days post eclosion. Scale bar:100µm. 1168 

(C) Germaria from nos > mCherryRNAi (Control) and nos > StwlRNAi ovaries stained for 1169 

Vasa (green) and DAPI (magenta). Scale bar:5µm. 1170 

(D) Ovaries from nos > mCherryRNAi (Control) and nos > StwlRNAi following 4d, 8d and 1171 

20d shift to 29ºC in a Gal80ts background. Scale bar:100µm. 1172 

(E) Germaria from nos > mCherryRNAi (Control) and nos > StwlRNAi ovaries stained for 1173 

Stwl (green), Vasa (blue), and Hts (magenta) following a 4d shift to 29°C. White 1174 

arrowheads indicate the GSCs. Scale bar:5µm. 1175 

(F) Oligopaint FISH against Chr. 2R-A (magenta) and IF staining of Vasa (green) in 1176 

GSCs from nos > mCherryRNAi (Control) and nos > StwlRNAi ovaries following a 4d 1177 

shift to 29ºC. Yellow arrowheads indicate the Chr 2R – A locus within the nucleus. 1178 

Yellow dotted lines indicate the nuclear boundary. Scale bar:5µm. 1179 

(G) Quantification of NE – Chr. 2R-A distance (µm) in GSCs from (F). n=43 GSCs 1180 

from nos > mCherryRNAi and n=44 GSCs from nos > StwlRNAi. ** indicates p<0.01 1181 

from Student’s t-test. 1182 

(H) Histogram of NE – Chr. 2R-A distance (µm) in GSCs from (G).  1183 

(I) Oligopaint FISH against Chr. 2R-C (magenta) and IF staining of Vasa (green) in 1184 

GSCs from nos > mCherryRNAi (Control) and nos > StwlRNAi ovaries following a 4d 1185 

shift to 29ºC. Yellow arrowheads indicate the Chr 2R-C locus within the nucleus. 1186 

Yellow dotted lines indicate the nuclear boundary. Scale bar:5 µm. 1187 

(J) Quantification of NE – Chr. 2R-C distance (µm) in GSCs from (I). n=45 GSCs 1188 

from nos > mCherryRNAi (Control) and n=49 GSCs from nos > StwlRNAi. ns 1189 

indicates p>0.05 from Student’s t-test. 1190 

(K) Histogram of NE – Chr. 2R-C distance (µm) in GSCs from (J). 1191 
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 1193 

Figure 3. Loss of Stwl leads to defects in perinuclear chromatin organization.  1194 

(A) IF staining of Stwl (green), Lamin B (blue) and FG Nups (magenta) in GSC-like 1195 

cells from bamD86/bam1 ovaries.Scale bar:5 µm. 1196 

(B) Relative fluorescence intensity of Stwl (green, top panel), Lamin B (bottom panel, 1197 

blue) and FG Nups (bottom panel, magenta) across the nucleus (white dotted 1198 

line) from panel (A). Shaded grey regions highlight the overlap between the three 1199 

proteins at the NE. 1200 

(C) IF staining of Lamin B (green), FG Nups (magenta) and Vasa (blue) in GSCs from 1201 

nos > mCherryRNAi (Control) and nos > StwlRNAi ovaries following a 4d shift to 1202 

29ºC. Yellow arrowheads indicate NPC clusters in the regions lacking Lamin B. 1203 

Scale bar:5µm. 1204 

(D) Relative fluorescence intensity of Lamin B (green) and FG Nups (magenta) along 1205 

the nuclear envelope from (C). Shaded grey regions highlight NPC clustering in 1206 

regions lacking Lamin B. 1207 

(E) TEM image of GSC-like cells from nos > mCherryRNAi (Control) ovaries in a 1208 

bamD86/bam1 background following a 4d shift to 29ºC. Inset (top) shows NPCs 1209 

(yellow arrowheads) while inset (bottom) shows an electron-dense chromatin 1210 

focus associated to the nuclear envelope.  1211 

(F) TEM image of GSC-like cells from nos > StwlRNAi ovaries in a bamD86/bam1 1212 

background following a 4d shift to 29ºC. Inset (top) shows NPC clusters while 1213 
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inset (bottom) shows absence of electron-dense chromatin foci in regions 1214 

containing NPC clusters.  1215 

(G) Quantification of perinuclear electron-dense chromatin foci in GSC-like cells from 1216 

(E, F). Each dot represents the number of perinuclear chromatin foci per nucleus 1217 

per micron of the nuclear envelope. n=67 GSCs from nos > mCherryRNAi and 1218 

n=60 GSCs from nos > StwlRNAi.  **** indicates p<0.0001 from Student’s t-test. 1219 

(H) Percentage of perinuclear electron-dense chromatin foci at NPC clusters versus 1220 

other regions on the nuclear envelope in GSC-like cells from (F). n=42 **** 1221 

indicates p<0.0001 from Fisher’s exact test. 1222 

 1223 

  1224 

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

The copyright holder for thisthis version posted November 17, 2023. ; https://doi.org/10.1101/2023.11.17.567611doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.17.567611
http://creativecommons.org/licenses/by-nc/4.0/


 1225 

Figure 4. Stwl binds and represses the bgcn differentiation gene. 1226 

(A) First panels, nos; TM3 (Control) and nos > StwlEY00146 (StwlOE) ovaries in a 1227 

bam1/+ background. Middle and right panels, IF staining of Bam (green), Vasa 1228 

(magenta) and DAPI (blue) in germaria. Scale bar:5µm 1229 
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(B) Quantification of undifferentiated Bam-negative germ cells from (A). n=15 1230 

germaria from the control and n=45 germaria from StwlOE. * indicates p<0.05 from 1231 

a Student’s t-test. 1232 

(C) Volcano plot of -log10(p-value) vs log2FC from nos-Gal4/+ (Control) and nos > 1233 

StwlEY00146 (StwlOE) GSC-enriched ovaries (bamD86/bam1 background). 1234 

Differentially expressed genes (log2FC>|0.6| and padj<0.01 are indicated as blue 1235 

dots. Genes upregulated in Stwl-depleted ovaries from Zinshteyn et al.34 or Kotb 1236 

et al., 202343 are indicated as magenta dots while genes upregulated in both 1237 

studies are indicated as yellow dots. Adjusted p values following multiple testing 1238 

correction are shown.  1239 

(D) Transcripts per million (log2TPM) for the indicated genes from nos-gal4/+ 1240 

(Control) and nos > StwlEY00146 (StwlOE) GSC-enriched ovaries in a bamD86/bam1 1241 

background. Adjusted p values following multiple testing correction are shown. 1242 

(E) Heatmaps of CUT&RUN reads for IgG from young WT ovaries and for Stwl from 1243 

ovaries enriched for GSC-like cells (nos > bamRNAi). Data are centered on ±3 kb 1244 

window around 12888 Stwl peaks (merged within 1kb) and is shown for two 1245 

replicates each. 1246 

(F) Capture of the IGV genome browser (v2.11.4) showing an approximately 10kb 1247 

region on Drosophila chromosome 3 (y axis = reads per kilobase per million 1248 

reads). Ensembl genes (blue). Shaded areas correspond to Stwl binding peaks. 1249 
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 1252 

Figure 5. Stwl positions bgcn at the nuclear periphery in female GSCs.   1253 

(A) Oligopaint FISH against the bgcn locus (magenta) and IF staining of Vasa (green) 1254 

in GSCs from nos > mCherryRNAi (Control) and nos > StwlRNAi ovaries following a 1255 

6d shift to 29ºC. Red arrowheads indicate the bgcn locus within the nucleus. 1256 

Black dotted lines indicate the nuclear boundary. Scale bar:5 µm. 1257 

(B) Quantification of NE – bgcn distance (µm) in GSCs from (A). n=112 GSCs from 1258 

nos > mCherryRNAi (Control) and n=104 GSCs from nos > StwlRNAi. ** indicates 1259 

p<0.01 from Student’s t-test. 1260 

(C) Histogram of NE – bgcn distance (µm) in GSCs from (B). 1261 

(D) Oligopaint FISH against the bgcn locus (magenta) and IF staining of Vasa (blue) 1262 

in region 2a/2b differentiated germline cysts from nos > mCherryRNAi (Control) 1263 

and nos > StwlRNAi ovaries following a 6d shift to 29ºC. Red arrowheads indicate 1264 

the bgcn locus within the nucleus. Black dotted lines indicate the nuclear 1265 

boundary. Scale bar:5µm. 1266 
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(E) Quantification of NE – bgcn distance (µm) in region 2a/2b differentiated germ 1267 

cells from (D). n=106 GSCs from nos > mCherryRNAi (Control) and n=65 GSCs 1268 

from nos > StwlRNAi **** indicates p<0.0001 from Student’s t-test. 1269 

(F) Histogram of of NE – bgcn distance (µm) in region 2a/2b differentiated germ cells 1270 

from (E). 1271 

(G) smFISH against bgcn mRNA (green) and poly-A mRNA (magenta) in GSCs from 1272 

nos > mCherryRNAi (Control) following a 6d shift to 29ºC. In left panel, black dotted 1273 

lines demarcate region 1 and the germarium boundary. In right panel, black 1274 

dotted lines indicate the nuclear boundary. Scale bar:5 µm. 1275 

(H) smFISH against bgcn mRNA (green) and poly-A mRNA (magenta) in GSCs from 1276 

nos > StwlRNAi following a 6d shift to 29ºC. In left panel, black dotted lines 1277 

demarcate the germarium boundary. In right panel, black dotted lines indicate the 1278 

nuclear boundary. Scale bar:5 µm. 1279 

(I) Quantification of percentage of GSCs and cystoblasts (CBs) with nascent bgcn 1280 

expression from nos > mCherryRNAi (Control) and nos > StwlRNAi ovaries following 1281 

a 6d shift to 29ºC. For the control, n=90 (GSCs) and n=174 (CBs). For nos > 1282 

StwlRNAi, n=71 (GSCs) and n=146 (CBs). ns indicates p>0.05 and *** indicates 1283 

p<0.001 from a Fisher’s exact test.  1284 

(J) Quantification of NE – bgcn nascent focus distance (µm) in GSCs from (G, H). 1285 

n=51 GSCs from nos > mCherryRNAi (Control) and n=37 GSCs from nos > 1286 

StwlRNAi. ns indicates p>0.05 from Student’s t-test. 1287 

(K, L) Schematic of data from (A – C and G – H) showing the percentage of GSCs   1288 

with the bgcn DNA locus and the nascent bgcn RNA focus positioned at the 1289 

nuclear periphery or in the nuclear interior in GSCs from nos > mCherryRNAi 1290 

(Control) and nos > StwlRNAi ovaries following a 6d shift to 29ºC.  1291 

(M) Model for Stwl function in female germline stem cells. 1292 

 1293 

  1294 

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

The copyright holder for thisthis version posted November 17, 2023. ; https://doi.org/10.1101/2023.11.17.567611doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.17.567611
http://creativecommons.org/licenses/by-nc/4.0/


 1295 

Figure S1. 1296 

(A) qPCR for Stwl following LacZ RNAi (control) and Stwl RNAi treatment. The DDCT 1297 

was calculated using two different Stwl qPCR primers across three replicates. 1298 
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(B) Immunofluorescence against Stwl (blue) in control (lacZ RNAi) or Stwl RNAi 1299 

treated Kc167 cells stained for DNA (grey). 1300 

(C) Change in integrated density of Stwl immunofluorescence signal from Kc167 cells 1301 

across four replicates. Each dot represents the fold change between medians of 1302 

one replicate. Each replicate contained >300 nuclei.  1303 

(D) Volcano plot of the Stwl-associated proteome in Kc167 cells from three biological 1304 

replicates. The dashed lines mark log2FC>1.5 and p<0.05; magenta points 1305 

indicate NPC-associated nucleoporins and blue points indicate proteins identified 1306 

as peripheral hits from the HiDRO screen.  1307 

(E) qPCR for Lamin B following LacZ RNAi (control) and Stwl RNAi treatment. The 1308 

DDCT was calculated across three replicates. 1309 

(F) Change in integrated density of Lamin B immunofluorescence signal from Kc167 1310 

cells across four replicates. Each dot represents the fold change between 1311 

medians of one replicate. Each replicate contained >300 nuclei. 1312 

(G) Categorizations of Lamin B phenotypes. Two example nuclei are shown for each 1313 

phenotype. 1314 

(H) Quantification of lamin phenotypes in control (LacZ RNAi) and Stwl RNAi Kc167 1315 

cells from three replicates. No significant changes were found using a Chi-square 1316 

test. 1317 
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 1320 

Figure S2. Stwl is required for GSC maintenance and female fertility  1321 

(A, B) Fertility assay of females (A) and males (B) from TM3 / StwlRNAi (Control) and    1322 

nos > StwlRNAi flies over four weeks. Each dot represents number of progenies 1323 

sired by a single female (A) or male (B) fly from n³8 crosses. 1324 
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(C) Testes from TM3 / StwlRNAi (Control) and nos > StwlRNAi males at 3 days post 1325 

eclosion. Scale bar:100µm. 1326 

(D) Apical tip of testes from TM3 / StwlRNAi (Control) and nos > StwlRNAi males stained 1327 

for Lamin B (green), Vasa (blue) and DAPI (magenta). Scale bar:5µm. 1328 

(E) stwl mutant alleles used in this study – a PiggyBac insertion in the Stwl locus 1329 

(stwlLL6470) and a CRISPR/Cas9-mediated knockout of the Stwl coding sequence 1330 

(stwlKO4). 1331 

(F) Ovaries (left panel) and germaria (right panel) from stwlLL6470/+ (Control) and 1332 

stwlLL6470/stwlKO4 females 3d post eclosion stained for Vasa (blue) and Stwl 1333 

(magenta). Scale bar (ovaries):100µm. Scale bar (germaria):5µm. 1334 

(G)  Testis (left panel) and male fertility assay (right panel) from bam > mCherryRNAi 1335 

(Control) and bam > StwlRNAi males at 3 days post eclosion. Each dot in the right 1336 

panel represents number of progenies sired by a single male from n³9 crosses. 1337 

Scale bar:100µm.  1338 

(H) Germaria from bam > mCherryRNAi (Control) and bam > StwlRNAi ovaries stained 1339 

for Stwl (magenta), Vasa (green) and DAPI (blue). Scale bar:5µm. 1340 

(I) Ovarioles from bam > mCherryRNAi (Control) and bam > StwlRNAi ovaries stained 1341 

for Lamin B (magenta), Vasa (green) and DAPI (blue). Scale bar:5µm. 1342 

(J) Quantification of egg chamber stages from (I). n=55 ovarioles from bam > 1343 

mCherryRNAi (Control) and n=103 ovarioles from bam > StwlRNAi. 1344 

(K) Fertility assay of females from bam > mCherryRNAi (Control) and bam > StwlRNAi 1345 

over one week. Each dot represents number of progenies sired by a single 1346 

female from n³8 crosses.  1347 
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 1350 

Figure S3. Loss of Stwl leads to a reduction of NE proximal centromeres.  1351 

(A) IF staining of dCENP-A (magenta), Lamin B (green) and DAPI (blue) in GSCs 1352 

from nos > mCherryRNAi (Control) and nos > StwlRNAi ovaries following a 4d shift to 1353 

29ºC. Yellow arrowheads point to centromeric foci and yellow dotted lines indicate 1354 

the nuclear boundary. Scale bar:5µm.  1355 

(B) Quantification of NE-centromere distance (µm) in GSCs from Control (n=159 foci) 1356 

and nos > StwlRNAi (n= 215 foci). * indicates p<0.05, ** indicates p<0.01 and **** 1357 

indicates p<0.0001 from Student’s t-test. 1358 

(C) Histogram of NE-centromere distance (µm) in GSCs from (B). 1359 
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 1362 

Figure S4: Stwl knockdown in female GSCs leads to substantial changes at the 1363 

nuclear envelope.  1364 

(A) Quantification of the percentage of the NE with a lamina gap in GSCs from nos > 1365 

mCherryRNAi (Control; n=78) and nos > StwlRNAi  (n=78) ovaries following a 4d shift 1366 

to 29ºC. **** indicates p<0.0001 from Student’s t-test. 1367 

(B) Histogram showing the percentage of GSCs from (A) with lamina gaps. 1368 

(C) IF staining of Lamin B (green), Lamin C (magenta) and Vasa (blue) in GSCs from 1369 

nos > mCherryRNAi (Control) and nos > StwlRNAi ovaries following a 4d shift to 1370 

29ºC. Scale bar:5µm. 1371 

(D) Relative fluorescence intensity of Lamin B (green) and Lamin C (magenta) across 1372 

the nucleus (white dotted line) from (C). Shaded grey regions mark the NE. 1373 

(E) IF staining of Lamin B (green), Otefin (magenta) and Vasa (blue) in GSCs from 1374 

nos > mCherryRNAi (Control) and nos > StwlRNAi ovaries following a 4d shift to 1375 

29ºC. Yellow arrowheads show lamin gaps. Scale bar:5µm. 1376 
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(F) Relative fluorescence intensity of Lamin B (green) and Otefin (magenta) across 1377 

the nucleus (white dotted line) from (E). Shaded grey regions mark the NE. 1378 

(G)  IF staining of Lamin B (green), LBR (magenta) and Vasa (blue) in GSCs from 1379 

nos > mCherryRNAi (Control) and nos > StwlRNAi ovaries following a 4d shift to 1380 

29ºC. Yellow arrowheads show lamin gaps. Scale bar:5µm. 1381 

(H) Relative fluorescence intensity of Lamin B (green) and LBR (magenta) across the 1382 

nucleus (white dotted line) from (G). Shaded grey regions mark the NE. 1383 

(I) Number of NPCs per micron of the NE were quantified from TEM images of 1384 

GSC-like cells from nos > mCherryRNAi (Control; n=66) and nos > StwlRNAi (n=59) 1385 

ovaries in a bamD86/bam1 background following a 4d shift to 29ºC. ns indicates 1386 

p>0.05 from Student’s t-test. 1387 

 1388 

  1389 

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

The copyright holder for thisthis version posted November 17, 2023. ; https://doi.org/10.1101/2023.11.17.567611doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.17.567611
http://creativecommons.org/licenses/by-nc/4.0/


 1390 

Figure S5. GSC loss upon Stwl knockdown is not dependent on Lamin B levels 1391 

or Chk2 signaling.  1392 

(A) IF staining of Lamin B (green), Otefin (magenta) and Vasa (blue) in GSCs from 1393 

nos/TM3 (Control) and nos > LamEY08333 (LamOE) ovaries. Yellow arrowheads 1394 

indicate cytoplasmic lamin B accumulations in lamin overexpressing GSCs. Scale 1395 

bar:5µm. **** indicates p>0.0001 from Student’s t-test. 1396 

(B) Percentage of GSCs from (A) with cytoplasmic lamin accumulations. n=188 1397 

GSCs from the control and n=176 GSCs from LamOE. **** indicates p<0.0001 1398 

from Fisher’s exact test.  1399 

(C) IF staining of Lamin B (green) and Vasa (blue) in germaria from control and nos > 1400 

LamEY08333 (LamOE) ovaries in a stwlKO4/stwlLL6470 background. Scale bar:5µm.  1401 

(D) Percent of germaria with the indicated number of Vasa positive germ cells from 1402 

(C). n=75 ovarioles from the control and n=58 ovarioles from LamOE.  **** 1403 

indicates p<0.0001 and ns indicates p>0.05 from sswtudent’s t-test. 1404 
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(E) Ovaries (left panel) and germaria (right panel) from stwl0LL6470/+ (Control) and 1405 

stwlLL6470/stwlKO4 females ovaries in a chk26006 background stained for Lamin B 1406 

(green), Hts (magenta) and Vasa (blue). Yellow dotted lines indicate the 1407 

germarium boundary. Scale bar (ovaries):100µm. Scale bar (germaria):5 µm.  1408 

(F) IF staining of Lysotracker (green), Lamin B (magenta) and Vasa (blue) in 1409 

germaria from nos > mCherryRNAi (Control) and nos > StwlRNAi following a 4d shift 1410 

to 29°C. CC refers to germline cyst cells. Scale bar:5µm. 1411 

(G) IF staining of Dcp-1 (green), Lamin B (magenta) and Vasa (blue) in germaria 1412 

from nos > mCherryRNAi (Control) and nos > StwlRNAi following a 4d shift to 29°C. 1413 

CC refers to germline cyst cells. Scale bar:5µm. 1414 
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 1417 

Figure S6. Stwl binds at the promoters and UTRs of regulated genes. 1418 

(A) Percentages of Stwl CUT&RUN binding peaks at the indicated genomic regions.  1419 

(B) Number of downregulated and upregulated genes with a Stwl peak within 1kb of 1420 

the gene body following StwlOE in GSC-enriched ovaries.   1421 

(C) Capture of the IGV genome browser (v2.11.4) showing an approximately 70kb 1422 

region on the Drosophila X chromosome (y axis = reads per kilobase per million 1423 

reads). Ensembl genes (blue). Shaded areas correspond to Stwl binding peaks. 1424 
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Table Legends 1427 

Table S1. z scores for the indicated paramters from the HiDRO screen. 1428 

Table S2. List of proteins detected by LC-MS/MS in Kc167 lysates from control 1429 

and Stwl affinity purification. 1430 

Table S3. Differentially expressed genes following Stwl overexpression in 1431 

ovaries enriched for GSC-like cells.  1432 

Table S4. Normalized reads following Stwl overexpression in ovaries enriched 1433 

for GSC-like cells. 1434 
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