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Genome organization can regulate gene expression and promote cell fate transitions. The differentiation of germline
stem cells (GSCs) to oocytes in Drosophila involves changes in genome organization mediated by heterochromatin
and the nuclear pore complex (NPC). Heterochromatin represses germ cell genes during differentiation, and NPCs
anchor these silenced genes to the nuclear periphery, maintaining silencing to allow for oocyte development. Sur-
prisingly, we found that genome organization also contributes to NPC formation, mediated by the transcription
factor Stonewall (Stwl). As GSCs differentiate, Stwl accumulates at boundaries between silenced and active gene
compartments. Stwl at these boundaries plays a pivotal role in transitioning germ cell genes into a silenced state and
activating a group of oocyte genes and nucleoporins (Nups). The upregulation of these Nups during differentiation is

crucial for NPC formation and further genome organization. Thus, cross-talk between genome architecture and

NPCs is essential for successful cell fate transitions.
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During oogenesis, germline stem cells (GSCs) differenti-
ate and undergo meiosis to generate oocytes (Seydoux
and Braun 2006; Lehmann 2012; Lesch and Page 2012;
Blatt et al. 2020). These oocytes accrue a maternally syn-
thesized trust fund of RNAs, called maternal RNAs, re-
quired to launch the next generation (Spradling 1993;
Navarro et al. 2004; Kugler and Lasko 2009; Blatt et al.
2020). Drosophila oogenesis has a well-characterized tran-
sition from GSC to oocyte (Fig. 1A,Al; McKearin and
Spradling 1990; Chen and McKearin 2003a; Huynh and
Johnston 2004; Spradling et al. 2011; Lehmann 2012). A
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programmatic transition, referred to as the germ cell-to-
maternal transition (GMT), promotes the silencing of
genes that are expressed during the early stages of oogen-
esis, including a cohort of differentiation-promoting genes
(Fig. 1A1; DeLuca et al. 2020; Blatt et al. 2021; McCarthy
et al. 2022; Sarkar et al. 2023). These “early oogenesis
genes” include ribosomal small subunit proteinl9b
(rpS19b) and blanks (Gerbasi et al. 2011; Blatt et al.
2021; McCarthy et al. 2022; Sarkar et al. 2023). The tran-
scriptional silencing of these early oogenesis genes is
mediated by SET domain bifurcated histone lysine meth-
yltransferase 1 (SETDBI), which leads to methylation of
H3K9 and thereby establishes heterochromatin (Rangan
et al. 2011; Clough et al. 2014; Sarkar et al. 2023). Once
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transcriptionally silenced, these heterochromatic regions
containing early oogenesis genes are anchored to the nu-
clear periphery mediated by the nuclear pore complex
(NPC) (Sarkar et al. 2023). Loss of SETDBI or specific
nucleoporins (Nups) that comprise the NPCs leads to
the upregulation of early oogenesis genes in the egg cham-
bers that fail to grow and result in sterility (Colozza et al.
2011; Clough et al. 2014; Sarkar et al. 2023). Silencing of
these early oogenesis genes is concomitant with increased
expression of maternally deposited genes (DeLuca et al.
2020; McCarthy et al. 2022; Sarkar et al. 2023) The mech-
anism by which these large gene expression changes are
regulated during this transition is not fully understood.

Changes in global genome organization play critical
roles in regulating differentiation and gene expression
(Spitz and Furlong 2012; Gonzalez-Sandoval and Gasser
2016; Misteli 2020; Dean et al. 2021; Galouzis and Furlong
2022; van Mierlo et al. 2023). The genome is partitioned
into compartments mediated by the formation of con-
served topologically associated domains (TADs) (Dekker
et al. 2002; Ulianov et al. 2016; Sati and Cavalli 2017;
Liao et al. 2021; Mohana et al. 2023). Each TAD contains
genes and regulatory elements that interact more fre-
quently with each other than with regions outside of the
TAD (Dekker et al. 2002; Sati and Cavalli 2017; Szabo
et al. 2018; Liao et al. 2021). TADs are demarcated by
boundary elements that interact with insulator proteins,
such as cohesin, CTCF, and BEAF, as well as various tran-
scription factors (Yang et al. 2012; Nanni et al. 2020; Cav-
alheiro et al. 2023). TADs can regulate gene expression by
facilitating enhancer-promoter interactions within their
boundaries while insulating genes from neighboring regu-
latory elements (Burgess-Beusse et al. 2002; Yang and Cor-
ces 2011; Gonzalez-Sandoval and Gasser 2016; Sati and
Cavalli 2017; Arzate-Mejia et al. 2020; Cavalheiro et al.
2021; Dean et al. 2021; Zuin et al. 2022). Lamin-associated
domains (LADs) are TADs that are associated with the nu-
clear periphery (Briand and Collas 2020; Nazer 2022) and
often contain genes that are transcriptionally silenced or
exhibit low expression, which are marked by repressive
chromatin marks, including methylated H3K9 (van Bem-
mel et al. 2010; Zullo et al. 2012; van Steensel and Bel-
mont 2017). Early oogenesis genes such as rpS19b are
silenced and tethered to the nuclear periphery, but how
these genes are recruited to the nuclear periphery is not
known.

The transcription factor Stonewall (Stwl) is required for
Drosophila oogenesis (Clark and McKearin 1996; Brun
et al. 2006; Maines et al. 2007; Zinshteyn and Barbash
2022), accumulates at insulator elements, and interacts
with heterochromatin components such as HP1 (Brun
et al. 2006; Maines et al. 2007; Zinshteyn and Barbash
2022). Intriguingly, loss of stwl phenocopies loss of
SETDBI or Nups, resulting in egg chambers that fail to
grow, leading in sterility (Clark and McKearin 1996;
Maines et al. 2007; Colozza et al. 2011; Clough et al.
2014; Zinshteyn and Barbash 2022; Sarkar et al. 2023).
However, how Stwl regulates oogenesis was not fully
known (Brun et al. 2006; Maines et al. 2007; Zinshteyn
and Barbash 2022). Here, we discovered that stwl, like
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SETDB1 and components of the NPC, represses early oo-
genesis genes during differentiation but is also critical for
activating a cohort of maternally supplied genes. We show
that Stwl coordinates gene expression changes at the
GMT and promotes differentiation by stabilizing chroma-
tin boundaries and promoting tethering of silenced genes
to the nuclear periphery.

Results

Stwl is required during oocyte specification to silence
reporters of rpS19b and Blanks in the egg chambers

As loss of stwl phenocopies loss of SETDB1 (Clark and
McKearin 1996; Brun et al. 2006; Zinshteyn and Barbash
2022; Sarkar et al. 2023), we hypothesized that stwl could
regulate the expression of early oogenesis genes. To test
this hypothesis, we generated control and stwl mutant flies
carrying a reporter of rpS19b, rpS19b::GFP, which is under
endogenous control (McCarthy et al. 2022). stwl mutant
ovaries lose stem cells and contain egg chambers that do
not grow, consistent with previous data (Supplemental
Fig. S1A,B; Clark and McKearin 1996; Maines et al. 2007;
Zinshteyn and Barbash 2022; Chavan et al. 2024). We
stained ovaries of control and stwl mutants carrying the
1pS19b::GFP for GFP and 1B1, which marks the somatic
cell membranes, spectrosomes, and fusomes in the germ-
line (Zaccai and Lipshitz 1996). We also independently
stained control and stwl mutant ovaries for another early
oogenesis protein, Blanks, along with 1B1 (Rust et al.
2020; Slaidina et al. 2020; Blatt et al. 2021). In contrast to
control ovaries, where RpS19b::GFP and Blanks are si-
lenced in the differentiated egg chambers, in stwl mutants,
we found that RpS19b::GFP and Blanks are ectopically ex-
pressed in the egg chambers (Fig. 1B-G; Supplemental Fig.
S1C). Thus, stwlis required for silencing both RpS19b::GFP
and Blanks expression in the egg chambers.

Using an antibody raised against Stwl (Chavan et al.
2024), we found that Stwl is expressed in both the germ-
line and the soma of the ovary (Supplemental Fig. S1D,
D1). This expression is attenuated in stwl mutants (Sup-
plemental Fig. S1E,E1,N). To determine whether germline
expression of stwl is required to promote the silencing of
early oogenesis genes, we used a germline-specific driver,
nanos(nos)GAL4, to drive RNAIi to deplete stwl in the
germline of RpS19b::GFP reporter flies (Doren et al.
1998). Germline knockdown (GKD) of stwl resulted in
egg chambers that do not grow (Supplemental Fig. SIA,
B,F,F1,N) and in ectopic RpS19b::GFP and Blanks expres-
sion in egg chambers, similar to stwl mutants (Fig. 1H-
K,G). Loss of stwl in the soma using a gonadal somatic
cell-specific driver, traffic jam(tj)GAL4, does not result
in a phenotype or upregulate Blanks in the egg chambers
(Supplemental Fig. S1G,H; Li et al. 2003). From these
data, we infer that Stwl is required in the germline to pro-
mote the silencing of RpS19b::GFP and Blanks in the egg
chambers.

Stwl levels increase in the cyst stages of differentiation
(Supplemental Fig. SI1II1,N). Early oogenesis genes
rpS19b and blanks are silenced starting in the cyst stages
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mediated by SETDB1-dependent heterochromatin forma-
tion and then maintained in a silenced state in the egg
chambers (Sarkar et al. 2023). To determine whether
Stwl is required in the cyst stages during the initiation
of silencing or in the later stages for the maintenance of
the silenced state, we depleted stwl in the cyst stages us-
ing bag of marbles(bam)GAL4 (Supplemental Fig. S1],K,
N) and in differentiated egg chambers using MataGAL4
(Januschke et al. 2002; Chen and McKearin 2003b). Com-
pared with the control, we found that loss of stwl in cyst
stages resulted in egg chambers that do not grow and ex-
press RpS19b::GFP and Blanks (Fig. 1L-P; Supplemental
Fig. S1B; Chavan et al. 2024). In contrast, stwl depletion
using MataGAL4 did not result in a phenotype or upregu-
lation of RpS19b::GFP (Supplemental Fig. S1L,M). Taken
together, we found that stwl is required during differenti-
ation in cyst stages for egg chamber growth and for silenc-
ing RpS19b::GFP and Blanks.

Stwl is required to silence early oogenesis genes
and activate a cohort of maternal genes

To determine whether stwl regulates other early oogene-
sis genes, we conducted RNA sequencing (RNA-seq) of
whole control and stwl GKD ovaries immediately after
eclosion (Blatt et al. 2021). Importantly, we analyzed
both nosGAL4-mediated and bamGAL4-mediated GKD
of stwl (Fig. 2A; Supplemental Table S1). We used a two-
fold cutoff (fold change of -2 > (log,FC)>2) and adjusted
P-value < 0.05 to identify significantly dysregulated genes.
The overlapping set of genes in the two GKD ovaries re-
ports on Stwl-regulated genes in the cyst stages of the
germline. We used this overlapping set of genes dysregu-
lated in both nosGAL4-mediated and bamGAL4-mediat-
ed stwl depletion for all further analysis.

We found that 60% of the upregulated genes (1496
genes) are shared between nosGAL4-mediated and bam-
GAL4-mediated stwl GKD (Fig. 2B). Among these upregu-
lated genes were rpS19b and blanks, consistent with our
data showing that RpS19b::GFP and Blanks were ectopi-
cally expressed upon loss of stwl (Fig. 2A-C). We further
validated that rpS19b RNA was upregulated in the stwl
GKD egg chambers compared with the control by probing
for its RNAs using in situ hybridization (Supplemental
Fig. S2A-B1). To determine whether the other genes upre-
gulated upon stwl GKD were early oogenesis genes, we
plotted the abundance of the upregulated RNAs by using
available RNA-seq libraries that were enriched for undif-
ferentiated stages (GSCs and cystoblasts), differentiating
stages when oocytes are specified (cysts), and differentiat-
ed stages (early egg chambers and late-stage egg chambers)
(Fig. 2D; Blatt et al. 2021; McCarthy et al. 2022). We found
that the upregulated genes are expressed in the undifferen-
tiated stages and then are repressed in the differentiated
stages in a Stwl-dependent manner (Fig. 2D). GO term
analysis suggested that the genes upregulated upon loss
of Stwl included cell differentiation genes, consistent
with them being early oogenesis genes (Fig. 2E). Some
Stwl-regulated early oogenesis genes were also SETDBI-
regulated early oogenesis genes, as we found a 48% over-
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lap of the upregulated genes, including rpS19b and blanks
(Supplemental Fig. S2C; Sarkar et al. 2023). These data
suggest that while Stwl and SETDBI coregulate the ex-
pression of genes, they also independently regulate a large
cohort of genes. Thus, stwl promotes the silencing of
genes, including a cohort of SETDBI-regulated early oo-
genesis genes, at the onset of oocyte specification.

Additionally, we found that 40% of downregulated
genes (370 genes) are shared between nosGAL4-mediated
and bamGAL4-mediated stwl GKD (Fig. 2F). By plotting
the abundance of the downregulated RNAs upon stwl
GKD using available RNA-seq libraries that were en-
riched for different stages of oogenesis, we found that
downregulated RNAs under control conditions are atten-
uated in the undifferentiated stages and are then expressed
in the differentiated stages in an Stwl-dependent manner
(Fig. 2G; McCarthy et al. 2022). The GO term analysis of
the downregulated genes suggested that the genes are in-
volved in egg activation, meiosis I, and the nucleosome as-
sembly process, consistent with a failure in oogenesis and
sterility upon loss of stwl (Fig. 2H). Downregulated genes
included maternally deposited genes such as polar granule
component (pgc) and wispy (wisp) (Supplemental Fig.
S2D; Nakamura et al. 1996; Cui et al. 2008; Rangan
et al. 2009). We validated that pgc RNA was downregu-
lated in the stwl GKD egg chambers compared with the
control by probing for its RN As using in situ hybridization
(Supplemental Fig. S2E-F1). However, other maternally
provided RNAs, such as hunchback, were not downregu-
lated (Supplemental Fig. S2G; Wharton and Struhl 1991;
Tautz and Nigro 1998). Thus, Stwl is required to upregu-
late a cohort of genes that are critical to promote oogene-
sis, fertility, and embryonic development.

Stwl binds at promoters and overlaps with boundary
element proteins but does not directly regulate
a large fraction of upregulated genes

To determine whether Stwl regulates its targets directly,
we conducted cleavage under targets and release using nu-
clease (CUT&RUN) using the Stwl antibody (Skene and
Henikoff 2017; Ahmad and Spens 2019). We probed Stwl
binding in the early stages of oogenesis in bam GKD ova-
ries, which are enriched for undifferentiated stages, and
adult wild-type ovaries, which are enriched for differentiat-
ed egg chambers (Chen and McKearin 2003a,b). We used
stwl GKD ovaries and IgG as negative controls (Fig. 3A).
We found that Stwl binding to the genome increases from
undifferentiated (CBs) to differentiated (egg chambers) stag-
es, consistent with the antibody staining showing an in-
crease in Stwl levels in the cyst stages (Supplemental Fig.
S1L,I1,N). The association of Stwl with the genome is re-
duced upon stwl GKD and is absent in the IgG-only sample
(Fig. 3A). Taken together, we found that the Stwl binding
signal from CUT&RUN during oogenesis is specific.

In the differentiated egg chambers, Stwl was mostly
bound at promoters and, to a lesser extent, in intergenic
regions and introns (Fig. 3B). We performed motif enrich-
ment analysis and found regions, including a TATCGA-
TAGC motif, to be enriched (Fig. 3C). The enrichment
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Figure 2. Stwl regulates the silencing of early oogenesis genes and activation of some maternal genes. (A) Volcano plots of —log;o P-value
versus log,fold change (FC) of nosGAL4>stwl GKD ovaries versus nosGAL4 (control) ovaries as well as bamGAL4>stwl GKD ovaries ver-
sus bamGAL4 (cyst control) ovaries showing significantly downregulated (blue) and upregulated (lilac) transcripts in stwl GKD ovaries
compared with control ovaries. Adjusted P-value <0.05; genes with twofold or higher change were considered significant. n=2. (B)
Venn diagram of upregulated genes from RNA-seq of nosGAL4>stwl GKD ovaries and bamGAL4>stwl GKD ovaries compared with con-
trols. Sixty percent of targets are shared between both. Statistics were derived from hypergeometric tests. P<2.2x 107°. (C) RNA-seq
tracks showing that rpS19b and blanks are upregulated upon stwl GKD (nosGAL4; dark purple) and in the cyst stages (bamGAL4; light
purple) compared with control (blue). (D) Violin plot of RNA levels of the shared upregulated targets (nosGAL4>stwl GKD and bam-
GAL4>stwl GKD) in ovaries enriched for GSCs, cystoblasts, and cysts and in whole ovaries, showing that Stwl upregulated targets are
expressed up to the cyst stages and attenuated in whole ovaries. Statistics were derived from a negative binomial regression model
that was used to estimate the average TPM count of “signature” genes between each “genotype.” The TPM of each gene was used as
the dependent variable, and “genotype” was the independent variable. Statistical comparisons between groups were performed using con-
trasts, and P-values were adjusted for multiple comparisons using the Benjamini-Hochberg procedure false discovery rate (P-FDR). The
average TPM between groups was considered to be significantly different when P-FDR <0.05. (E) The biological process GO terms of
shared upregulated genes in nosGAL4>stwl GKD and bamGAL4>stwl GKD ovaries compared with controls using fold enrichment. Sta-
tistics were derived from Fisher’s exact tests. Results are displayed for FDR < 0.05. (F) Venn diagram of downregulated genes from RNA-seq
of nosGAL4>stwl GKD and bamGAL4>stwl GKD ovaries compared with controls. Forty percent of targets are shared between both. Sta-
tistics were derived from hypergeometric tests. P<2.2x 107'°. (G) Violin plot of RNA levels of the shared downregulated targets (nos-
GAL4>stwl GKD and bamGAL4>stwl GKD) in ovaries enriched for GSCs, cystoblasts, and cysts and in whole ovaries, showing that
Stwl downregulated targets are expressed at higher levels in the differentiated stages. Statistics were derived from a negative binomial
regression model that was used to estimate the average TPM count of “signature” genes between each “genotype.” The TPM of each
gene was used as the dependent variable, and “genotype” was the independent variable. Statistical comparisons between groups were per-
formed using contrasts, and P-values were adjusted for multiple comparisons using the Benjamini-Hochberg procedure (P-FDR). The av-
erage TPM between groups was considered to be significantly different when P-FDR < 0.05. (H) The biological process GO terms of shared
downregulated genes in nosGAL4>stwl GKD and bamGAL4>stwl GKD ovaries compared with controls using fold enrichment. Statistics
were derived from Fisher’s exact tests. Results are displayed for FDR <0.05.
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Figure 3. Stwl binds proximal to promoters and overlaps with boundary element proteins but does not directly regulate a large fraction of
the dysregulated genes. (A) CUT&RUN occupancy of IgG peaks in ovaries (negative control), Stwl peaks in undifferentiated stages, Stwl
peaks in differentiated stages (8585 peaks), Stwl peaks upon stwl GKD, BEAF peaks in WT differentiated stages (WT ovaries; shown in
purple), and CTCF ChIP-seq peaks in the larval CNS (shown in green). Heat maps showing —3 kb and +3 kb around the start and end
of Stwl peaks (shown in red). Black dashed lines represent the start and end of Stwl peaks. These heat maps show an overlap between
Stwl, BEAF, and CTCF binding. (B) Graph showing percentages of Stwl binding pattern to genomic regions in the differentiated stages.
This shows that Stwl binds mainly to promoters (60%). (C) HOMER motif analysis of Stwl binding sites in the differentiated stages show-
ing the top three ranked motifs also bound by other transcription factors: M1BP, DREF/BEAF, and E-box-associated. P<107'2. (D)
CUT&RUN occupancy of IgG peaks in WT ovaries (negative control), Stwl peaks in differentiated stages (WT ovaries), and Stwl in
Stwl GKD for RNA-seq upregulated and downregulated targets. Heat maps showing —3 kb and +3 kb around the TSSs of target genes.
These heat maps show that Stwl, BEAF, and CTCF bind a portion of downregulated and upregulated targets. (E) CUT&RUN occupancy
track for the rpS19b locus for IgG (negative control; gray), Stwl peaks in differentiated stages of WT ovaries (red), BEAF peaks in differen-
tiated stages of WT ovaries (purple), and CTCF ChIP-seq (green) showing Stwl, BEAF, and CTCF flanking the rpS19b locus from both sides.
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of this motif, which is bound by proteins such as boundary
element-associated factor-32 (BEAF-32), is consistent
with previous observations from ChIP-seq carried out for
Stwl in S2 cells (Fig. 3C; Zinshteyn and Barbash 2022).
BEAF is an insulator protein that binds to boundary ele-
ments to regulate genome organization and chromatin
state (Yang et al. 2012; Van Bortle et al. 2014; Avva and
Hart 2016). To determine whether Stwl is associated
with boundary elements during oogenesis, we carried
out CUT&RUN for BEAF and also used published ChIP-
seq data for another boundary element protein, CCCTC-
binding factor (CTCF) (Fig. 3A; Kaushal et al. 2021). We
found that Stwl binding regions partially overlapped
with regions bound by BEAF and CTCF (Supplemental
Fig. S3A-C). The overlap of Stwl binding peaks was
more with BEAF than with CTCF (Supplemental Fig.
S3C). Thus, Stwl is associated with promoter regions of
the genome and overlaps with the insulator proteins
BEAF and CTCF.

To determine whether Stwl directly regulates early oo-
genesis genes, we integrated our RNA-seq and CUT&RUN
data from control and stwl GKD ovaries. We found that in
the differentiated stages, Stwl binds 23% of the upregulated
targets and 44% of the downregulated targets above the
baseline signal (Fig. 3D). Some upregulated early oogenesis
genes, such as rpS19b, have Stwl binding sites, while oth-
ers, such as blanks, do not have any clear Stwl binding
site proximal to the transcriptional start sites (TSSs) (Fig.
3E; Supplemental Fig. S3B). These data suggest that Stwl
binds proximal to a cohort of both upregulated and downre-
gulated targets but does not directly regulate a large cohort
of upregulated genes.

Stwl regulates early oogenesis genes by recruiting BEAF

As Stwl and BEAF binding sites overlap (Supplemental
Fig. S3C), we wondered whether Stwl exerts its activity
via recruiting insulator protein BEAF (Roy et al. 2007;
Avva and Hart 2016). If Stwl recruits BEAF to regulate
gene expression, we predicted that (1) loss of BEAF would
phenocopy loss of stwl, (2) BEAF and Stwl would coregu-
late a subset of genes, and (3) loss of stwl would result in
loss of BEAF at various genomic locations.

Using previously characterized BEAF mutants, we
stained ovaries of control and BEAF mutants with Vasa
and 1B1 (Lasko and Ashburner 1988; Zaccai and Lipshitz
1996; Avva and Hart 2016). We found that BEAF mutants
are sterile, with ovarioles containing egg chambers that do
not grow (100%, n =50 ovarioles), like stwl mutants (Sup-
plemental Fig. S3D,E; Roy et al. 2007). To next determine
whether BEAF and stwl both coregulate early oogenesis
genes, we conducted RNA-seq of control and BEAF mu-
tant ovaries. We found that 60% of the upregulated genes
are shared upon loss of BEAF and stwl (Supplemental Fig.
S3F,G). Among these upregulated genes was rpS19b (Sup-
plemental Table S1).

Through antibody staining, we found that, like Stwl,
BEAF expression was attenuated in the undifferentiated
cells and increased as the cysts differentiated into oocytes
(Supplemental Fig. S3H,I; Hart et al. 1999; Pathak et al.
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2021). In addition, we found that Stwl is present in the nu-
cleus upon loss of BEAF (Supplemental Fig. S3]-K1). By
carrying out CUT&RUN, we found that loss of stwl re-
sults in loss of BEAF binding at various genomic locations
(Supplemental Fig. S3L). However, not all of BEAF’s geno-
mic binding is subject to regulation by Stwl. We found
that a subset of BEAF also binds to genomic sites indepen-
dently of Stwl (Supplemental Fig. S3L). These data suggest
that Stwl recruits BEAF to a cohort of genomic loci to reg-
ulate gene expression during oogenesis.

Stwl is required to demarcate active and silenced
genomic compartments during differentiation

Stwl exhibits distinct binding patterns: It binds at promot-
ers of select upregulated targets and downregulated targets.
This observation hints at a more intricate mechanism for
how Stwl regulates gene expression beyond merely binding
to targets and promoting their silencing. Furthermore, we
found that Stwl’s binding overlaps with insulator proteins
BEAF and CTCF, which can demarcate genomic boundar-
ies, including TADs (Nanni et al. 2020; Cavalheiro et al.
2021; Herman et al. 2022). In addition, loss of BEAF partial-
ly phenocopies loss of stwl, and they coregulate silencing of
a cohort of early oogenesis genes. Based on these data, we
hypothesized that Stwl may influence gene expression by
influencing genomic boundaries during differentiation.
To test this hypothesis, we first probed Stwl’s binding pat-
terns and its relationship with the chromatin state and ge-
nomic organization before and after differentiation.

TADs can exhibit remarkable conservation across differ-
ent cell types (Rao et al. 2014; Rowley et al. 2017). To deter-
mine where Stwl binds in relation to genome organization,
we analyzed previously annotated TADs from salivary
gland cells and Kc cells to determine the binding sites of
Stwl, CTCF, and BEAF in the context of genomic organiza-
tion (Eagen et al. 2015; Stadler et al. 2017; Ramirez
et al. 2018). We also conducted a comprehensive analysis
of the chromatin state on control gonads by examining
H3K4me3 (associated with active promoters), H3K27ac
and H3K4mel (associated with active enhancers),
H3K36me3 (associated with transcribed gene bodies), and
H3K27me3 and H3K9me3 (associated with gene silencing)
chromatin marks using CUT&RUN before and after differ-
entiation (Bannister and Kouzarides 2011; Lawrence et al.
2016; Gates et al. 2017; Talbert and Henikoff 2021). We
used these chromatin marks to build a seven state chroma-
tin model (Supplemental Fig. S4A) and correlated TADs,
Stwl/CTCF/BEAF binding sites, and the observed chroma-
tin states (Ernst and Kellis 2017). By exploring these inter-
connections, we aimed to gain a better understanding of
the role of Stwl in regulating the overall genome architec-
ture and chromatin landscape.

Upon analysis of salivary gland and Kc cell TADs, we
found the average length of salivary gland TADs to be
much larger than K¢ TADs, and the number of salivary
gland TADs to be fewer than Kc TADs (Eagen et al.
2015; Stadler et al. 2017). In addition, we also found that
all K¢ TADs are encompassed within one or more salivary
gland TADs. These data suggested that Kc cell TADs have
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a higher resolution than salivary glands. Thus, we used Kc
cell TADs for further analyses throughout the study (Sup-
plemental Fig. S4B).

In control ovarioles enriched for differentiated egg
chambers, we found that Stwl, BEAF, and CTCF bound
to regions flanking the regions annotated as TADs in Kc
cells (Fig. 4A). Stwl binding at the TAD boundaries in-
creased from undifferentiated cells to differentiated egg
chambers (Fig. 4A). stwl GKD results in loss of Stwl at
these boundaries (Fig. 4A). In addition, we found that
loss of stwl results in loss of BEAF at the boundaries
(Fig. 4A). Thus, Stwl, CTCF, and BEAF are present at
TAD boundaries, and Stwl recruits BEAF to these
boundaries.

We next examined the chromatin state of these compart-
ments in the undifferentiated and differentiated stages and
stwl GKD. We found that in both the undifferentiated cells
and differentiated egg chambers, Stwl binds at TAD bound-
aries and demarcates active chromatin (e.g., TSSs and en-
hancers) flanking the TADs from the quiescent genes
present within the TADs (Fig. 4B). The increase in Stwl
at these boundaries during differentiation coincided with
changes to the chromatin state for both regions flanking
and inside the TADs (Fig. 4B-D). For example, there was
an increase in promoter activity (H3K4me3) in regions
flanking the TADs during differentiation (Fig. 4C). There
was also an increase in enhancer activity (H3K2.7ac), most-
ly at TADs boundaries and, at lower levels, within TADs in
the differentiated stages (Fig. 4D). Overall levels of
H3K27me3 within TADs did not appreciably change dur-
ing differentiation (Fig. 4E). The changes associated with
promoter and enhancer activity did not happen upon loss
of stwl (Fig. 4A-D). Thus, during differentiation, the bind-
ing of Stwl, BEAF, and CTCF demarcates active and si-
lenced chromatin in TADs, which influences the
chromatin state at TAD boundaries and within TADs.

Stwl regulates the enhancer landscape to promote proper
gene expression during differentiation

To determine how Stwl specifically affects gene expres-
sion, we examined the overlap between differentially
expressed genes, TADs, and chromatin states in undifferen-
tiated and differentiated controls as well as stwl GKD go-
nads. We found that most of the upregulated genes (63 %)
and downregulated genes (56%) are encompassed within
TADs (Fig. 5A). To determine how Stwl regulates upregu-
lated and downregulated genes, we analyzed the chromatin
state of these genes separately.

Through analysis of genes that are downregulated upon
stwl GKD, we found an increase in active marks at the
TSS and a decrease in quiescence, consistent with these
genes being activated at this stage (Fig. 5B; Supplemental
Fig. S5A). However, upon stwl GKD, this increase in ac-
tive marks does not occur at the promoters of the downre-
gulated genes, and these genes remain quiescent (Fig. 5B).
The principal component analysis (PCA) plot shows that
active marks such as H3K4me3 and H3K27ac are dysregu-
lated in stwl GKD compared with differentiated controls.
The chromatin state of the promoters of the downregu-
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lated genes upon stwl GKD is closer to the undifferentiat-
ed stages than the differentiated stages (Supplemental Fig.
S5B). For example, pgc and wispy, which are downregu-
lated genes, show an increase in active marks during dif-
ferentiation and a decrease in quiescence. The decrease
in quiescence and increase in the active marks is attenuat-
ed upon stwl GKD (Supplemental Fig. S5C). Thus, Stwl
contributes to expression of a cohort of maternal genes
by promoting the acquisition of active histone marks dur-
ing differentiation.

Analyzing the chromatin state of the upregulated genes
upon stwl GKD, we observed changes in the enhancer
landscape (Fig. 5C; Supplemental Fig. S5D). In control ova-
ries, in the undifferentiated stages, genomic regions en-
compassing upregulated genes are enriched for active
enhancers, consistent with the fact that these genes are
normally expressed at higher levels in the undifferentiated
stages (Figs. 2D, 5C). During differentiation, we found that
the levels of active enhancers decrease with an increase in
“weak” enhancers, which are usually associated with in-
active or poised genes, concomitant with these genes be-
ing silenced (Figs. 2D, 5C). Weak enhancers are defined
as regions containing high levels of H3K4mel and low lev-
els of H3K27ac. In contrast, enhancers are defined by high
levels of both H3K27ac and H3K4mel (Supplemental Fig.
S4A). These changes in “active” and “weak” enhancers
during differentiation did not happen upon loss of stwl,
and these genes continued to be expressed (Figs. 2D, 5C,
D). The enhancer profile of stwl GKD resembles the en-
hancer profile of undifferentiated cells (Fig. 5C). Indeed,
the PCA plot of histone marks of upregulated genes shows
that enhancer marks (H3K27ac) are dysregulated in stwl
GKD compared with differentiated controls (Supplemen-
tal Fig. S5E). For example, the genomic region proximal
to rpS19b showed a decrease in active enhancers and an
increase in weak enhancers during differentiation (Supple-
mental Fig. S5F). As Stwl and BEAF regulate a cohort of
upregulated targets, we mapped BEAF binding sites to
the upregulated targets and found that BEAF binding sites
flank these targets, suggesting that Stwl could exert its en-
hancer activity through recruiting BEAF (Fig. 5C). Taken
together, we infer that Stwl promotes silencing of a cohort
of early oogenesis genes, such as rpS19b, during differenti-
ation by regulating their promoter and their associated
enhancers.

We previously found that SETDBI regulates a subset of
early oogenesis genes through promoting heterochroma-
tin formation on their gene body (Sarkar et al. 2023). To as-
certain whether Stwl directly regulates heterochromatin,
we conducted an analysis of heterochromatic H3K9me3
domains following stwl GKD. We integrated RNA-seq
data with H3K9me3 analysis to explore potential correla-
tions between the upregulation of target genes upon stwl
depletion and changes in H3K9me3 levels. We found that
Stwl coregulates 48 % of the upregulated genes in conjunc-
tion with SETDBI (Supplemental Table S1). Of these cor-
egulated genes, we observed a decrease in H3K9me3 levels
on the gene body of 128 early oogenesis genes (11%) fol-
lowing stwl depletion (Supplemental Fig. S5G). Principal
component analysis of all the coregulated genes suggests
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Figure 4. Stwl demarcates active and silenced genomic compartments during differentiation and is required for proper chromatin state.
(A) CUT&RUN occupancy of IgG peaks in WT ovaries (negative control), Stwl peaks in undifferentiated stages (bam GKD), Stwl peaks in
differentiated stages of WT ovaries, Stwl peaks in stwl GKD, and BEAF peaks in differentiated stages of WT ovaries in stwl GKD and
CTCEF. Occupancy heat maps are shown for TADs as well as —3 kb and +3 kb around the start and end of TADs. Black dashed lines rep-
resent the start and end of TADs. The heat maps show the binding of Stwl, BEAF, and CTCF at the boundaries of TADS. (B) Comprehen-
sive analysis of seven chromatin states of undifferentiated stages (bam GKD), differentiated stages (WT ovaries), and stwl GKD ovaries
built using multiple histone marks is shown for TADs. Heat map showing TADs as well as —3 kb and +3 kb around the start and end
of TADs. Black dashed lines represent the start and end of TADs. Different states are indicated by color. (Gold) Enhancer, (light gray) het-
erochromatin/repressed, (dark gray) quiescent/low, (green) transcript, (red) TSS active/flank, (beige) weak enhancer, (blue) Znf/repeats.
This seven state model shows Stwl demarcating active compartments at TAD boundaries and repressed compartments in TADs. (C)
Heat maps of H3K4me3 active histone marks in undifferentiated stages (bam GKD), differentiated stages (WT ovaries), and stwl GKD ova-
ries are shown for TADs. Heat map showing TADS as well as —3 kb and +3 kb around the start and end of TADs. Black dashed lines rep-
resent the start and end of TADs. Heat maps showing that the H3K4me3 histone mark profile of stwl GKD resembles that of
undifferentiated stages. (D) Heat maps of the H3K27ac active enhancer histone mark in undifferentiated stages (bam GKD), differentiated
stages (WT ovaries), and stwl GKD ovaries are shown for TADs. Heat map showing TADS as well as —3 kb and +3 kb around the start and
end of TADs. Black dashed lines represent the start and end of TADs. Heat maps showing that the H3K27ac histone mark profile of stwl
GKD resembles that of undifferentiated stages. (E) Heat maps of the H3K27me3 repressive histone mark in undifferentiated stages (bam
GKD), differentiated stages (WT ovaries), and stwl GKD ovaries are shown for TADs. Heat map showing TADs as well as —3 kb and +3 kb
around the start and end of TADs. Black dashed lines represent the start and end of TADs. Heat maps showing that the H3K27me3 histone
mark profile of stwl GKD resembles that of undifferentiated stages as well as differentiated stages.
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Figure 5. Stwl regulates enhancers to promote gene expression. (A) Heat maps of 1fc2 sorted for RN A-seq Stwl targets at TADs. Upregu-
lated targets are shown in red, and downregulated targets are shown in blue. Overlapping targets shared between nosGAL4>stwl GKD and
bamGAL4>stwl GKD showing upregulated targets in TADs (lilac) and downregulated targets (blue). Heat maps are shown for TADS as
well as —3 kb and +3 kb around the start and end of TADs. Black dashed lines represent the start and end of TADs. The heat maps are
divided into three clusters: the upregulated target cluster, the nontarget gene cluster, and the downregulated target cluster. The heat
maps show that both genes upregulated upon stwl GKD and genes downregulated upon stwl GKD are present within TADs. (B) Heat
maps of lfc2 sorted for RNA-seq Stwl downregulated targets in stwl GKD (blue). Heat maps show chromatin states for those targets in
undifferentiated stages (bam GKD), differentiated stages of wild-type ovaries, and stwl GKD ovaries. Different states are indicated by color
([dark gray| quiescent/low, [red] TSS active/flank), showing an increase in active marks at the TSSs of genes and a decrease of quiescence
during differentiation. These changes in chromatin states do not occur upon stwl GKD. (C) Heat maps of 1fc2 sorted for RNA-seq Stwl
upregulated targets in stwl GKD (red). Heat maps show enhancer states for those targets in undifferentiated stages (bam GKD) and differ-
entiated stages of wild-type ovaries. Enhancer profile heat maps are shown for upregulated targets in undifferentiated stages (bam GKD),
differentiated stages of wild-type ovaries, and stwl GKD ovaries showing changes in enhancer profiles during differentiation that do not
occur upon stwl GKD. BEAF binding sites are mapped at Stwl upregulated targets in stwl GKD. (D) Heat maps of 1fc2 sorted for RN A-seq
Stwl upregulated targets in stwl GKD (red). Heat maps show enhancer state markers (H3K27ac and H3K4mel) for those targets in undif-
ferentiated stages (bam GKD) and differentiated stages of WT ovaries. Enhancer profile marker heat maps are shown for upregulated tar-
gets in undifferentiated stages (bam GKD), differentiated stages of WT ovaries, and stwl GKD ovaries showing changes in enhancer profile
markers during differentiation that do not occur upon stwl GKD.
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that Stwl regulates most of these shared targets with
SETDBI at the level of enhancers rather than through
the regulation of heterochromatin deposition on the
gene body (Supplemental Fig. S5H). However, we cannot
exclude the possibility that SETDBI1 deposits heterochro-
matin on distal enhancer of these upregulated genes.
Thus, Stwl primarily exerts its influence mostly via en-
hancers rather than by directly regulating heterochroma-
tin formation on the gene body.

Stwl promotes the expression of nucleoporins
and, consequently, NPC formation

We were interested in understanding how Stwl, which is
present at TAD boundaries, contributes to changes to
the expression of genes inside TADs. NPCs can help posi-
tion chromatin domains to the nuclear lamina to main-
tain their silenced state (Strambio-De-Castillia et al.
2010; Bank and Gruenbaum 2011; Ibarra and Hetzer
2015; van Steensel and Belmont 2017; Briand and Collas
2020; Nazer 2022). We previously described a role for
NPCs in maintaining the silencing of early oogenesis
genes such as rpS19b by tethering them to the nuclear pe-
riphery (Sarkar et al. 2023). Intriguingly, loss of individual
Nups in the germline phenocopies loss of stwl (Colozza
et al. 2011; Sarkar et al. 2023). Building on these findings,
we asked whether Stwl affects the expression of Nups.

From visual inspection of downregulated targets, we ob-
served a significant decrease in the expression levels of four
nucleoporins (Nups), which were downregulated by more
than twofold upon the loss of stwl (Fig. 6A; Supplemental
Table S1). Another 10 were also downregulated but did
not meet the twofold cutoff. These downregulated Nups
did not belong to a specific NPC subcomplex. Instead, we
discovered that these Nup genomic loci were bound by
Stwl and BEAF around the TSS (Fig. 6A). For example, for
the Nup aladin, which is downregulated upon the loss of
stwl, there is a decrease of quiescence in the genomic re-
gion proximal to it during differentiation. This change in
quiescence did not occur upon stwl GKD (Supplemental
Fig. S6A; Nallasivan et al. 2021). Taken together, we found
that Stwl promotes the expression of a specific cohort of
Nups by creating a barrier between active and repressed
chromatin regions during differentiation.

Considering that all Nups are required to form function-
al NPCs, we hypothesized that the loss of stwl would dis-
rupt NPC assembly. To test this hypothesis, we examined
NPC formation in control and stwl GKD conditions using
the mADb414 antibody, a marker for NPCs (Davis and Blo-
bel 1987; Capelson et al. 2010a; Yang and Corces 2011;
Sarkar et al. 2023). From immunostaining, we found that
NPC levels did not increase in the nurse cells of the egg
chambers in stwl GKD ovaries like they did in the con-
trols (Fig. 6B-D). We used nurse cells for quantitation, as
stwl mutants do not properly specify an oocyte (Clark
and McKearin 1996). In addition, when there was NPC
staining present in stwl GKD ovaries, we found that there
were gaps in the distribution of NPCs in the nuclear mem-
brane (Supplemental Fig. S6B-C1). Thus, Stwl is required
for proper NPC formation.
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Stwl and NPCs promote tethering of silenced genes
to the nuclear lamina

Chavan et al. (2024) have shown that Stwl physically in-
teracts with components of the NPC. We hypothesized
that Stwl not only promotes NPC formation but, via inter-
action with NPCs, can promote the association of chro-
matin compartments to the nuclear periphery (Bank and
Gruenbaum 2011; Ulianov et al. 2019; Briand and Collas
2020; Chavan et al. 2024). To test this hypothesis, we first
asked whether Stwl and NPCs colocalize at the nuclear
periphery. By staining for NPCs and Stwl, we found that
Stwl and NPCs indeed colocalize (Supplemental Fig.
S7A-B2). Given that Stwl is observed at TAD boundaries
and interacts with NPCs. We hypothesized that NPCs
might also be present at these TAD boundaries. To test
this, we analyzed Nup binding sites in the genome using
available ChIP-seq data for Nup 107 and Elys from Kc
cells. (Gozalo et al. 2020). We found that the NPC compo-
nents Elys and NuplO7 were present flanking TAD
boundaries (Supplemental Fig. S7C). These observations
suggest that Stwl and NPC members interact and are pre-
sent at TAD boundaries.

We next wished to determine whether Stwl plays a role
in tethering TADs to the nuclear lamina to promote LAD
formation and contribute to gene silencing (Ciabrelli and
Cavalli 2015; Czapiewski et al. 2016; Szabo et al. 2018). To
determine this, we overlapped published LADs, Lamin
binding sites, and nucleoporin Elys binding sites with
the data we generated of chromatin state, Stwl binding
sites, and upregulated targets of Stwl (Ciabrelli and Cav-
alli 2015; Czapiewski et al. 2016; Szabo et al. 2018).

We found that, consistent with previous findings, most
LADs are also transcriptionally inactive during oogenesis
(Fig. 7A). We found that 36% of genes upregulated upon
Stwl depletion are located within LADs (Fig. 7A). Further-
more, we found that Stwl binding sites overlapped with
Lamin C binding sites, LAD boundaries (Fig. 7A; Ulianov
etal. 2019). Additionally, we also observed the presence of
Stwl, BEAF, and NPC member Elys binding at the periph-
ery of LADs (Fig. 7A). These findings suggest an interac-
tion between Stwl and NPCs, facilitating the association
of LADs with the nuclear lamina. We examined the geno-
mic position of the early oogenesis gene blanks and found
that not only were the TAD boundaries associated with
Lamin C, but the blanks locus itself was also associated
with Lamin C (Supplemental Fig. S7D). We also found
that the early oogenesis gene rpS19b is not part of a
TAD/LAD and that Stwl binding sites that flank this locus
overlap with Lamin C (Supplemental Fig. S7D).

Previously, we observed that depletion of nup154 in the
germline leads to the detachment of the rps19b locus from
the nuclear periphery, accompanied by upregulation of
1ps19b expression (Sarkar et al. 2023). To further investi-
gate whether Stwl facilitates the tethering of silenced
genes to the nuclear lamina, we conducted DNA fluores-
cent in situ hybridization (FISH) using probes specific to
the rpS19b locus in control, stwl GKD, and BEAF mutant
ovaries (Sarkar et al. 2023). In control ovarioles, we consis-
tently observed the rpS19b locus positioned at the nuclear
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Figure 6. Stwl promotes the expression of nucleoporins to promote NPC formation. (A) CUT&RUN occupancy of IgG peaks in WT ova-
ries (negative control), Stwl peaks in undifferentiated stages of ovaries, Stwl peaks in differentiated stages of WT ovaries, Stwl peaks upon
stwl GKD, and BEAF peaks in differentiated stages of WT and CTCF for Nups. Occupancy heat maps are shown for Nup genes as well as —3
kb and +3 kb around the start and end of Nup genes. Black dashed lines represent the start and end of Nups. The heat maps show the bind-
ing of Stwl, BEAF, and CTCF to Nups. The red dashed line delineates the Nups that are downregulated by 1fc2. Heat maps show binding of
Stwl, BEAF, and CTCEF at the TSSs of nup genes. (B,B1) Ovariole of control nosGAL4 (B) and grayscale (B1) stained for NPC (red and in
grayscale) and DAPI (blue). NPCs form regular ring structures and increase in intensity, leading to the later egg chambers. (C,C1) Ovariole
of stwl GKD (C) and grayscale (C1) stained for NPC (red and in grayscale) and DAPI (blue). NPCs do not increase in intensity, leading to the
later egg chambers. (D) Arbitrary unit (a.u.) quantification of nucleoporin (Nup) genes in 2 pm x 2 um egg chambers of stwl GKD (red) com-
pared with control ovaries (gray). Statistics were derived from two-tailed t-tests. n = 5 ovarioles per genotype. (ns) P> 0.05, (****) P <0.0001.
NPC analysis was done on nurse cells because upon stwl depletion, the oocyte was not properly specified, precluding analysis of the oo-
cyte. In addition, nucleoporins synthesized by nurse cells were provided to the oocyte.

lamina, consistent with previous findings (Fig. 7B; Sarkar silenced during this transition, while maternally depos-
etal. 2023). However, following stwl GKD or in BEAF mu- ited genes are activated (DeLuca et al. 2020; Sarkar et al.
tants, the rpS19b locus was no longer located at the nucle- 2023). Active genes tend to be in the nuclear interior,
ar periphery, indicating its detachment from the lamina whereas inactive genes are mainly found near the nuclear
(Fig. 7B-G). BEAF mutants showed increased fragmenta- periphery, close to the lamina (Bank and Gruenbaum
tion of the rps19b locus, hinting at additional functions. 2011; Briand and Collas 2020). The mechanisms that pro-
Thus, our results suggest that the NPC, Stwl, and BEAF mote such genomic organization during the germ cell-to-
collectively promote the association of silenced genes maternal transition had not been deciphered.

with the nuclear lamina, contributing to the maintenance Here, we found that Stwl accumulates at TAD/LAD
of gene silencing. boundaries delineating active and repressed genomic com-

partments during germline differentiation to an oocyte.
The presence of Stwl at these boundaries facilitates the es-

Discussion tablishment of specific chromatin states of these genomic

compartments and the maintenance of chromatin marks.
Germ cell differentiation into an oocyte involves signifi- Demarcating these compartments is required for both si-
cant changes in gene expression (Flora et al. 2017; DeLuca lencing germ cell genes and activating a cohort of maternal
et al. 2020; Rust et al. 2020; Slaidina et al. 2020; Liang-Yu genes. In addition, the Stwl-dependent formation of geno-
etal. 2023; Sarkar et al. 2023). Germ cell-specific genes are mic boundaries also promotes the expression of Nups,
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Figure 7. Stwl promotes association of genes to the nuclear periphery. (A) CUT&RUN and ChIP occupancy of Stwl, Elys (Nup), Lamin C,
and BEAF peaks in differentiated stages of WT ovaries for all LADs. Stwl peaks in differentiated stages are shown in red, Elys from Kc cells
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nuclei of control (B) and stwl GKD ovaries (C) stained for Vasa (green) and probed for rpS19b DNA (magenta). In controls, the rpS19b locus
is at the nuclear periphery. stwl GKD resulted in the migration of the rpS19b locus away from the nuclear lamina. (D,E) Nurse cell nuclei
of control (D) and BEAFKO ovaries (E) stained for Vasa (green) and probed for rpS19b DNA (magenta). In controls, the rpS19b locus is at the
nuclear periphery. BEAF KO resulted in both fragmentation and the movement of the rpS19b locus away from the nuclear lamina. (F)
rpS19b locus distance measured from the nuclear lamina in nurse cells of control WT ovaries and stwl GKD ovaries. Distance is measured
in micrometers. (Gray) Control ovaries, (pink) stwl GKD ovaries. Statistics were derived from unpaired ¢-tests. n = 4 ovarioles per control;
ovarioles n = 8 per stwl GKD. (**) P<0.01. (G) rpS19b locus distance measured from the nuclear lamina in nurse cells of control WT ovaries
and BEAFKO ovaries. Distance is measured in micrometers. (Gray) Control ovaries, (pink) BEAF KO ovaries. The distances of the furthest
foci from the periphery were measured. Statistics were derived from unpaired t-tests. n=4 ovarioles per control; n=8 ovarioles per stwl
GKD. (***) P<0.001. (H) Model showing that Stwl is required during the transition from undifferentiated stages to differentiated stages
of oogenesis to establish boundaries between active and repressed domains by recruiting BEAF to its binding sites and regulating the ex-
pression of germ cell differentiation genes and Nups through enhancer dynamics at the nuclear lamina. This model was created with Bio-
Render.com. Scale bars, 15 um
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which aid in the formation of NPCs (Fig. 7H; Hou and Cor-
ces 2010). These NPCs in turn tether TADs/LADs to the
nuclear lamina, promoting gene regulation (Gonzalez-San-
doval and Gasser 2016). Consistent with Stwl’s role in bind-
ing NPCs and being present at TAD/LAD boundaries, Stwl
is enriched at the nuclear periphery and colocalizes with
NPCs (Chavan et al. 2024). Thus, Stwl regulates local and
global genome organization to regulate the cell fate transi-
tion during oogenesis (Fig. 7H).

Stwl silences early oogenesis genes by demarcating
genomic compartments

Stwl is required for GSC maintenance and the proper
development of egg chambers (Clark and McKearin 1996).
Previously, it had been proposed that Stwl silences differen-
tiation genes potentially via epigenetic control by modulat-
ing H3K9me3 and H3K27me3 (Yi et al. 2009; Zinshteyn
and Barbash 2022). Indeed, we found that Stwl is critical
for silencing early oogenesis genes, some of which promote
GSC differentiation into an oocyte (Pritchett et al. 2009).
However, we believe that this function of Stwl is not direct.
Instead, Stwl plays a crucial role in demarcating silenced
and active compartments within the genome in part by re-
cruiting BEAF. By regulating the distribution of these chro-
matin marks, Stwl indirectly promotes the silencing of
early oogenesis genes during oogenesis. This silencing is
mediated via modulating the enhancer activity.

The genomic compartments that Stwl demarcates dur-
ing oogenesis are annotated as TADs or LADs in Kc cells
and salivary gland cells (Eagen et al. 2015; Ramirez et al.
2018). The function of TADs has been shown to constrain
promoter—enhancer interactions to prevent enhancer cap-
ture to regulate proper gene expression (Burgess-Beusse
et al. 2002; Cavalheiro et al. 2021; Zuin et al. 2022). It is
possible that ectopic expression of repressed genes (such
as early oogenesis genes) due to loss of stwl could be
because of enhancer capture caused by loss of partition be-
tween active and repressed chromatin. However, we do
not know whether the genomic compartments that we
identified during oogenesis are bona fide TADs/LADs dur-
ing oogenesis. In addition, another caveat is that many of
the chromatin changes occurring upon loss of stwl could
be indirect and simply follow changes in gene transcrip-
tion rather than being instructive or directly caused by
loss of Stwl (Howe et al. 2017).

Stwl not only is required for silencing gene expression
but is also critical for activating a cohort of maternally
supplied genes such as pgc and some Nups (Hanyu-Naka-
mura et al. 2008; Gozalo and Capelson 2016). We do not
think that these maternally provided genes are directly ac-
tivated by Stwl. Instead, the maternal genes regulated by
Stwl are proximal to genomic boundaries that separate ac-
tive and repressed regions. We think a cohort of maternal-
ly supplied genes requires the activity of Stwl to provide a
barrier from silenced regions present proximally. While
the cohort of maternal genes regulated by Stwl is small
compared with the number of genes supplied maternally,
it is functionally critical. For example, pgc is required to
specify a germ cell fate, and Nups are required to complete

Genome organization regulates nuclear pore complex

oogenesis and launch the next generation (Hanyu-Naka-
mura et al. 2008; Hampoelz et al. 2016; Sarkar et al.
2023). Thus, Stwl coordinates stable silencing of early oo-
genesis genes to activate maternally provided genes by
providing a barrier function between chromatin compart-
ments, preventing the mixing of chromatin states.

Stwl coordinates global genome reorganization by both
promoting NPC formation and interacting with NPCs

NPCs are required for global genome organization, but
whether global genome organization itself promotes NPC
formation was not known (Capelson et al. 2010a; Hou
and Corces 2010; Iglesias et al. 2020). Here, we found that
by acting as a barrier between active and repressive com-
partments, Stwl promotes the expression of a cohort of
Nups and interacts with them. As all Nups are required
for NPC formation, Stwl promotes NPC formation by pro-
moting the transcription of some Nups that comprise the
NPC. We previously showed that H3K9me3-mediated
chromatin marks are also required for Nup transcription
(Sarkar et al. 2023). This suggests that NPC formation is
sensitive to both the levels of heterochromatin and how
it is demarcated.

NPCs are known to help in a genomic organization by
helping both tether silenced genes to the lamina to main-
tain their silenced state and position active genes under
NPCs to allow for RNA export (Capelson et al. 2010b;
Ibarra and Hetzer 2015; Gozalo and Capelson 2016; Swati
et al. 2023). We show that Stwl colocalizes with NPCs, pro-
moting the anchoring of silenced genes to the nuclear pe-
riphery, consistent with the findings of Chavan et al.
(2024). We also found that NPC components and Stwl are
present at TAD boundaries. Taken together, our data sug-
gest that Stwl, through BEAF recruitment, regulates NPC
formation and then, by interaction with NPCs, anchors
TADs to the nuclear periphery to maintain their silencing.
Indeed, loss of the NPC components stwl and BEAF results
in loss of Lamin association of an early oogenesis gene,
rpS19b. Thus, Stwl modulates global genome organization
by regulating the formation of and binding to NPCs.

Taken together, we found that Stwl is a critical regula-
tor of local and global genome architecture during the
germ cell-to-maternal transition. By establishing bound-
aries between silenced and active regions, Stwl ensures
the confinement of a particular chromatin state and the
proper expression of germ cell differentiation genes and
Nups to regulate NPC formation. The NPCs in turn pro-
mote the tethering of silenced regions to the lamina.
This work provides an essential framework for under-
standing the interplay between genome organization,
NPCs, and cell fate determination.

Materials and methods

Fly lines

The following RNAi and mutant fly stocks were used in
this study: stwl RNAi (Bloomington Drosophila Stock
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Center [BDSC] 35415); stwl deficiency chromosome [Df
(3L)Exel6122; BDSC 7601]; stwl mutants using CRISPR
by precise deletions of the open reading sequence (obtained
from the Jagannathan laboratory) (Chavan et al. 2024); stwl
knockout (KOJ alleles generated using CRISPR-mediated
homology-directed repair, where 1000 bp from the
3 UTR and 785 bp from the 5 UTR of Stwl were cloned
into a vector (pBSK-attB-DsRed-attB), flanked by a
3XP3-driven DsRed cassette; barm RNAi (BDSC 33631);
and BEAFABXO mutant flies (obtained from the Hart
laboratory).

The following tagged line was used in this study:
rpS19b-GFP (Buszczak laboratory) (McCarthy et al. 2022).

The germline-specific drivers and double-balancer lines
used in this study were UAS-Dcr2;nosGAL4 (BDSC
25751), bamGAL4 (BDSC 80579), matGAL4 (BDSC 7062
and 7063), nosGAL4;MKRS/TM6 (BDSC 4442), If/CyO;
nosGAL4 (Lehmann laboratory), and T/GAL4/CyO (Leh-
mann laboratory).

Reagents for fly husbandry

Fly crosses were grown at 25°C-29°C and dissected be-
tween 0 and 3 days after eclosion. Fly food for stocks
and crosses was prepared using the Lehman laboratory
protocol (summer/winter mix), and narrow vials (Fisher-
brand Drosophila vials, Fisher Scientific) were filled to
~10-12 mL.

Dissection and immunostaining

Ovaries were dissected, and the ovarioles were separated
using mounting needles in PBS solution and kept on ice.
Samples were then fixed for 12 min in 5% methanol-free
formaldehyde. Ovaries were washed in 0.5 mL of PBT
(1x PBS, 0.5% Triton X-100, 0.3% BSA) four times for 10
min each while incubating on a nutator. Primary antibod-
ies in PBT were added and incubated overnight at 4°C
while nutating. Samples were next washed three
times for 5-8 min each in 1 mL of PBT. Secondary antibod-
ies were added in PBT with 4% donkey serum and incu-
bated for 3-4 h at room temperature. Samples were
washed three times for 10 min each in 1 mL of 1x PBST
(0.2% Tween 20 in 1x PBS) and incubated in VectaShield
with DAPI (Vector Laboratories) for at least 1 h before
mounting.

The primary antibodies used were rabbit anti-Stwl 1
(1:2000; obtained from the Jagannathan laboratory), mouse
anti-1B1 (1:20; Developmental Studies Hybridoma Bank
[DSHB]), rabbit anti-Vasa (1:1000; the Rangan laboratory),
chicken anti-Vasa (1:1000; the Rangan laboratory),
rabbit anti-GFP (1:2000; Abcam ab6556), rabbit anti-
H3K9me3 (1:500; Active Motif AB_2532132), mouse
anti-H3K27me3 (1:500; Abcam ab6002), rabbit anti-Egl
(1:1000; the Lehmann laboratory), and mouse anti-NPC
(1:2000; BioLegend AB_2565026). The following secondary
antibodies were used: Alexa 488 (1:500; Molecular Probes),
Cy3 (1:500; Jackson Laboratories), and Cy5 (1:500; Jackson
Laboratories).
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Fluorescence imaging

Ovaries were mounted on slides and imaged using Zeiss
LSM-710 and LSM-880 confocal microscopes under 20x,
40x, and 63x oil objectives with pinhole set to one airy
unit. Image processing was done using Fiji, and gain ad-
justment and cropping were performed in Photoshop.

RNA isolation and TURBO

Ovaries were dissected into PBS and transferred to RNase-
free microcentrifuge tubes. PBS was removed, 100 pL of
Trizol was added, and ovaries were flash-frozen and stored
at —80°C. Ovaries were then lysed in the microcentrifuge
tubes using a plastic disposable pestle. Trizol was added to
1 mL total volume while vigorously shaking the tubes,
and the samples were incubated for 5 min at room temper-
ature. The samples were centrifuged at >13,000g for
20 min at 4°C, and the supernatant was transferred to a
fresh microcentrifuge tube. Five-hundred microliters of
chloroform was added, and the samples were vigorously
shaken and incubated for 5 min at room temperature.
The samples were spun at maximum speed for 10 min at
4°C. The supernatant was transferred to a fresh microcen-
trifuge tube and ethanol-precipitated. Sodium acetate was
added, equaling 10% of the volume transferred, and 2-2.5
vol of 100% ethanol was added. The samples were shaken
thoroughly and left to precipitate overnight at —20°C. The
samples were centrifuged at maximum speed for 15 min at
4°C to pellet the RNA. The supernatant was discarded,
and 500 pL of 75% ethanol was added to wash the pellet.
The samples were vortexed to dislodge the pellet to ensure
thorough washing. The samples were spun for 5 min at
4°C, and the supernatant was discarded. The pellets
were dried for 10-20 min and then resuspended in 20-50
pL of RNase-free water, and the absorbance at 260 nm
was measured on a nanodrop to measure the concentra-
tion of each sample.

CUT&RUN assay

Before starting the experiment, stock solutions were pre-
pared and stored: wash buffer (47.5 mL of H,O, 1 mL of
1 M HEPES at pH 7.5 [final concentration 20 mM], 1.5
mL of 5 M NaCl [final concentration 150 mM], 50 mg of
BSA [final concentration 0.1%]), 1x BBT (0.5 g of BSA [final
concentration 0.5%], 50 mL of PBST), 2x STOP buffer
(46 mL of H,O, 2 mL of 5 M NaCl [final concentration
200 mM], 2 mL of 0.5 M EDTA [final concentration
20 mM]), 100 mM CaCl, solution, MXP buffer (10 g of
PEGS8000 [final concentration 20%], 25 mL of 5 M NaCl
[final concentration 2.5 M], 0.5 mL of 1 M MgCl, [final
concentration 10 mM], fill up to 50 mL with H,O), and
permeabilization buffer (50 mL of PBST, 500 pL of Tri-
ton-X). On the first experimental day, the wash buffer*
and the BBT" were freshly prepared and lasted up to
3 days. The wash buffer” consisted of adding one large
Roche complete EDTA-free tablet and 5 pL of 5.55 M sper-
midine to achieve a final concentration of 0.5 mM, and the
BBT" consisted of adding a large Roche complete EDTA-



free tablet along with 5 pL of 5.55 M spermidine to attain a
final concentration of 0.5 mM and 200 pL of 0.5 M EDTA
for a final concentration of 2 mM. Following the prepara-
tion, 20 pairs of fattened fly ovaries were dissected per rep-
licate and placed on ice in 1x PBS. The sample was then
treated with the permeabilization buffer for 1 h at room
temperature while nutating, followed by washing with
1 mL of BBT" buffer and subsequent removal of the super-
natant. Antibody dilutions were then prepared in 500 uL of
BBT™* buffer, and the sample was incubated overnight at
4°C. The next day, the sample was washed with BBT* buff-
er and then incubated with a pAG-MNase 1:100 dilution
in 500 pL of BBT" for 4 h at room temperature. For DNA
cleavage, a wash* C buffer was prepared by combining
1.5 mL of wash* buffer with 30 pL of 100 mM CaCl,, fol-
lowed by resuspending the sample in 150 pL of wash* C
buffer and incubating it for 45 min at 4°C. Next, a 2X STO-
PyR buffer* was freshly prepared by adding 1600 uL of 2x
STOP buffer and 10 pL of RNase A. At the end of the 45
min incubation, 150 pL of 2x STOPyR buffer was added
to the sample and incubated for 30 min at 37°C. The sam-
ple was centrifuged at 16,000 for 5 min, and the superna-
tant was carefully extracted and transferred to a fresh
Eppendorf tube. To this supernatant, 2 pL of 10% SDS
and 2.5 pL of 20 mg/mL Proteinase K were added, and
the mixture was thoroughly mixed using a brief vortexing
procedure. Subsequently, the sample was incubated in a
water bath for a period of 2 h at 50°C. It is important to
note that this can be stopped at this step, and the samples
can be stored at —20°C. The magnetic beads and MXP
were brought to room temperature before proceeding.
One-hundred-fifty microliters of the supernatant was ex-
tracted for subsequent bead cleanup, while the remainder
was kept as a backup. Twenty microliters of AmpureXP
bead slurry and 280 pL of MXP buffer were added to the
sample and incubated for 15 min at room temperature. Us-
ing a magnetic rack, the beads were collected and incubat-
ed for 5 min. The supernatant was then discarded. The
tubes were kept on the magnet, and 1 mL of 80% ethanol
was added to each tube without disturbing the beads. Us-
ing a magnetic rack, the beads were collected and incubat-
ed for 5 min. The supernatant was then discarded. The
tubes were kept on the magnet, and 1 mL of 80% ethanol
was added to each tube without disturbing the beads. The
sample was then incubated for a minimum of 30 sec, and
the ethanol was gently aspirated to remove all traces of
ethanol. While the tube remained on the magnet, the
beads were air-dried for 2 min and resuspended in 10 pL
of RNase-free and DNase-free water. The samples were
then incubated for 2 min at room temperature. Following
this, the samples were kept on the magnet, and the clear
solution was transferred to a new Eppendorf tube. The
DNA concentration was determined using a highly sensi-
tive dsDNA Qubit assay, and DNA size distribution in
samples was analyzed using a fragment analyzer.
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