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The synaptonemal complex (SC) is a proteinaceous scaffold that is assembled between
paired homologous chromosomes during the onset of meiosis. Timely expression of SC
coding genes is essential for SC assembly and successful meiosis. However, SC compo-
nents have an intrinsic tendency to self-organize into abnormal repetitive structures,
which are not assembled between the paired homologs and whose formation is poten-
tially deleterious for meiosis and gametogenesis. This creates an interesting conundrum,
where SC genes need to be robustly expressed during meiosis, but their expression must
be carefully regulated to prevent the formation of anomalous SC structures. In this
manuscript, we show that the Polycomb group protein Sfmbt, the Drosophila ortholog of
human MBTD1 and L3MBTL2, is required to avoid excessive expression of SC genes
during prophase I. Although SC assembly is normal after Sfmbt depletion, SC disassem-
bly is abnormal with the formation of multiple synaptonemal complexes (polycomplexes)
within the oocyte. Overexpression of the SC gene corona and depletion of other Poly-
comb group proteins are similarly associated with polycomplex formation during SC dis-
assembly. These polycomplexes are highly dynamic and have a well-defined periodic
structure. Further confirming the importance of Sfmbt, germ line depletion of this pro-
tein is associated with significant metaphase I defects and a reduction in female fertility.
Since transcription of SC genes mostly occurs during eatly prophase I, our results suggest
a role of Sfmbt and other Polycomb group proteins in downregulating the expression of
these and other early prophase I genes during later stages of meiosis.

meiosis | transcription | Polycomb group proteins | synaptonemal complex | polycomplexes

Female gametogenesis imposes several challenges for gene expression, as meiosis and
the genetic programs required for oocyte determination and differentiation are inter-
twined during oogenesis. Mitotic to meiotic transition is associated with a genome-
wide reprogramming of the germ cells transcriptome, which ensures commitment to
female gametogenesis, meiosis, and the correct expression of prophase I genes. Bud-
ding yeast transcription factor IME-1 is crucial for sporulation and expression of early
sporulation-specific genes, and its overexpression is sufficient to induce meiotic entry
(1, 2). In mammals, entry into meiosis is associated with retinoic acid signaling and
the transcription factor Stimulated by retinoic acid 8 (Stra8) (3, 4). STRAS is required
within the germ cells for mitotic to meiotic transition, and this transcription factor
induces the expression of thousands of genes, including meiotic prophase I genes
(5, 6). How the expression of prophase I genes is regulated after induction is nonethe-
less still poorly understood.

We focused on the expression of the synaptonemal complex (SC) genes, as they are
robustly expressed during the onset of meiosis (7), for synapsis formation and meiotic
recombination. However, their expression must be tightly regulated during prophase I
in order to avoid the intrinsic tendency of these proteins to self-organize into abnormal
SC structures, which are not assembled between the paired homologs and whose for-
mation is potentially deleterious for meiosis and gametogenesis (8, 9). This suggests an
interesting conundrum, where SC genes need to be robustly expressed during early pro-
phase I for correct SC assembly, but their expression must be carefully regulated to
avoid the formation of anomalous structures. Supporting this possibility, ectopic expres-
sion of yeast SC component Zipl and precocious translation of Caenorhabditis elegans
SC genes during the premeiotic mitotic divisions are both associated with the formation
of abnormal SC structures during pachytene (10, 11).

Meiotic prophase I progression relies on pairing of the homologous chromosomes,
synapsis formation, and correct formation and maturation of meiotic cross-overs (12).
The SC is a proteinaceous scaffold that is assembled between the paired homologous
chromosomes during meiosis I and is required to stabilize chromosome pairing interac-

tions (13). Regardless of the requirement of programmed double-strand breaks (DSBs)
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for homolog pairing and SC assembly (14-16), synapsis forma-
tion typically results from a zipper-like process that allows the
extension of the initial complexes and full assembly of the SC
along the length of the paired chromosome arms during pachy-
tene (17). SC assembly is important for accurate segregation of
meiotic chromosomes, and mutations within SC component
encoding genes have been linked to infertility, miscarriages, and
genetic birth defects, highlighting the importance of this pro-
tein complex for human health (18).

Drosophila oogenesis starts in the germarium with an asym-
metric division of an anteriorly localized germ line stem cell and
the formation of a cystoblast daughter cell. The cystoblast then
undergoes four rounds of incomplete mitotic divisions to pro-
duce a cyst of 16 interconnected cells. Initial pairing of the
homologous chromosomes occurs during these premeiotic
mitotic divisions, and once the 16-cell cyst is formed, the paired
centromeres cluster on average into two groups (19, 20). SC
loading to the centromeres is required for normal clustering of
the centromeres in 16-cell cysts (13, 19, 20). Initially up to four
nuclei within the 16-cell cyst assemble SCs along their euchro-
matic arms; however, as the cyst matures, the euchromatic SC
disassembles from three of these nuclei, and only the single pro-
oocyte maintains a full-length SC in region 3 of the germarium.

Drosophila SC is composed of three components: two lateral
elements that run along the chromosomes and are composed of
the cohesin-related Orientation disrupter (Ord) and Crossover
suppressor on 2 of Manheim [C(2)M] complexes, a central
region that is composed primarily of the transverse filament
protein Crossover suppressor on 3 of Gowen [C(3)G] and
Corolla, and a central element that contains a protein named
Corona (Cona) (13, 21-27). Expression of SC genes starts dur-
ing the premeiotic mitotic divisions of the cyst, as central
region proteins can be seen transiently associated with the cen-
tromere before entry into meiosis (19). Consistently, it was
recently shown using single-cell RNA sequencing (RNA-seq)
that SC genes are transiently transcribed within 8- and 16-cell
cysts (7). The SC is fully assembled by region 3 of the germa-
rium (pachytene) and stays assembled within the oocyte until
stage 5 of oogenesis, after which it will be progressively disas-
sembled from the chromosome arms (diplotene). By stages 7/8,
the SC is no longer detectable in the arms. However, the SC
can still be detected within the centromeric regions of meiotic
chromosomes at least until stages 8/9 (20). Regulation of SC
disassembly during diplotene is poorly understood. In Saccharo-
myces cerevisiae, C. elegans, and Mus musculus, regulation of SC
disassembly is related to cell-cycle kinases such as Polo-like kin-
ases, Aurora B/INCENP, and Cdkl (28-32). In Drosophila
melanogaster, regulation of SC disassembly is potentially associ-
ated with loading of condensin protein complexes (33).

Our working hypothesis is that expression of prophase I
genes is dynamically regulated for meiotic progression and cor-
rect maturation of the oocyte. Previously, we and others
showed that Lysine demethylase 5 (also known in Drosophila as
little imaginal discs) is important within the female germ line
for maintenance of SC assembly, meiotic chromatin architec-
ture, and female fertility (34, 35). We reasoned that distinct
chromatin remodeling proteins likely play an important role in
regulating prophase I gene expression and avoiding excessive
expression of SC components. To identify such proteins, we
performed an RNA interference (RNAI) screen for genes whose
depletion within the female germ line would impair the normal
assembly and disassembly of the SC. We identified the Poly-
comb repressive protein Scm-related gene containing four mbt

domains (Sfmbz) (36-38), the Drosophila ortholog of human
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MBTDI1 and L3MBTL2, as being essential for correct disas-
sembly of the SC. Depletion of Sfmbt within the female germ
line did not impair the normal assembly of the SC during early
prophase I (pachytene), with correct clustering of the centro-
meres. However, during mid/late prophase I (diplotene), Sfmbt
depletion was associated with SC disassembly defects and the
formation of a complex network of abnormal SC structures
named polycomplexes. Our results provide evidence for the for-
mation of polycomplexes in the absence of previous defects in
SC assembly, which uncovers a physiological role of this
polycomplex-avoidance mechanism in wild-type oocytes.

Transcriptomic analysis and reverse-transcription  droplet
digital PCR (RT-ddPCR) showed an up-regulation of several SC
genes expression after Sfmbt depletion. Consistent with the
hypothesis that unrestrained transcription of SC genes is deleteri-
ous, overexpression of the SC component Corona was sufficient
to partially phenocopy the formation of polycomplexes, and an
increase in gene copy number of SC component Corolla
enhanced the polycomplexes phenotype after Sfmbt depletion.
Sfmbt and its interacting partner Pleiohomeotic (Pho) associate
with regulatory sequences near the corona gene, demonstrating
that the Pho repressive complex (PhoRC) directly inhibits corona
expression. Further confirming the role of Sfmbt as a key player
in the epigenetic regulation of prophase I gene expression, its
depletion was associated with significant metaphase 1 defects,
abnormal gametogenesis, and female sterility.

Results

Sfmbt Is Required for the Correct Disassembly of the SC.
Timely expression of SC components is essential for chromo-
some pairing, meiotic recombination, and successful meiosis, yet
how these genes are coherently transcribed during prophase I
progression is still poorly understood. We reasoned that prophase
I expression of SC components is likely regulated at the chroma-
tin level. To test this hypothesis, we performed an RNAi screen
for chromatin remodeling genes whose germ line depletion could
impair SC assembly and/or disassembly. To screen for germ line
regulators of SC dynamics, we used an endogenously expressed
green fluorescent protein (GFP)—tagged Corolla (39), a component
of the central region of the SC, the germ line specific driver nanos-
Gal4 (40), and the UAS/Gal4 system (41, 42) for tissue-specific
expression of different short hairpin RNAs (shRNAs) against dis-
tinct chromatin remodeling proteins. We identified an Scm-related
gene containing four mbt domains (Sfmbz) (36, 38) as being a key
regulator of SC disassembly. In order to avoid off-target effects,
two different nonoverlapping shRNAs (Sfmbt RNAi-1 and Sfmbt
RNAI-2) were used in this work. Sfmbt RNAI-1 is available at
Bloomington Drosophila Stock Center (BDSC; BL32473; hairpin
reference P; TRiP.HMS00473) (43), whereas Sfmbt RNAi-2
stock was custom-made (for additional information, see S/
Appendix, Materials and Methods). As negative control, we used
a short hairpin against mCherry, a red fluorescent protein
derived from a sea anemone and not expressed in Drosophila.
Germ line depletion of Sfmbt did not impair the correct
assembly of the SC during pachytene, with normal expression
of Corolla and C(3)G along the meiotic chromosomes (region
3 of the germarium) (S7 Appendix, Fig. S1A). Correct assembly
of the SC is required for centromere clustering (19, 20). Sup-
porting our conclusion that Sfmbt is not critical for SC assem-
bly, centromere clustering was similarly not affected by Sfmbt
depletion (S Appendix, Fig. S1B; see quantification in SI
Appendix, Fig. S10). In contrast, we detected the formation of
abnormal Corolla-positive filaments after the onset of SC
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disassembly (from stage 5 onward) (Fig. 14, see yellow arrow- (9, 44). This phenomenon is conserved from yeast to humans

heads; see quantification in Fig. 1C), which did not colocalize and results from the intrinsic tendency of SC components to
with DNA and were mostly formed in later vitellarium stages. self-organize into abnormal structures not associated with the
Reassuringly, formation of Corolla-positive filaments after ~ paired homologous chromosomes. Depletion of Sfmbt led to
Sfmbt depletion could be detected in the absence of the GFP-  the formation of abnormal Corolla-positive filaments during
tagged Corolla reporter transgene (SI Appendix, Fig. S2A4, see SC disassembly (diplotene) (Fig. 1A4). Since these filaments
yellow arrowheads; see quantification in S/ Appendix, Fig. S2B), ~ were reminiscent of a particular type of abnormal SC structures
which showed that this phenotype is not dependent on this ~ named polycomplexes, we decided to investigate the formation
reporter transgene. We therefore concluded that Sfmbt is not ~ and nature of these structures in more detail.

essential for the correct assembly of the SC during pachytene, Drosophila SC disassembly along the meiotic chromosome
but its function within the germ line is critical for the correct ~ arms starts at stages 4/5 of oogenesis, and the SC is completely
disassembly of the SC during diplotene. dismantled by stages 8/9 (20). After Sfmbt depletion, Corolla-

positive filaments were only detected from stage 5 onward
Sfmbt Represses the Formation of Polycomplexes during SC (Fig. 1 A, C, and D and SI Appendix, Fig. S2 A and B), which
Disassembly. Defects in SC assembly can be associated with ~ confirmed that their formation correlated with the onset of SC
the formation of abnormal SC structures during pachytene disassembly. Remarkably, the size of such filaments increased
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Fig. 1. Sfmbt is required for the correct disassembly of the SC and avoidance of abnormal SC structures (polycomplexes). (4, B, D, and E) Immunofluores-
cence images showing the formation of abnormal SC structures (polycomplexes) during midoogenesis (stages 5 to 7) and mid/late oogenesis (stage 9) after
germ line depletion of Sfmbt, Scm, and Pho. (A) DNA (cyan) and Corolla (Corolla-GFP; red). Arrowheads highlight the polycomplexes in stage 5 to 7 egg cham-
bers. (B) DNA (blue), Corolla (Corolla-GFP; green), and Cid (red). Stage 9 egg chamber after germ line depletion of Sfmbt. (C) Quantification of polycomplex
formation for control RNAi, Sfmbt, Scm, and pho RNAi using an endogenously expressed GFP-tagged Corolla transgene. Number of scored oocytes is
displayed on the top of each bar. Statistically significant differences are marked with **** (P < 0.0001, Fisher's exact test). Average + SD of three biological
replicas. (D) Corolla (green), C(3)G (red), and DNA (gray). The insets show magnifications of the outlined regions displayed in the Left. (E) Immunofluorescence
images showing expression of Corolla (Corolla-GFP) and C(2)M [HA-C(2)M] in midprophase | (stages 6 and 7) after depletion of Sfmbt. C(2)M colocalizes to a
subset of polycomplexes during SC disassembly (stage 7) after germ line depletion of Sfmbt. Yellow arrowheads highlight the polycomplexes in stage 6 and
7 egg chambers. Corolla (Corolla-GFP; green), C(2)M [HA-C(2)M; red], and DNA (gray). Images shown in E are the same as those shown in S/ Appendix, Fig.
S5A. nanos-Gal4 was used to drive germ line-specific expression of shRNAs. For control RNAi, mCherry RNAi was used. Corolla corresponds to an endoge-
nously expressed GFP-tagged transgene; endogenous C(3)G was detected with an antibody and C(2)M with an HA antibody. Stg, stage. (Scale bar for all
images: 3 um.)
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dramatically during oogenesis, forming an extensive three-
dimensional network of Corolla-positive filaments within the
nucleus of stage 8/9 oocytes (Fig. 1B) (Movie S2), whereas
almost no filaments could be detected in the control oocytes
(Movie S1). Supporting the hypothesis that these Corolla-
positive filaments are abnormal SC structures, they also con-
tained the SC component C(3)G (Fig. 1D and S/ Appendix;, Fig.
S24), a subset incorporated the SC component C(2)M (Fig. 1E
and SI Appendix, Fig. S54; see quantification in S/ Appendix,
Fig. S5 Band (), and depletion of ¢(3)G impaired filament for-
mation after depletion of Sfmbt (no polycomplex formation
[0%] after coexpression of c(3)G RNAi and Sfmbt RNAi-1,
using the nanos-Gal4 driver and the Corolla-GFP reporter for
filaments visualization; 7 = 24 egg chambers [stage 5], and
n = 47 [stages 6 to 8]). The Corolla-positive filaments will there-
fore be referred to as polycomplexes from here onward.

Careful analysis of polycomplex formation after depletion of
Sfmbt showed that during early diplotene (stages 5 to 7), many
polycomplexes were in close association with the oocyte DNA
(Fig. 1B). This occurred not only within centromeric regions of
the oocyte but also along the chromosome arms (Movie S3).

Altogether, our results fully confirm that Sfmbt is required to
avoid the formation of polycomplexes during diplotene.

The Polycomplexes Formed after Depletion of Sfmbt Have a
Well-Defined Periodic Structure and Are Extremely Dynamic.
Polycomplexes correspond to abnormal SC structures with a
well-defined periodic organization. In C. elegans, these com-
plexes are highly dynamic, and their assembly is promoted by
weak hydrophobic interactions (45). In Drosophila, mutants for
E3 ubiquitin-protein ligase seven in absentia (sina) show poly-
complex formation during SC assembly (pachytene) (44). In
order to investigate if the polycomplexes formed after depletion
of Sfmbt are similarly periodic and dynamic, we performed
superresolution microscopy and live-cell imaging analysis of
these structures. We observed that these diplotene polycom-
plexes had a well-defined periodic crystal-like structure, with
repetitive 140-nm intervals between Corolla layers (Fig. 24). We
also observed that these crystal-like structures were remarkably
dynamic, with apparent filament fusions and formation of circu-
lar structures, and that they were frequently associated with the
meiotic chromatin (Fig. 2B) (Movies $4 and S5). Please note

Sfmbt RNAI-1

>

control RNAI

control RNAI

o8]

0.00 min 4.00 min 9.00 min

Stage 6

Sfmbt RNAI-2

Stage 7

14.00 min 19.00 min

Fig. 2. The polycomplexes formed after depletion of Sfmbt have a well-defined periodic structure and are extremely dynamic. (A) CH-STED superresolution
images of the polycomplexes formed during midoogenesis (stages 5 and 6) after depletion of Sfmbt. Polycomplexes show a highly repetitive stacked organi-
zation of SC components, with repetitive 140-nm intervals between Corolla layers. DNA (purple) and Corolla (green). The Insets show magnifications of the
outlined regions displayed in the Left. (B) Time-lapse images of a midoogenesis oocyte nucleus containing an endogenously expressed GFP-tagged Corolla
transgene. Images were taken every 1 min to evaluate polycomplex dynamics (see Movies S4 and S5). nanos-Gal4 was used to drive germ line-specific
expression of shRNAs. For control RNAi, mCherry RNAi was used. (Scale bar for all images: 3 pm.)
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that for stage 7 control oocytes, Corolla-GFP signal was typically
insufficient for live-cell imaging due to increased disassembly of
the SC. Our results suggest that, albeit formed at different stages
of Drosophila oogenesis, the polycomplexes formed in sina
mutants or after depletion of Sfmbt share a common periodic
structure. Furthermore, they also suggest that similar to C. ele-
gans, these polycomplexes are remarkably dynamic.

Sfmbt Localizes to the Supporting Nurse Cell’'s Chromatin and
Is Efficiently Depleted by RNAi. To better understand Sfmbt
expression during Drosophila oogenesis and the efficiency of its
depletion by RNAI, we engineered a CRISPR-based knock-in of a
C-terminal GFP tag within Sfinbr endogenous locus (S Appendix,
Material and Methods provides additional information). Homozy-
gous SfmbrGFP flies were viable and fertile, without any obvious
phenotypes. Since Sfinbr is an essential gene (36), this demon-
strated that the function of this protein is not significantly affected
by the fusion of a C-terminal GFP tag. Analysis of Sfmbt expres-
sion showed it is ubiquitously expressed in the germ line and in
the supporting somatic cells (Fig. 3A4). In the nurse cells and sup-
porting somatic cells, Sfmbt expression colocalized with the DNA
(Fig. 34, see yellow insets). This is consistent with the fact that
Sfmbt is a conserved subunit of the PhoRC (36, 38). The PhoRC
binds to Polycomb Response Elements (PREs) within the DNA
and helps to recruit Polycomb repressive complexes (PRC1 and
PRC2) for transcriptional repression of neighboring genes (36, 38,
46-49). Sftmbt had a punctuated staining within the nurse cells
(Fig. 34) identical to the one previously described for other Poly-
comb group proteins and H3K27me; (50). We failed to detect
any enrichment of Sfmbt within the oocyte meiotic chromatin
(Fig. 34, see red inset). As expected, the Sfmbt-GFP signal
became essentially undetectable within the female germ line after
germ line—specific depletion of Sfmbt (Fig. 35).

Sfmbt Is a Transcriptional Repressor of SC Genes. Since Sfmbt
is a conserved subunit of the PhoRC and its expression colocalized

Region 3
Germarium

>

DNA Sfmbt

control RNAI

oy)

Sfmbt RNAi-1

Stage 2

to the nurse cell's DNA (Fig. 3A4), we reasoned that the SC disas-
sembly defects observed after Sfmbt depletion were due to defects
in nurse cell gene expression. To test this hypothesis, we analyzed
the impact of germ line depletion of Sfmbt in the transcriptome
of young ovaries (from 2-d-old females after pupae eclosion) by
RNA-seq (81 Appendix, Material and Methods provides additional
information). These ovaries were mostly composed of mid/late
prophase I egg chambers.

Germ line depletion of Sfmbt was associated with significant
gene expression changes within the ovaries (SI Appendix, Table
1A4). Expression misregulation was considered significant when
the false discovery rate (FDR) was below 0.05 [—log,(FDR) >
4.3]. For genes with FDR < 0.05 and log,(fold change [FC]) > 1,
there were 595 and 459 genes whose expression was up-regulated
and down-regulated, respectively, after depletion of Sfmbt. For
genes with FDR < 0.05 and log,(FC) > 2, there were 349 and
90 genes whose expression was up-regulated and down-
regulated, respectively, after depletion of Sfmbt. The fact that
the number of strongly up-regulated genes was bigger than the
number of strongly down-regulated genes is consistent with the
fact that Sfmbt is a canonical repressor of transcription.

Expression of several components of the SC was significantly
up-regulated after germ line depletion of Sfmbt (Sfmbt RNAj-1)
(Fig. 44, see genes in red) (SI Appendix, Fig. S44 and Table 1 A
and C). Supporting the hypothesis that Sfmbt RNAi polycom-
plex phenotype is not related to sina defects, expression of this
E3 ubiquitin ligase was not affected by Sfmbt depletion
(Fig. 44, see gene in green). Consistent with our previous
Stmbt-GFP results, where the germ line expression of Sfmbt
was significantly reduced after depletion of Sfmbt (Fig. 3B),
expression of Sfmbr messenger RNA (mRNA) was also signifi-
cantly reduced after Sfmbt RNAi (Fig. 44, see gene in blue).

The RNA-seq results were further confirmed by RT-ddPCR
for absolute quantification of transcript levels. Our RT-ddPCR
analysis confirmed that several SC genes were significantly

up-regulated after Sfmbt RNAi (Fig. 4B), with ord, ¢(3)G,

Stage 3

Sfmbt

Fig. 3. Sfmbt localizes to the supporting nurse cell's chromatin, and it is efficiently depleted by RNAi. Immunofluorescence images of Sfmbt expression
(Sfmbt-GFP) in early oogenesis for both control RNAi and Sfmbt RNAI. (A) In control RNAi, Sfmbt has a distinctive punctuated staining in the nurse cell's chro-
matin during early oogenesis. Sfmbt is detectable in the oocyte nucleus, but it is not enriched in oocyte chromatin. (B) There is no detectable expression of
Sfmbt in either the nurse cells or the oocyte nucleus after Sfmbt RNAi. DNA (white) and Sfmbt (green). The insets show magnifications of the outlined
regions shown in the Left. Nurse cells (yellow outlined region), oocyte (red outlined region). All results use the germ line-specific nanos-Gal4 driver for
expression of shRNAs. For control RNAi, mCherry RNAi was used. Sfmbt-GFP was endogenously tagged by CRISPR. NC, nurse cell; Oc, oocyte. (Scale bar for

all images: 10 pm.)
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corona, and corolla up-regulated 104.08-fold (+15.81),
5.46-fold (+£0.66), 10.45-fold (+3.13), and 2.70-fold (+0.28),
respectively. Expression of SC gene c¢(2)M was not signifi-
cantly up-regulated after Sfmbt RNAi [1.08-fold (+0.02)].
We also confirmed the efficient depletion of Sfinbz [0.22-fold
(+0.06)]. The functional relevance of SC gene overexpression
was further supported by the fact that C(3)G protein levels
were similarly strongly up-regulated after Sfmbt RNAi
(81 Appendix, Fig. S4D).

Since the female germ line epigenome is highly dynamic dur-
ing prophase I (35, 50) and SC genes are transiently transcribed
during early prophase I (7), we reasoned that Sfmbt likely has
an important role in the epigenetic regulation of prophase I
genes, including the transcriptional repression of SC genes dur-
ing mid/late prophase I.

Sfmbt Is Necessary during Mid/Late Prophase | for Avoidance
of Polycomplex Formation. Germ line transcription of SC genes
mostly occurs during the cystoblast mitotic divisions and early
prophase I (8-/16-cell cysts) (7, 19), just before the full assembly
of the SC at pachytene. We reasoned that Sfmbt is a transcrip-
tional repressor of SC genes during mid/late prophase I and their
unrestrained expression after Sfmbt depletion is associated with
polycomplex formation after the onset of SC disassembly (diplo-
tene). Yet, since the nanos-Gal4 driver is capable of inducing a
strong expression of UAS-containing transgenes already within
the germ line stem cells and the dividing cystoblasts (42), we
decided to use the matTub-Gal4 driver for germ line depletion
of Sfmbt to confirm our hypothesis.

The matTub-Gal4 induces germ line expression of UAS-
containing transgenes only after region 3 of the germarium
(pachytene), mostly bypassing the premeiotic mitotic divisions
and early prophase I (51). To avoid other confounding factors,
we performed this experiment in the absence of the Corolla-
GFP reporter. We observed that similar to the nanos-Gal4 (57
Appendix, Fig. S2A, see yellow arrowheads), depletion of Sfmbt
using the matTub-Gal4 was similarly associated with polycom-
plex formation during SC disassembly (S7 Appendix, Fig. S34,
see yellow arrowheads; see quantification in S/ Appendix, Fig.
S3B). This supports the hypothesis that Sfmbt-dependent repres-
sion of SC expression is mostly necessary during mid/late pro-
phase I for avoidance of polycomplex formation.

Sfmbt and Distinct Polycomb Subunits Repress SC Gene
Transcription. We reasoned that Sfmbt regulates the expression
of SC genes and other prophase I genes through PhoRC and its
recruitment of the repressive complex PRC2 for transcriptional
repression of target genes. Since E(z) encodes the catalytic com-
ponent of PRC2 (52), we tested if the ovarian transcriptome was
similarly affected by depletion of Sfmbt or E(z). Consistently, we
observed a significant identity overlap of misexpressed genes after
germ line depletion of Sfmbt or E(z) (SI Appendix, Fig. S4C
P <10 ' and P= 4.5 x 10" for identity of up-regulated
and down-regulated genes, respectively). This overlap included
the SC gene ord that was similatly up-regulated after Sfmbt
RNAI or E(z) RNAi (Fig. 4F and SI Appendix, Fig. S4B and
Table 1B).

Germ line depletion of Pho, the interacting subunit of Sfmbt
within the PhoRC, was also associated with a significant expres-
sion up-regulation of SC genes ord, ¢(3)G, and corolla (Fig. 4F
and S7 Appendix, Fig. S4B), whereas depletion of Sex comb on
midleg (Scm), a protein that links PhoRC and other Polycomb
complexes, was similarly associated with an up-regulation of
ord expression. Interestingly, and further confirming the role of
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these Polycomb subunits in the regulation of SC gene expres-
sion, germ-line depletion of Pho and Scm was similarly associ-
ated with polycomplex formation during SC disassembly (Fig.
14; see quantification in Fig. 1C). Although these polycom-
plexes were significantly smaller than the ones observed after
Sfmbr RNAI (Fig. 14), they were nevertheless also detected with-
out the Corolla-GFP reporter (SI Appendix, Fig. S2B).

However, not all prophase I genes or even SC genes were
similarly affected by depletion of Sfmbt or other subunits of
the Polycomb group complex (Fig. 4F and SI Appendix, Fig. S4
B and (). For example, whereas ord was significantly
up-regulated by the depletion of distinct Polycomb subunits,
¢(3)G and corolla were only significantly up-regulated after
depletion of Sfmbt or Pho (Fig. 45).

Expression of the SC Gene Corona Is Directly Regulated by
sfmbt. PhoRC and Polycomb group proteins bind an overlapping
set of ~400 genes highly enriched for transcription factors (53).
Sfmbt RNAIi could indirectly regulate SC genes by repressing a
transcription factor that activates SC genes. Alternatively, Stbmt
could associate with SC genes to directly repress their expression.
To discriminate between these possibilities, we used chromatin
immunoprecipitation sequencing (ChIP-seq) to measure the asso-
ciation of Sfmbt and its binding partner Pho throughout the
genome. We used an antibody recognizing Pho in wild-type flies
or an antibody recognizing GFP in GFP-Sfmbt flies (87 Appendix;
Table 1F). As a negative control, we performed GFP ChIP on
wild-type (Oregon-R) flies lacking GFP. GFP-Sfmbt and Pho
associated with hundreds of shared binding sites. Despite differ-
ences in ChIP efficiency, the relative signal of Pho and GFP-
Sfmbt at each site was highly correlated, suggesting that Pho and
Sfmbt bind the same sites on DNA as a complex (Fig. 4E). Pho
and Sfmbt associated with 289 different genes, including known
sites in the two major Hox clusters, Bx-c and Anz-c (Fig. 4E) (S/
Appendix, Table 1G). Pho and Sfmbt were also enriched near the
corona promoter but not near other SC genes (Fig. 4C and S/
Appendix, Fig. S6B). H3K27me; deposited by PRC2 was enriched
on corona (Fig. 4C) and other target genes with high Sfmbt/Pho
enrichment (Fig. 4D). Sites with lower Sfmbt/Pho enrichment
lacked significant H3K27me; signal (Fig. 4D). Although Sfmbt/
Pho bound to 289 different genes in ovaries, only six of these
genes, including corona, were significantdy up-regulated and
expressed in Sfmbt RNAi (log2 FC > 3, TPM > 3) (87 Appendiix,
Fig. S6A). Three of the other five genes, goosecoid, chinmo, and
CG9650, encode transcription factors that may indirectly contrib-
ute to gene misregulation in Sfmbt RNAi. We concluded that
Sfmbt directly represses a small number of genes, including the
SC component corona, to prevent polycomplex formation.

Up-regulation of Corona Expression Is Sufficient to Induce
the Formation of Polycomplexes during SC Disassembly. If
up-regulation of SC gene expression after depletion of Sfmbrt is
the reason why polycomplexes are formed during SC disassem-
bly, then ectopic expression of these genes using the UAS/Gal4
system should phenocopy Sfmbt RNAi. We focused our initial
analysis on the SC gene corona, as its expression is directly regu-
lated by Sfmbt (Fig. 4 A and O). Consistently, overexpression of
corona (Fig. 5D) [UAS-corona (24)], using the nanos-Gal4 germ
line driver and in the absence of the Corolla-GFP reporter, was
sufficient to induce the formation of polycomplexes during SC
disassembly (Fig. 54; see quantification in Fig. 5B).

Further supporting the hypothesis that polycomplex formation
after depletion of Sfmbt is due to increased levels of SC gene
expression, an increase in corolla gene copy number (three copies
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Fig. 4. Sfmbtis a general repressor of SC gene expression during prophase | and directly regulates transcription of corona (cona). Germ line-specific deple-
tion of Sfmbt leads to significant up-regulation of SC gene expression during prophase I. PhoRC, whose subunits include Sfmbt and Pho, shows significant
binding enrichment to the corona promoter. (A) RNA-seq analysis of polyA-enriched RNA from 2-d-old female ovaries (after pupae eclosion). Volcano plot
depicting the log2 FC of gene expression (Sfmbt RNAi compared to control RNAIi) against the —log2 of the FDR in a differential expression analysis. The
dashed horizontal line represents FDR = 0.05. SC genes [ord, ¢(3)g, corolla, corona, and c¢(2)M] are shown in red, sina in green, and Sfmbt in blue. Detailed
information is provided in S/ Appendix, Table 1A. (B) RT-ddPCR analysis of Sfmbt and SC genes' transcript levels from 2-d-old female ovaries. Expression fold
exchange of each gene is displayed on the top of each bar (Sfmbt RNAi compared to control RNAI). Average + SD of five biological replicas for ord, ¢(3)g,
corolla, and corona analysis and two biological replicas for ¢(2)M analysis. Statistically significant differences are marked with * (P = 0.0079, multiple Mann-
Whitney test). (C) Genome Browser tracks from RNA-seq (top two tracks) and ChIP-seq (bottom five tracks) experiments showing 25 kb from the corona and
ord loci. Scale in reads per million is indicated. WO (whole ovary material), including nurse cells and oocytes. GSC (germ cell progenitor material) purified
from bam mutant ovary. Both corona (cona) and ord show a repression of gene expression in WO compared to GSC. However, cona is the only SC gene with
a significant enrichment of H3K27mej3, as well as binding of PhoRC subunits Pho and Sfmbt (highlighted in red box). Pho and Sfmbt-GFP ChIP-seq for corona
(cona) and ord are the same as shown in S/ Appendix, Fig. S6B. RNA-seq for GSC and H3K27me; ChIP-seq datasets were originally published in DeLuca et al.
(50). (D) Heatmap of indicated ChIP signal from whole ovaries showing 6 kb encompassing all Pho and Sfmbt peaks called by MACS2. GFP-control corre-
sponds to anti-GFP ChIP performed on untagged strain. (£) Reads per million (RPM) signal at the summit of each MACS2-called peak for Pho and Sfmbt
ChIP. Note the strong correlation between peak heights in GFP and Pho ChIP despite the significantly higher background in the GFP ChlIP. Peaks residing in
the Antennapedia (Ant-c) and Bithorax (Bx-c) gene complexes are indicated (in dark and light green, respectively). A peak in corona (cona) (red) places it in
the top 1% of Drosophila genes bound by PhoRC. (F) Differential expression of SC genes (FC) after germ line-specific depletion of Sfmbt and other Polycomb
proteins. Average + SD of two biological replicas.

of corolla: two endogenous and one corresponding to a genomic ~ Sfmbt Is Required for Normal Meiosis and Female Fertility.

BAC transgene) was sufficient to enhance the polycomplexes’ Sfmbt is essential for the correct expression of distinct prophase
phenotype observed after Sfmbt RNA|, with a significant increase 1 genes, including the transcriptional repression of SC genes
in the size of formed polycomplexes (Fig. 5C). An increase in  during mid/late prophase I and avoidance of polycomplex for-
corolla copy number (three copies of corolla) was, per se, not suf-  mation during SC disassembly. While E(z) and Su(z)12, two
ficient to induce significant formation of polycomplexes (compare ~ key subunits of PRC2, are essential for maintaining oocyte fate
control RNAI results in Fig. 1C, with three copies of corolla, and ~ and female fertility (50, 54, 55), the requirement of other Poly-
SI Appendix, Fig. S2B, without an extra copy of corolla). comb group subunits within the female germ line is less clear.
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Fig. 5. Up-regulation of corona (cona) expression is sufficient to induce polycomplex formation during SC disassembly. (A) Immunofluorescence images

showing the formation of abnormal SC structures (polycomplexes) after up-regulation of SC component Corona expression. Similar to Sfmbt RNAI (see Fig. 1),
polycomplex formation only occurs during mid/late prophase | (SC disassembly) (stages 6 and 7) but not during early prophase | (pachytene; SC assembly)
(region 3 of the germarium). Yellow arrowheads highlight the polycomplexes in stage 6 and 7 egg chambers. Corona (green), C(3)G (red), and DNA (gray).
The insets show magnifications of the outlined regions shown in the left panels. (B) Quantification of polycomplex formation after Corona overexpression
was done using staining for endogenous C(3)G. Number of scored oocytes is displayed on the top of each bar. Statistically significant differences are marked
with **** (P < 0.0001, Fisher's exact test). Average + SD of three biological replicas. Control datasets are the same as the ones shown in S/ Appendix, Fig.
S2B. (€) Quantification of polycomplex length after Sfmbt depletion with or without an additional genomic copy of Corolla (genomic BAC transgene; corolla-
GFP) was done using staining for endogenous C(3)G. The length of polycomplexes increased with the presence of an additional genomic copy of Corolla. Sta-
tistically significant differences are marked with *** (P = 0.0003, Mann-Whitney test). Average + SD of two biological replicas. (D) Differential expression of
corona and other SC genes (FC) after germ line-specific depletion of Sfmbt and UAS-corona-Venus overexpression. Average + SD of two biological replicas.

nanos-Gal4 was used to drive germ line-specific expression of Corona (UAS-corona-Venus). Stg, stage. (Scale bar for all images: 3 pm.)

Adult females whose germ line was depleted for Sfmbt were
sterile, with significant metaphase I defects (Fig. 6 A and B),
reduced egg laying (Fig. 60), eggshell length defects (short eggs)
(Fig. 6D), and reduced egg hatching (Fig. 6E). Contrary to
depletion of Salsa RNA helicase (56) and mutants for meiotic
DNA repair (57, 58), depletion of Sfmbt was not associated
with significant dorsal-ventral patterning defects of the eggshell
(fused dorsal appendages; Fig. 6D; class 2 and 3) or abnormal
morphology of the oocyte karyosome (Fig. 1 A and B), which
suggests that Sfmbt is not critical for the correct repair of mei-
otic DSBs. We reasoned that Sfmbt regulates the expression of
distinct female germ line genes, some negatively and others pos-
itively, and that the phenotypes observed after depletion of
Sfmbt are a consequence of transcriptional misregulation of
multiple genes, including the abnormal up-regulation of SC
genes during mid/late prophase 1. Our results therefore support
the pivotal role of Sfmbt in the regulation of gene expression
during female gametogenesis.

8 of 12  https://doi.org/10.1073/pnas.2204701119

Discussion

Sfmbt Prevents the Formation of Polycomplexes during
Diplotene by Avoiding the Unrestrained Expression of SC
Genes. We showed that the Polycomb group protein Sfmbt,
the Drosophila ortholog of human MBTD1 and L3AMBTL2, is
crucial to prevent excessive expression of SC genes and poly-
complex formation during diplotene. Analysis of these poly-
complexes showed that they contain distinct SC components,
are extremely dynamic, and have a well-defined periodic
crystal-like structure, with repetitive 140-nm intervals between
Corolla layers. Since the Drosophila SC has ~120- to 130-nm
width (25), our results are consistent with the model showing
that the diplotene polycomplexes, like the ones previously
described during pachytene (44), correspond to stacked layers
of SC complexes.

Formation of polycomplexes after germ line depletion of
Sfmbt occurred during diplotene, whereas SC assembly during
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Fig. 6. Sfmbt is required for normal meiosis and female fertility. (A) Immunofluorescence images showing abnormal metaphase | arrest after germ line
depletion of Sfmbt. DNA (white) and Cid (red). The Insets show magnifications of the outlined regions displayed in the Left. (B) For scoring of metaphase |
defects in stage 13 and 14 oocytes, three different phenotypic classes were established (aligned, depicted in control image; unaligned, depicted in the upper
Sfmbt RNAi image; and scattered, depicted in the bottom Sfmbt RNAi image) using DNA staining and the centromeric protein Cid. Number of scored oocytes
is displayed on the top of each bar. Statistically significant differences are marked with *** (P < 0.0001, Fisher’s exact test). Average + SD of two biological
replicas. (C) Egg laying was significantly reduced after germ line depletion of Sfmbt. Depletion of Salsa (salsa RNAi) was used as a positive control for reduced
egg laying (56). Average + SD of two biological replicas. (D) Quantification of eggshell dorsal appendage defects. Eggs laid by females whose germ line was
depleted for Sfmbt were typically short (class 3: short eggs). Depletion of Salsa was used as a positive control for eggshell dorsal-ventral patterning defects
(56). Phenotypic classes are identical to the ones reported in Rathore et al. (56). Number of scored eggs is shown on the top of each bar. Average + SD of
two biological replicas. (E) Female fertility (egg hatching) was significantly reduced after depletion of Sfmbt. Female fertility was calculated by the frequency
of egg hatching 48 h after oviposition. n represents the total number of eggs counted in both biological replicas. Average + SD of two biological replicas.
Number of scored eggs is shown on the top of each bar. nanos-Gal4 was used to drive germ line-specific expression of shRNAs. For control RNAi, mCherry
RNAi was used. (Scale bar for all images: 3 pm.)

pachytene was normal without polycomplex formation. Likewise, A second class of genes including Scm, Sfmbt, and Pho
overexpression of the SC component Corona, using the Gal4/  represses more Polycomb targets than Pc and prevents polycom-
UAS system and the germ line-specific nanos-Gal4 driver, was  plex formation during diplotene. Sfmbt and Pho form PhoRC
only sufficient to induce polycomplex formation during diplo- (36, 38), which binds regulatory DNA around Polycomb target
tene. Since the nanos-Gal4 driver already induces a strong  genes (36, 38, 46—49). We did not find sites highly enriched for

expression of UAS-containing transgenes within germ line stem  Sfmbt but without Pho or highly enriched for Pho but without
cells and the differentiating cystoblasts (42), we reasoned that ~ Sfmbt, suggesting that both proteins bind chromatin as a single
an unknown mechanism capable of avoiding polycomplex for- ~ complex. Therefore, why is the polycomplex phenotype after

mation during pachytene likely exists. An obvious candidate is ~ Sfmbt RNAi stronger than Pho RNAi? Pho function in PhoRC
E3 ubiquitin-protein ligase Sina, whose function was recently =~ might be partially complemented by Pho-like, a Pho paralog
reported to be important to avoid polycomplex formation during ~ highly expressed in nurse cells. Additionally, Sfmbt may bring
SC assembly (pachytene) (44). Polycomplexes may form at dip- PhoRC to target genes through direct interaction with chroma-

lotene when nucleoplasmic Corona produced after Sfmbt RNAi ~ tin or through interactions with other transcription factors
or by UAS-corona interacts with SC components, leaving mei- besides Pho (59, 60).

otic chromatin. The ability of Corona to “seed” polycomplexes Scm links PhoRC to PRC1 and PRC2 (46, 47) and enriches
could be related to its normal function in promoting the assem- ~ PRC1 and PRC2 on target genes in nurse cells (50). If Sem
bly of C(3)G transverse filaments during pachytene (24). recruits PRC2 to Sfmbt-bound sites, why would PRC2 deple-

tion [e.g., E(z) RNAI] have a stronger and qualitatively different
SC Gene Transcription Is Regulated by Distinct Polycomb phenotype (55) than depletion of Sfmbt? A simple explanation
Subunits. The precise mechanism by which the Polycomb group s that PRC2 represses both PhoRC-bound genes and other

proteins regulate gene expression during female gametogenesis is  genes not bound by PhoRC. In nurse cells, most PRC2-
still remarkably poorly understood, as the requirements of the dif-  repressed genes are not highly enriched in H3K27me; or PhoRC
ferent subunits can vary dramatically. Whereas E(z) and Su(z)12,  (50). Many of these genes are expressed in nurse cell progenitors,

two key subunits of PRC2, are essential to maintain oocyte fate  suggesting that PRC2 is generally important for repressing previ-
and repress hundreds of genes in nurse cells (50, 54, 55), other ously active genes. While some progenitor-specific genes may be
Polycomb group proteins appear to regulate far fewer genes and  turned off by PhoRC, others may be deactivated through other

have more subtle developmental phenotypes. For example, RNAi  repressors and/or the loss of activators.

depletion or a null mutant allele for Polycomb (Pc), a conserved To consolidate our results with previous findings, we propose
subunit of PRC1, up-regulates a small number of Polycomb tar-  the following working model for Polycomb-dependent gene
get genes, such as chinmo, but does not show obvious oocyte or  silencing in Drosophila germ line development. As mitotic pro-
fertility defects (50, 55). genitors differentiate into oocytes and nurse cells, many
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progenitor-expressed genes, including some SC components,
must be deactivated. Some progenitor-expressed genes are
repressed by PhoRC, while others are repressed by other tran-
scription factors. Some may be repressed by both. However,
both types of repressors can be enhanced by PRC2 activity. At
PhoRC-bound genes, Scm concentrates additional PRC2 (and
PRC1) to further enhance repression. We propose that this
multilayered regulatory mechanism most likely evolved to
achieve quantitatively different amounts of repression of differ-
ent target genes during female gametogenesis.

Prophase | Expression of SC Gene corona Is Directly Regulated
by PhoRC. corona was the only SC gene with a robust enrich-
ment of Sfmbt and Pho binding on its promoter. However,
other SC genes, notably 074 and ¢(3)G, did not show Sfmbt or
Pho enrichment but were significantly up-regulated after Sfmbt
RNAi. We identified three genes, chinmo, CG9650, and Goose-
coid, that were bound by Sfmbt, whose expression was
up-regulated after Sfmbt RNAI, and that encode transcription
factors. These transcription factors may potentially regulate ord,
¢(3)G, and many other up- and down-regulated genes in Sfmbt
RNAI. Thus, in addition to its important function in prevent-
ing polycomplex formation during diplotene, Sfmbt may also
regulate other important germ line processes. Finally, we pro-
pose that some germ line genes may be similarly regulated by
Polycomb proteins in Drosophila and mammals. Analysis of a
publicly available gene expression dataset from mouse oocytes
mutant for PRC1 (61) detected a significant up-regulation of
several SC gene expressions during female gametogenesis.

Materials and Methods
Additional information is provided in S/ Appendix, Material and Methods.

Drosophila Husbandry and Crosses. Drosophila melanogaster flies were
raised at 25 °C using standard techniques. Drosophila husbandry, crosses, and
genetics were performed at 25 °C, as previously described (35, 56, 62, 63).

Drosophila Stocks. All stocks used in this work are indicated in S/ Appendix,
Table 1D. Germ line depletion of Sfmbt was obtained using two different non-
overlapping short hairpins: Sfmbt RNAi-1 and Sfmbt RNAi-2. Sfmbt RNAi-1 stock
is available at BDSC (BL32473) (43). Sfmbt RNAi-2 stock was custom-made. A
nonoverlapping short hairpin against Sfmbt (CG16975) was designed using an
algorithm that minimizes off-target effects (64). Scm, pho, and E(z) RNAi stocks
are available at BDSC. Other stocks used in this work include UAS-corona-Venus
(24), corolla-GFP (39), and UAS-HA-c(2)M (22). A short hairpin against mCherry
(BL35785) was used as a negative control. A short hairpin against salsa/
CG31368 (56) was used as a positive control in some experiments. For all
experiments, a minimum of two biological replicas were performed.

Sfmbt-enhanced GFP-CRISPR Drosophila Stocks. CRISPR-mediated muta-
genesis was performed by WellGenetics Inc. using the modified methods of
Kondo and Ueda (65).

Egg Laying, Eggshell Phenotypes, and Egg Hatching. Eggshell phenotypes,
egg hatching, and egg laying experiments were performed as previously
described (35, 56, 62, 63). For egg laying, eggs were collected every day for
6 h, and the number of eggs was counted.

Ovary Immunostaining. Adult ovaries were processed according to standard
procedures (35, 62, 63). Images were acquired using a Zeiss LSM710 Confocal
microscope and the Leica laser scanning confocal microscope TCS SP8, decon-
volved using Huygens Software (Scientific Volume Imaging B.V.), projected
using Fiji Software, and treated with Adobe Photoshop 2017 (Adobe Microsys-
tems). Three-dimensional projections were generated with LAXs software from
immunofluorescence images acquired using the Leica laser scanning confocal
microscope TCS SP8. In Coherent-hybrid STED (CH-STED) Superresolution Imag-
ing, 90% glycerol, 0.5% N-propyl gallate, and 20 mM Tris-HCI (pH 8) were used
as mounting medium. The superresolution CH-STED images were acquired using
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Abberior Instruments "Expert Line" gated-STED coupled to a Nikon Ti microscope,
an oil-immersion 60x 1.4 numerical aperture Plan-Apo objective (Nikon,
Lambda Series), and a pinhole size of 0.8. The coherent-hybrid mode was previ-
ously described (66) and is set by imprinting a bivortex phase map (p = 0.92)
onto a spatial light modulator (Hamamatsu LSH 0801392). Used antibodies are
shown in S/ Appendix, Table 1F.

signal Analysis and Quantification of Polycomplexes. For quantification
of polycomplex numbers, the wide-field upright microscope Axiolmager 21 (Carl
Zeiss) was used with a Plan-Apochromat 63x/1.40 Oil DIC objective. Immunoflu-
orescence quantification of polycomplex length was performed manually using
Fiji image-processing software, and z-stacks were analyzed individually from con-
focal microscope images.

Time-Lapse Imaging. For live-cell imaging of egg chambers, ovarioles were dis-
sected in Schneider medium (Sigma-Aldrich) supplemented with 20% (vol/vol)
fetal bovine serum (Invitrogen) and 200 mg/mL insulin (Sigma-Aldrich). To
improve imaging, egg chambers were immobilized in a low-melting 0.8% aga-
rose solution. Time-lapse imaging analysis was performed on the Leica laser scan-
ning confocal microscope TCS SP8 (Leica Microsystems). z-Stacks were acquired at
1-um steps every 1 min with a PL APO 63X immersion glycerol objective. Movies
were processed as described in the ovary immunostaining section.

Meiotic Metaphase | Arrest Analysis. For analysis of metaphase | arrest, a
protocol was used to avoid Drosophila egg activation (67). Images were acquired
and treated as described in the ovary immunostaining section. A minimum of
two independent experiments were conducted for each experimental condition.
Centromere labeling was done with a rat anti-Cid antibody (Claudio E. Sunkel
and Sore Steffensen, University of Porto, Portugal) (S/ Appendix, Table 1F).

RNA-seq Analysis. Total RNA was extracted from 2-d-old adult female ovaries,
whose female germ line was specifically depleted for Sfmbt (Sfmbt RNAi-1). An
RNAi hairpin against mCherry (mCherry RNAi) was used as a negative control.
Three biological replicas for each condition. Total RNA extraction was performed
following standard procedures (PureLink RNA Mini Kit, Ambion). The comple-
mentary DNA (cDNA) library was made using the TruSeq Stranded mRNA sample
prep kit for lllumina following the manufacturer's standard protocol. cDNA library
preparation and HiSeq2500 paired-end sequencing was performed by the Geno-
mics Unit at The Centre for Genomic Regulation (Barcelona, Spain).

ChiIP-seq Analysis. ChIP was performed as previously described (50). For Sfmbt
ChIPseq, it used anti-GFP antibodies on chromatin prepared from GFP-Sfmbt or
untagged negative control (Oregon-R) ovaries. Two biological replicas for each
condition. Used ovaries were from 2-d-old females after pupae eclosion. Antibod-
ies used are shown in S/ Appendix, Table 1F. Libraries were quantified on an Agi-
lent TapeStation and sequenced on an lllumina NextSeq500 using 50:25
paired-end reads. Reads were aligned to Drosophila genome release 6 using
bowtie2 (68) and were q20 filtered with Samtools (69).

Differential Gene Expression Analysis. RNA-seq reads were aligned against
the D. melanogaster BDGP release 6 genome using the STAR aligner (70).
Gene-level counts were obtained using feature counts (71). Gene counts were
normalized with the TMM method (72), and differential expression analysis
was performed using a quasi-likelihood F-test (73), as implemented in the
edgeR R package (74). For visualization purposes, we used the normalized
log2(CPM) values. Coverage plots were performed with the wiggleplotr R pack-
age using bigWig files obtained from the RNA-seq alignments transformed
with the deepTools bamcoverage tool with CPM normalization (75).

RT-ddPCR. Absolute transcript levels quantification was achieved with One-Step
RT-ddPCR. The Bio-Rad QX200 Droplet Digital PCR System and One-Step
RT-ddPCR Advanced Kit for Probes were used according to manufacturer's
instructions, and assays were optimized according to MIQE guidelines (dMIQE,
2020). Drosophila 3 glucuronidase was used as reference. Used primers, forward
and reverse, and 6-FAM/ZEN/IBFQ-labeled probes (Integrated DNA Technologies)
are shown in S/ Appendix, Table 1E.

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
and Western Blot. Ovaries from 2- to 4-d-old adult females from both control

(mCherry RNAi) and Sfmbt RNAj were used for total protein extraction. SDS-PAGE
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and Westemn blot were performed as previously described (35). Protein samples
were run on 6% or 12% SDS-PAGE gel and transferred to Hybond-ECL nitrocellu-
lose membrane (Amersham). Protein detection was performed using an ECL Plus
solution (GE Healthcare) and an ECL Hyperfilm (Amersham). Primary and second-
ary antibodies are shown in S/ Appendix, Table 1F.

Statistical Analysis. All statistical analyses were performed using GraphPad
Prism 9.0 software. D'Agostino and Pearson normality test was applied to ana-
lyze distribution normality. A 99% Cl was used for all analyses.

Data, Materials, and Software Availability. The high throughput
sequencing data reported in this manuscript has been deposited in Gene
Expression Omnibus database, https://www.ncbi.nlm.nih.gov/geo/ (accession
no. GSE176034).
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