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Asymmetric assembly of centromeres epigenetically
regulates stem cell fate
Anna Ada Dattoli� , Ben L. Carty� , Antje M. Kochendoerfer� , Conall Morgan, Annie E. Walshe, and Elaine M. Dunleavy�

Centromeres are epigenetically defined by CENP-A–containing chromatin and are essential for cell division. Previous studies
suggest asymmetric inheritance of centromeric proteins upon stem cell division; however, the mechanism and implications of
selective chromosome segregation remain unexplored. We show thatDrosophilafemale germline stem cells (GSCs) and
neuroblasts assemble centromeres after replication and before segregation. Specifically, CENP-A deposition is promoted by
CYCLIN A, while excessive CENP-A deposition is prevented by CYCLIN B, through the HASPIN kinase. Furthermore,
chromosomes inherited by GSCs incorporate more CENP-A, making stronger kinetochores that capture more spindle
microtubules and bias segregation. Importantly, symmetric incorporation of CENP-A on sister chromatids via HASPIN
knockdown or overexpression of CENP-A, either alone or together with its assembly factor CAL1, drives stem cell self-renewal.
Finally, continued CENP-A assembly in differentiated cells is nonessential for egg development. Our work shows that
centromere assembly epigenetically drives GSC maintenance and occurs before oocyte meiosis.

Introduction
Stem cells are fundamental for the generation of all tissues
during embryogenesis and replace lost or damaged cells
throughout the life of an organism. At division, stem cells gen-
erate two cells with distinct fates: (1) a cell that is an exact copy
of its precursor, maintaining the “stemness,” and (2) a daughter
cell that will subsequently differentiate ( Betschinger and
Knoblich, 2004; Inaba and Yamashita, 2012). Epigenetic mech-
anisms, heritable chemical modifications of the DNA/nucleo-
some that do not alter the primary genomic nucleotide sequence,
regulate the process of self-renewal and differentiation of stem
cells (Christophersen and Helin, 2010; Eun et al., 2010). In
Drosophilamale germline stem cells (GSCs), before division,
phosphorylation at threonine 3 of histone H3 (H3T3P) prefer-
entially associates with chromosomes that are inherited by the
future stem cell (Xie et al., 2015). Furthermore, centromeric
proteins seem to be asymmetrically distributed between stem
and daughter cells in the Drosophila intestine and germline
(Garćõa Del Arco et al., 2018; Ranjan et al., 2019). These findings
support the “silent sister hypothesis” (Lansdorp, 2007), ac-
cording to which epigenetic variations differentially mark sister
chromatids driving selective chromosome segregation during
stem cell mitosis (Dai et al., 2005; Lansdorp, 2007; Caperta et al.,
2008; Tran et al., 2013; Xie et al., 2015). Centromeres, the pri-
mary constriction of chromosomes, are crucial for cell division,
providing the chromatin surface where the kinetochore

assembles (McKinley and Cheeseman, 2016). In turn, the kine-
tochore ensures the correct attachment of spindle microtubules
and faithful chromosome partition into the two daughter cells
upon division ( Musacchio and Desai, 2017). Centromeric chro-
matin contains different kinds of DNA repeats (satellite and
centromeric retrotransposons; Fukagawa and Earnshaw,
2014; Chang et al., 2019) wrapped around nucleosomes
containing the histone H3 variant centromere protein A
(CENP-A). Centromeres are not specified by a particular
DNA sequence. Rather, they are specified epigenetically by
CENP-A (Black and Cleveland, 2011; Allshire and Karpen, 2008;
Fukagawa and Earnshaw, 2014; Karpen and Allshire, 1997).
Centromere assembly, classically measured as CENP-A depo-
sition to generate centromeric nucleosomes, occurs at the end
of mitosis (between telophase and G1) in humans (Jansen et al.,
2007; Hemmerich et al., 2008). Additional cell cycle timings for
centromere assembly have been reported in flies (Mellone
et al., 2011; Ahmad and Henikoff, 2001; Schuh et al., 2007).
Interestingly, Drosophilaspermatocytes and starfish oocytes are
the only cells known to date to assemble centromeres before
chromosome segregation, during prophase of meiosis I (Dunleavy
et al., 2012; Swartz et al., 2019; Raychaudhuri et al., 2012). These
examples show that centromere assembly dynamics can differ
among metazoans and also amongdifferent cell types in the same
organism.
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A key player in centromere assembly in vertebrates is HJURP
(holliday junction recognition protein), which localizes at cen-
tromeres during the cell cycle window of CENP-A deposition
(Dunleavy et al., 2009; Foltz et al., 2009). Furthermore, centromere
assembly is regulated by the cellcycle machinery. In flies, depo-
sition of CID (the homologue of CENP-A) requires activation of the
anaphase promoting complex/cyclosome (APC/C) and degradation
of CYCLIN A (CYCA;Mellone et al., 2011; Erhardt et al., 2008). In
humans, centromere assembly is antagonized by Cdk1 activity,
while the kinase Plk1 promotes assembly (Silva et al., 2012;
Stankovic et al., 2017; McKinley and Cheeseman, 2014). Addition-
ally, the CYCLIN B (CYCB)/Cdk1 complex inhibits the binding of
CENP-A to HJURP, preventing CENP-A loading at centromeres (Yu
et al., 2015). To date, little is known about centromere assembly
dynamics and functions in stem cell asymmetric divisions. Dro-
sophila melanogasterovaries provide an excellent model to study
stem cells in their native niche ( Yan et al., 2014). In this tissue,
germline stem cells (GSCs) are easily accessible and can be ma-
nipulated genetically. Moreover, centromere assembly mecha-
nisms in GSCs and their differentiated cells, cystoblasts (CBs),
could be used to epigenetically discriminate between these two cell
types. In Drosophila,CID binds to CAL1 (fly functional homologue of
HJURP;Chen et al., 2014; Barnhart et al., 2011) in a prenucleosomal
complex, and its localization to centromeres requires CAL1 and
CENP-C (Erhardt et al., 2008; Mellone et al., 2011).

Here we investigated the dynamics of CENP-A deposition in
DrosophilaGSCs. We show that GSC centromeres are assembled
after replication, but before chro mosome segregation, with neural
stem cells following the same trend. Centromere assembly in GSCs
is tightly linked to the G2/M transi tion. Indeed, CYCA localizes at
centromeres, and its knockdown is responsible for a marked re-
duction of centromeric CID and CENP-C, but not CAL1. Surprisingly,
excessive CID deposition is prevented by CYCB, through the kinase
HASPIN. Our superresolution microscopy analysis of GSCs at pro-
metaphase and metaphase shows that CID incorporation on sister
chromatids occurs asymmetrically, and chromosomes that will be
inherited by the stem cell are loaded with more CID. Moreover, GSC
chromosomes make stronger kinetochores, which anchor more
spindle fibers. This asymmetric distribution of CID between GSC
and CB is maintained also at later stages of the cell cycle, while it is
not observed in differentiated cells outside of the niche. We also find
that the depletion of CAL1 at centromeres blocks GSC proliferation
and differentiation. Notably, overexpression of both CID and CAL1,
as well as HASPIN knockdown, promotes stem cell self-renewal and
disrupts the asymmetric inherit ance of CID. Conversely, over-
expression of CAL1 causes GSC-like tumors. Finally, CAL1 and CID
knockdown at later stages of egg development have no obvious
effect on cell division, suggesting that these cells inherit CID from
GSCs. Taken together, our findings establish centromere assembly
as a new epigenetic pathway that regulates stem cell fate.

Results
Nuclear distribution of centromeres in GSCs changes through
the cell cycle
The cell cycle assembly time of centromeres in female GSCs
is currently unknown. To elucidate this, we observed the

distribution of centromeres throughout the cell cycle. The Dro-
sophilafemale GSC niche is found at the apical end of the ger-
marium, the anterior tip of the adult ovariole ( Fig. 1 A, region 1).
The niche comprises the terminal filament and the cap cells. A
cytoplasmic roundish structure called the spectrosome connects
two to three GSCs to the cap cells (Fig. 1 A). The spectrosome is
present in both GSCs and CBs, and its shape can be used to define
the cell cycle stage (Kao et al., 2015; Ables and Drummond-
Barbosa, 2013). Upon asymmetric division, the daughter cell
closer to the niche retains the stemness, while the other, the CB,
differentiates and is detached from the niche together with its
spectrosome. Each CB undergoes four rounds of mitosis with
incomplete cytokinesis, giving rise to 16-cell cysts of cystocytes
(CCs) interconnected to each other through the fusome, a
branched spectrosome. After completion of S phase, 16-cell cysts
start meiosis and form a synaptonemal complex. The oocyte
originates from either of the two CCs with four fusome-bridges
(Fig. 1 A, region 2a–b, brown cells; Rangan et al., 2011;
Christophorou et al., 2013). In region 3, the 16-cell cysts mature
to an egg chamber containing 15 nurse cells that provide for the
oocyte (Fig. 1 A, region 3), which completes meiosis (McLaughlin
and Bratu 2015; Hughes et al., 2018).

To achieve our aim, we used transgenic flies expressing CID
coupled to GFP to follow centromeres and H2Av coupled to RFP
(Schuh et al., 2007) to follow chromatin condensation. To
identify each phase of mitosis in GSCs, we used the phospho-
rylation at serine 10 of histone H3 (H3S10P;Matias et al., 2015;
Hendzel et al., 1997). At interphase, chromatin is not condensed
(Fig. 1 BI), centromeres are spread throughout the nucleus
(Fig. 1, BII and BV), and H3S10P signal is absent (Fig. 1BV and
Fig. 3BV). At prophase, H3S10P signal is present, chromosomes
begin to condense, and centromeres start to align (Fig. 1, C and
D). At this stage, we observed on average 5.7 centromere foci per
cell. At metaphase, chromosomes and centromeres are com-
pletely aligned on the metaphase plate, and we observed an
average of 6.9 centromere foci (Fig. 1, EI and EII). At this stage, it
is possible to clearly distinguish the centromeres of each set of
sister chromatids that will be inherited respectively by the new
GSC and CB (Fig. 1, EII and EV). At anaphase, chromosomes and
centromeres migrate to the opposite pole of each new daughter
cell (Fig. 1, FI, FII, and FV), and an average of 3.1 centromere foci
(despite the high level of clustering) are visible per cell. At tel-
ophase, the H3S10P signal is reduced, the chromatin starts to
decondense, and centromeres remain located at the opposite
side of each new nucleus (not depicted).

To identify cells in S phase, we used 5-ethynyl-29-deoxyuri-
dine (EdU) to label nuclei with or without newly replicated DNA
(Salic and Mitchison, 2008). After EdU incorporation, ovaries
were antibody-stained to study centromere positioning in GSCs
and CBs during replication (Fig. 1, G and H). In EdU-negative
cells, the spectrosome is round, the DNA is not condensed, and
on average 5.2 centromeres are scattered throughout the nu-
cleus (Fig. 1, GI–GV), indicating that the cells are likely to be in
G2 phase or early prophase. Interestingly, 100% of cells analyzed
(50/50) show that GSCs and CBs were simultaneously positive
for EdU staining (Fig. 1, HI–HV). In these cells, centromeres
assumed a similar localization to that observed during anaphase
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Figure 1. Centromere assembly in GSCs occurs after replication but before chromosome segregation. (A)Diagram ofDrosophilaovary (left) and
germarium containing the germline stem cell (GSC) niche (right). NC, nurse cell; OC, oocyte; CB, cystoblast; CC, cystocyte. The spectrosome (red) connects
GSCs to the cap cells (dark gray).(B–F)Confocal z-stack projection of a germarium expressing H2Av-RFP (red; I) and CID-GFP (green; II) and stained for H3S10P
(white; III) showing centromere localization in GSC nuclei throughout the cell cycle; inset (V) marked by box in merged image (IV). Interphase (B), initial and late
prophase (C and D), metaphase (E), anaphase (F).(G and H)Wild type germarium stained for DAPI (cyan), EdU (white), anti-CID (green), and anti-1B1 (red); G2/
prophase GSCs (G) and EdU-positive (S phase) GSC and CB (H).(I and J)Quantification of CID-GFP fluorescence intensity observed at centromeres at prophase,
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and telophase, localizing to the opposite poles of the GSC and CB
nuclei, with mostly four centromere foci (the exact number
could not be detected due to clustering;Fig. 1, FV and HV). With
the aid of several cell cycle markers (FUCCI, DACAPO) we did
not succeed to isolate the G1 stage (not depicted), suggesting that
it is very short in GSCs, as previously proposed (Ables and
Drummond-Barbosa, 2013). In summary, our cell cycle analysis
of centromere localization in M and interphase shows that
centromeres are localized at the opposite poles of the new GSC
and CB nuclei at anaphase, and that during DNA replication,
centromeres retain this localization.

Centromeric recruitment of CID occurs after replication and
before chromosome segregation inDrosophilaGSCs and
neuroblasts (NBs)
To assess the cell cycle timing of centromere assembly in GSCs,
we quantified the CID fluorescent intensity (integrated density,
Fig. S1, A–E; see Materials and methods) in mitosis and inter-
phase. We first quantified the total amount of CID-GFP per nu-
cleus at each phase of mitosis using the H3S10P marker (Fig. 1 I).
No significant difference in CID level was detected between
prophase (GSCp = 1,993 ± 180,n = 18 cells) and metaphase (GSCm =
2,512 ± 213,n = 12 cells). At anaphase, the CID level drops to about
half the metaphase level (GSCa = 1,230 ± 109.4,n = 8 cells). Using
antibody staining, we quantif ied CID in S phase and G2 phase/
prophase cells (Fig. 1 J). The total amount of CID detected per
nucleus in S phase cells was significantly lower than the value
obtained for G2 phase/prophase: GSC+EdU = 1,764 ± 104.9 (n = 25
cells); GSCG2/prophase = 2,252 ± 108.6 (n = 25 cells). These results
show that low levels of CID are observed at anaphase and repli-
cation, while considerably higher levels of CID are measured
during G2 phase and prophase, suggesting that CID assembly in
GSCs occurs after replication and before chromosome segregation.
Furthermore, gradual deposition of CID might continue up to
metaphase.

To exclude the possibility that these dynamics were a specific
feature of GSCs, we investigated CID deposition in neural stem
cells of the thoracic ventral nerve chord (tVNC; Fig. S1 F) in
larval brains. To isolate reactivated NBs in G2/prophase, we
antibody stained with the NB marker Deadpan (Boone and Doe,
2008) and the G2 regulator CYCA that is degraded at metaphase
(Lilly et al., 2000 ). Deadpan-positive NBs display different sizes,
between 4 and 8 µm (Fig. 2 G; Chell and Brand, 2010). We
quantified the total amount of CID per nucleus in these cells
through antibody staining ( Fig. 2 H). In the CYCA-negative NBs,
the DNA is not condensed, indicating that they are neither in
mitosis nor in G2/prophase. We therefore labeled them as G1/S
phase NBs. Our quantification shows that CYCA-positive NBs
have 65% and 90% more CID compared with the G1/S phase NBs
(G2/prophase = 4,190 ± 364,n = 30 cells; G1/S phase (4 µm) =
2,191 ± 151,n = 31 cells; G1/S phase (5–8 µm) = 2,552 ± 155,n = 30

cells; 9 tVNC analyzed). Our results confirm that, similar to
GSCs, neural stem cells likely also assemble centromeres during
the G2/M transition.

Correct CID deposition at GSC centromeres requires both
CYCA and CYCB
Previous work showed that CENP-A assembly into centromeric
chromatin is tightly linked to key cell cycle regulators
(Stankovic et al., 2017). For instance, in Drosophila,CYCA accu-
mulation and degradation in G2 phase is crucial for CID as-
sembly (Erhardt et al., 2008; Mellone et al., 2011). Our work
shows that in GSCs, centromeric recruitment of CID initiates
in early G2 phase and continues until at least prophase (Fig. 1),
coinciding with CYCA and CYCB activities. Therefore, we
characterized the localization pattern of CYCA and B in GSCs
with respect to centromeres. CYCA was previously shown to
have both cytoplasmic and nuclear localization, specifically co-
localizing with CID at the centromeres in Kc167 cells (Erhardt
et al., 2008). We confirm using antibody staining that this is the
case also for GSCs (Fig. 2, A–D9). This is different from the CYCB
localization pattern, as it shows both cytoplasmic and nuclear
localization but fails to localize at centromeres (Fig. 2, E–H9).
Next, we used the GAL4 upstream activating sequence (GAL4:
UAS) system (Duffy, 2002) to induce the RNAi-mediated de-
pletion of CYCA and B specifically in GSCs using the germline-
specific driver nanos-Gal4(Mathieu et al., 2013). To confirm both
knockdowns, control nanos-Gal4and CYCA/B RNAi ovaries were
antibody stained against CYCA or CYCB (Fig. S1, I–N9). VASA
staining (Yan et al., 2014) of ovaries showed that control ger-
maria chambers are filled with germ cells (Fig. 2, I–J9), while
CYCA depletion leads to a loss of germ cells (Fig. 2, K–L9). Fur-
thermore, the few germ cells left appear to be as twice as big as
the germ cells in the control (focus on inset in Fig. 2, J9and L9).
Similar to what has been previously described (Mathieu et al.,
2013), we observed that CYCB-depleted germaria have more cells
compared with the control, by counting the number of VASA-
positive cells from a similar number of z-stack projections
(nanos-Gal4= 34.8 ± 2.3 cells,n = 21 germaria; CYCB RNAi = 50.6
± 2.3, n = 23 germaria, not depicted;Fig. 2, M–N9). We did not
observe these phenotypes in a nontarget mCherry RNAi control
(Fig. S1, O–Q9). Given that CYCA knockdown can induce endo-
reduplication ( Rotelli et al., 2019), we performed EdU staining on
control and CYCA RNAi germaria. GSCs with a round spec-
trosome and decondensed DNA are EdU negative and can
therefore be considered in G2/prophase (Fig. S1, R–T9). We next
quantified total centromeric CID in GSCs nuclei in G2/prophase
(Fig. 2, J9, J0, L9, L0, N9, N0, and O). We first observed that nanos-
Gal4 GSCs contain an average of 5.4 centromere foci detected
with CID antibody, while GSCs depleted for CYCA show only 4.
We found that in CYCA-knockdown GSCs, these levels are re-
duced by 40% compared with the control (Fig. 2 O, nanos-Gal4=

metaphase, and anaphase (I) or antibody staining at replication and G2/prophase (J). Star indicates the terminal filament; arrows indicate GSCs; arrowheads
indicate GSC and CB; <1-d-old heterozygous CID-GFP/H2Av-RFP and wild-type females; scale bar 10 µm (I–IV) or 5 µm (V). Cartoons indicate the cell cycle
phase. Fluorescence Intensity is expressed as integrated density after background subtraction (see Materials and methods); data are represented as the mean ±
SEM; **, P < 0.005; ***, P < 0.0005, n.s., not significant; calculated with unpairedt test with Welch’s correction.
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10,411 ± 642,n = 20 cells; CYCA RNAi = 6,303 ± 538.5,n = 22 cells,
reported as mean gray value [MGV] to not take into account
differences measured in single centromere foci size [not de-
picted]). In the case of CYCB RNAi, quantitation of CID revealed

that GSCs show a 28% increase in CID compared with the control
(Fig. 2 O, nanos-Gal4= 8,941 ± 610.8, 5.4 centromere foci,n = 21
cells; CYCB RNAi = 11,512 ± 801.8, 5.6 centromere foci,n = 21 cells,
again reported as MGV). Taken together, our data show that

Figure 2. CID deposition in GSCs requires CYCA, CYCB, and HASPIN. (A–H) Wild-type germaria stained for DAPI (cyan), anti-CID (red), and anti-CYCA or
anti-CYCB (green).(I–N0) Confocal z-stack projection ofnanos-Gal4(I–J0), CYCA RNAi (K–L0), CYCB RNAi (M–N0) germaria, stained for DAPI (cyan), anti-VASA
(yellow), anti-CID (green), and anti-1B1 (spectrosome, red).(O) Quantification of CID fluorescence intensity at centromeres per nucleus (L).(P–S0) Confocal
z-stack projection ofnanos-Gal4(P–Q0) and HASPIN RNAi germaria (R–S0), stained for DAPI (cyan), anti-VASA (yellow), anti-CID (green), and anti-1B1
(spectrosome, red).(T) Quantification of CID fluorescence intensity (MGVs) at centromeres per nucleus. Data are represented as the mean ± SEM; ***,
P < 0.0005; *, P < 0.05, calculated with unpairedt test with Welch’s correction. Star indicates the terminal filament and arrows indicate centromeres; 3-d-old
female flies; scale bar, 10 µm; inset, 5 µm.
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CYCA and CYCB have opposite effects on CID intensity. Spe-
cifically, CYCA depletion is responsible for a 40% loss of
centromeric CID, while CYCB RNAi causes a 28% increase in
CID level.

Centromeric CAL1 level is not affected by CYCA deficiency,
while CID incorporation is inhibited by the HASPIN kinase
To test whether the loss of CID observed in CYCA-deficient GSCs
was due to a loss of CAL1 and/or CENP-C, we antibody stained
control and knockdown germaria for both CAL1 and CENP-C
(Fig. S2, A–F0). CAL1 is detectable not only at centromeres
but also in nucleoli (Unhavaithaya and Orr-Weaver, 2013;
Schittenhelm et al., 2010; Erhardt et al., 2008). In this case, we
specifically quantified the centromeric CAL1 in GSCs at G2/
prophase and found no significant difference between thenanos-
Gal4and CYCA RNAi samples (Fig. S2 R, nanos-Gal4= 3,921 ±
546.4,n = 15 cells; CYCA RNAi = 2,865 ± 457.8,n = 14 cells). In
contrast, CENP-C levels are reduced (Fig. S2 S, nanos-Gal4=
7,060 ± 730.1,n = 15 cells; CYCA RNAi = 4,269 ± 525.6,n = 14
cells). These results suggest that the diminishment of CENP-C
and CID observed in GSCs with reduced CYCA might be inde-
pendent of CAL1. Because we found that CYCB has a role in CID
deposition, we tested whether this occurs through its canonical
pathway, which involves the activation of the kinase HASPIN
that phosphorylates H3T3P (Moutinho-Santos and Maiato, 2014).
Therefore, we performed HASPIN knockdown using the nanos-
Gal4driver ( Fig. 2, O–R0). We first confirmed this knockdown by
immunofluorescence (Fig. S2 H–K9) and real-time quantitative
PCR (qPCR;Fig. S2 L). Next, we again measured the amount of
CID in G2/prophase GSCs (Fig. 2 S). Interestingly, we found that
GSCs in the HASPIN RNAi showed a 65% increase in CID level
compared with the control ( Fig. 2 S, nanos-Gal4, 6,408 ± 418, 4.1
centromere foci, n = 22 cells; HASPIN RNAi, 10,542 ± 479, 5.1
centromere foci, n = 22 cells, reported as MGV). This result in-
dicates that regular CID deposition at centromeres involves
HASPIN.

Superresolution imaging reveals that GSC chromosomes are
loaded with more CID, make stronger kinetochores, and
capture more spindle fibers
To explore whether the timing of CID assembly might be linked
to an asymmetric distribution of CID on chromosomes, we in-
vestigated CID distribution on sister chromatids in GSCs before
division. Specifically, we used superresolution microscopy to
examine CID intensity at sister centromeres at prometaphase
and metaphase. To capture GSCs in this specific time window,
we used the H3T3P marker (Xie et al., 2015). As expected, this
marker first appears in GSCs at late prophase, while at anaphase
the signal is lost (Fig. S2, M–Q). Importantly, superresolution
microscopy allowed us to resolve eight individual sister chro-
matid pairs at these stages (16 centromere foci;Fig. 3). Using the
position and orientation of the spectrosome, which has a round
shape during mitosis (Ables and Drummond-Barbosa, 2013), we
specifically identified centromeres that will be inherited by the
GSCs (spectrosome proximal) and centromeres that will belong
to the CBs (spectrosome distal,Fig. 3, A–D9; and Fig. S3, A–N9).
Next, we measured the total amount of CID present on one set of

chromosomes versus the other. For comparison, we conducted
the same analysis on differentiated CCs of neighboring four-cell
cysts that divide symmetrically ( Figs. 3 Eand S3, O–T). The ratio
obtained shows that centromeres present on the GSC side in-
corporate � 20% more CID, compared with centromeres of the
CB side (ratio GSCside/CBside = 1.192 ± 0.072,n = 9 GSCs in pro-
metaphase/metaphase;Fig. 3 E, values shown in Fig. S3 T).
Importantly, this CID asymmetry is not observed in CCs at the
same time window (ratio CCAside/CCBside = 1.016 ± 0.027,n = 9
CC in prometaphase/metaphase;Fig. 3 E, values shown in Fig.
S3 T). To check whether bigger centromeres dock more spindle
fibers, as already proposed (Drpic et al., 2018), we antibody
stained GSCs in prometaphase and metaphase for tubulin (Fig. 3,
F–I9; and Fig. S3 U–Y9). We observed more spindle fibers nu-
cleated from the daughter centrosome, inherited by the GSC
(Salzmann et al., 2014), compared with those nucleated from the
mother centrosome on the CB side. This is detectable on bio-
riented spindles at both prometaphase and metaphase (Fig. 3,
F–I9; and Fig. S3, U–Y9). To quantify this signal, we measured
fluorescent intensity of the spindle on the GSC side versus the
CB side (expressed as integrated density). The ratio of the two
areas per cell analyzed show that GSC chromosomes display
� 48% more spindle microtubules compared with the CB chro-
mosomes (ratio GSCside/CBside = 1.48 ± 0.2,n = 10 GSCs in pro-
metaphase/metaphase). We also confirmed by performing
costaining for both tubulin and CID that the microtubules nu-
cleated from the centrosome were captured by centromeres
(Fig. 3, J–K9). Next, we investigated whether the asymmetric
distribution of CID is maintained later in the cell cycle. Specif-
ically, we analyzed anaphase GSCs in transgenic flies expressing
H2Av-RFP/CID-GFP and replicating GSC-CB couples (Fig. 3, L–O)
in wild-type EdU-stained flies. As shown (Fig. 3, L–M0), both
anaphase and S phase GSCs appear to retain the higher amount
of CID. Quantitation revealed that at S phase, GSCs retain 14%
more CID compared with CBs (Fig. 3 N; ratio GSC/CB = 1.14 ±
0.04, n = 27 couples GSC-CB analyzed; anaphase data not de-
picted because of the low number of cells analyzed). Further-
more, this value is not significantly different from the values
found at prometaphase for GSC chromosomes (Fig. 3 N). Finally,
we assessed whether centromeres that harbor more CID make
bigger kinetochores, which could bias segregation (Drpic et al.,
2018). For this, we quantified the amount of CENP-C in repli-
cating GSC-CB couples (Fig. 3, O–O0), detecting a higher amount
in GSCs (Fig. 3 P, ratio GSC/CB = 1.27 ± 0.05,n = 36 GSC-CB
couples analyzed). These results suggest that chromosomes are
labeled with a differential amount of CID upon centromere as-
sembly. Moreover, chromosomes inherited by the GSCs harbor
more CID and make bigger kinetochores that capture more
spindle fibers compared with CB chromosomes.

In GSCs, CAL1 is crucial for division and differentiation, as well
as CID and CENP-C recruitment to centromeres
To test the role of centromeres in stem cell asymmetric division,
we performed functional analyses knocking down CID and CAL1
in GSCs (Dietzl et al., 2007). Controls stained for VASA and the
spectrosome (1B1) showed germaria filled with germ cells (Fig.
S4 A) and GSCs having a round spectrosome attached to the cap
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Figure 3. Sister chromatids of GSCs and CBs retain differential amounts of CID and CENP-C. (A–D9) Superresolution (N-SIM) z-stack projection of a GSC
at prometaphase (A–B9) and metaphase (C–D9) stained for DAPI (cyan), anti-1B1 (spectrosome, magenta), anti-CID (red), and anti-H3T3P (green).(E)Ratio of
the total amount of CID detected on the chromosomes of the GSC side and the total amount of CID detected on the chromosomes of the CB side, and similarly
for the control CCA and CCB sides of cyst cells (CC).(F–I9) Confocal z-stack projection of a GSC at prometaphase (F–G9) and metaphase (H–I9) stained for DAPI
(cyan), anti-TUBULIN (red), and anti-H3T3P (green).(J–K9) Confocal z-stack projection of a GSC at metaphase stained for anti-TUBULIN (red), anti-CID (green).
(L–L0) Confocal z-stack projection of a H2Av-RFP/CID-GFP germarium, capturing a GSC and CB at anaphase.(M–M0) Confocal z-stack projection capturing a
GSC and CB at S phase stained for DAPI (cyan), EdU (white), and anti-CID (green).(N) Comparison of the ratio of the total amount of CID detected on the
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cells (Fig. S4 A, arrows). As expected for an essential gene, CID
knockdown resulted in empty ovaries with no VASA-positive
cells, and therefore no germ cells (Fig. S4 A). For the CAL1
knockdown, we confirmed a >10-fold depletion of CAL1 ex-
pression through real-time qPCR (Fig. 4 A, see Materials and
methods). Phenotypic analysis of CAL1-depleted ovaries showed
they were largely empty (Fig. S4 A). However, 18% of germaria
(3 of 16) showed the presence of a few cells (1–3) that were VASA
positive with a round spectrosome and located 90% of the time
at the apical end of germaria (Fig. S4 A). Older flies (7 d after
eclosion) showed a higher frequency of this phenotype (� 30%, 5
of 16 germaria; not depicted). The 1–3 cells left show all the
features of GSCs (Fig. 4, BI–BIV). They are VASA positive (Fig. S4
A) and located at the apical end of the germarium close to the
terminal filament in the niche; have a round spectrosome (Fig.
S4 A, compare Fig. 4, BII and CII); stain positive for phospho-
rylation of mothers against Dpp (pMAD), a BMP signaling in-
dicator present in GSCs (Song et al., 2004; compare Fig. 4, BIII
and CIII); and do not express the differentiation marker bag of
marbles (BAM; Fig. S4 B). This analysis confirms that also in
stem cells, CAL1 is crucial for cell division and therefore also for
differentiation.

Given that CAL1 is located at both centromeres and nucleoli,
we investigated the depletion of both CAL1 pools in GSCs. In
nanos-Gal4flies (Fig. S4 C), CAL1 colocalizes with both CENP-C
and the nucleolar marker FIBRILLARIN (Fig. S4 C). In the CAL1
knockdown samples, CAL1 is still present in the nucleolus of
GSCs, colocalizing with FIBRILLARIN (Fig. S4 C); however, it is
missing from the centromeres, as we could not distinguish any
CAL1 signal outside of the nucleolus overlapping with CENP-C
(Fig. S4 C). Indeed, neither CENP-C nor CID is detectable at
centromeres in the knockdown GSCs (Fig. 4, D and E). From our
observations, we conclude that (a) knockdown depletes the pool
of CAL1 at centromeres, but not the one at the nucleolus; and (b)
knockdown of centromeric CAL1 is responsible for the loss of
functional centromeres in GSCs.

Overexpression of CAL1 and CID, as well as HASPIN
knockdown, promotes stem cell self-renewal
To further explore centromere function in GSCs, we performed
overexpression of CID, CAL1, or CAL1 together with CID. For this
purpose, we crossed flies carrying CID-mCherry (CID_OE),
CAL1-YFP (CAL1_OE), or both CAL1-YFP and CID-mCherry
(CAL1-CID_OE) transgenes to ananos-Gal4driver line. Ovaries
from F1 progeny were screened for correct localization of the
fusion proteins, confirmed using antibody staining against CID
and FIBRILLARIN (Fig. S5, A–O9). As expected, thenanos-Gal4
control does not show any YFP or RFP fluorescence (Fig. S5,
A–E9). In the CAL1-CID_OE, CAL1-YFP colocalizes with

CID-mCherry and with CID antibody (Fig. S5, F–I [arrow] and
Fig. S5 J), but we could not detect any colocalization with FI-
BRILLARIN in nucleoli (Fig. S5, F9–I9[arrow] and Fig. S5 J9). In
the CAL1_OE, CAL1 localizes as expected at centromeres (Fig.
S5, K–N, arrows, and Fig. S5 O) and at nucleoli (Fig. S5, K–N9
[arrowheads] and Fig. S5 O9). We also show that CID_OE co-
localizes with CID antibody (Fig. S5 P). We next quantified the
number of round spectrosomes, using antibody staining against
1B1, indicative of GSC and CB cells (Fig. 5, A–D and M). In nanos-
Gal4, we found an average of two spectrosomes/germarium
(Fig. 5 A [arrows] and Fig. 5 M; nanos-Gal41B1= 1.84 ± 0.16,n =
30 germaria). In the CID_OE and CAL1-CID_OE, this number
increases� 1.4-fold (Fig. 5, B and C[arrows] and Fig. 5 M, CI-
D_OE1B1= 2.70 ± 0.24; CAL1-CID_OE1B1= 2.61 ± 0.17,n = 30
germaria), while in the CAL1_OE, the number almost doubles
(Fig. 5 D[arrows] and Fig. 5 M; CAL1_OE1B1= 3.51 ± 0.31,n = 30
germaria). To measure the GSC/CB balance, we used the stem
cell marker pMAD (Song et al., 2004) and SEX-LETHAL (SXL;
Fig. 5, E–L and N), a marker that labels the GSC–CB transition.
SXL is present from GSCs up to the two-cell cyst stage and can
therefore be used to define the size of the germarium compart-
ment containing GSCs and early differentiated cells (Chau et al.,
2009). Our quantification shows that nanos-Gal4germaria have
approximately one pMAD-positive cell (nanos-Gal4pMAD = 1.36 ±
0.10,n = 30 germaria;Fig. 5, E and N), while this number doubles
in all the overexpression lines (Fig. 5, F–H and N; CAL1-CI-
D_OEpMAD = 2.10 ± 0.13; CAL1_OEpMAD = 2.20 ± 0.13 and CID_OE
= 2.46 ± 0.15). SXL staining revealed that there is no difference in
the number of SXL-positive cells between thenanos-Gal4control,
CID_OE, or CAL1-CID_OE (nanos-Gal4SXL = 4.80 ± 0.33, n = 30
germaria; CAL1-CID_OESXL = 4.86 ± 0.25; CID_OE = 4.93 ± 0.30;
Fig. 5, I–K and N), while overexpression of CAL1 alone is re-
sponsible for an increase in the number of SXL-positive cells
compared with the control (CAL1_OESXL = 6.86 ± 0.27,n = 30
germaria; Fig. 5, L and N). This analysis shows that CID, CAL1-
CID, and CAL1 overexpression leads to an increase in the number
of GSCs compared with the control. We next calculated the SXL/
pMAD ratio as a measure for the number of GSCs, CBs, and two-
cell cysts in the germarium. In control germaria, there are 3.5 SXL-
positive cells for each pMAD-positive cell (nanos-Gal4SXL/pMAD =
3.53 ± 0.29). This ratio does not change in the CAL1_OE (CAL1_-
OESXL/pMAD = 3.38 ± 0.22), which indicates that differentiation
occurs at an expected rate compared with the control. However, in
the CAL1-CID_OE and CID_OE,� 2 SXL-positive cells are present
for each pMAD-positive cell (CAL1-CID_OESXL/pMAD = 2.47 ± 0.23;
CID_OESXL/pMAD = 2.23 ± 0.19;Fig. S5 Q). This means that GSCs
overexpressing CAL1-CID and/or CID self-renew rather than dif-
ferentiate. To exclude the possibility that phenotypes were due to
the genetic background of the responder flies, we conducted the

chromosomes of the GSC side and the total amount of CID detected on the chromosomes of the CB side at prometaphase, and the amount of CID detected
between GSCs and CBs at S phase.(O–O0) Confocal z-stack projection of a GSC and CB at S phase stained for DAPI (cyan), EdU (white), and anti-CENP-C
(yellow).(P) Comparison of the ratio of CID and CENP-C between GSCs and CBs at S phase. White line, cap cells; arrowheads, spectrosome. Data are rep-
resented as the mean ± SEM; P value in E calculated through the use of different tests: unpairedt test with Welch’s correction (plotted); Mann–WhitneyUtest
P value = 0.0244; Wilcoxon matched-pairs signed rank test P value = 0.0195; n.s., not significant. In A–L0, 30-min-old female flies; in N–O0, <1-d-old female
flies; scale bar, 5 µm; inset, 1 µm.
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same analysis on lines in which the overexpression is not induced
and found similar values to the nanos-Gal4control (not depicted).
Altogether, our results suggest that the overexpression of CAL1
and CID together, as well as CID alone, promotes self-renewal,
while CAL1 overexpression stimulates proliferation.

Because we found that HASPIN has a role in CID assembly,
and given its proposed role in GSC asymmetric division in male
flies (Xie et al., 2015), we tested whether HASPIN knockdown
disrupts the GSC/CB balance in the germarium. We found that
HASPIN knockdown germaria have a higher number of round
spectrosomes, as well as a higher number of pMAD-positive
cells, compared with the control (nanos-Gal41B1= 2.6 ± 0.19,n =
60 germaria analyzed; nanos-Gal4pMAD = 1.72 ± 0.10,n = 54
germaria analyzed; HASPIN_RNAi1B1= 3.80 ± 0.19,n = 60 ger-
maria analyzed; HASPIN_RNAipMAD = 3.01 ± 0.13,n = 54 ger-
maria analyzed; Fig. 5, O–S). These results confirm that also
HASPIN regulates GSC/CB content inDrosophilagermaria.

GSC self-renewal disrupts asymmetric inheritance of CID
To investigate whether the asymmetric inheritance of CID be-
tween GSC and CB has a role in regulating the stem cell asym-
metric division ( Fig. 5), we quantified the amount of CID in

replicating GSC-CB couples in controls, CAL1-CID_OE, and
HASPIN knockdown germaria (Fig. 6, A–D). We again observed
CID asymmetry in control couples (Fig. 6, A, A9, and D; ratio
GSC/CB = 1.18 ± 0.04,n = 22 GSC-CB couples analyzed). Notably,
CID asymmetry is lost in both CAL1-CID_OE or HASPIN
knockdown couples (Fig. 6, B–D, ratio GSC/CB: CAL1-CID_OE =
1.02 ± 0.06,n = 24 GSC-CB couples analyzed; HASPINRNAi = 1.00
± 0.03, n = 20 GSC-CB couples analyzed). This result indicates
that in germaria enriched with GSCs at the expense of CBs, there
is also a loss of asymmetric CID inheritance.

To examine CAL1 and CID requirements at later stages of egg
development, we performed knockdown experiments for CENPs
using the bam-Gal4driver (active in 4 –8-cell cysts). Ovaries
were stained for VASA and BAM to mark 4–8-cell cysts. Sur-
prisingly, we noticed that cell division past this stage is not
impaired by depletion of either CID or CAL1 (Fig. 6, E–G). Re-
markably, in the CID RNAi, we did not observe a significant
diminishment of CID compared with the control ( Fig. 6, E and F).
In the CAL1 RNAi, CID levels appear to be reduced, but cell di-
vision proceeds normally (Fig. 6, E and G). In 16-cell cysts, after
the BAM region, we confirmed a reduction of CAL1 in the CAL1
knockdown samples compared with the bam-Gal4driver ( Fig.

Figure 4. CAL1 knockdown blocks cell proliferation. (A) CAL1 knockdown confirmation by real time qPCR.(B and C)Confocal z-stack projection ofnanos-
Gal4(B) and CAL1 RNAi (C) germaria, stained for DAPI (cyan), anti-1B1 (spectrosome, red), and anti-pMAD (labels GSCs, yellow).(D and E)Confocal z-stack
projection ofnanos-Gal4(D) and CAL1 RNAi germaria (E), stained for DAPI (cyan), anti-1B1 (spectrosome, red), anti-CID (green), and anti-CENP-C (yellow). Star
indicates the terminal filament; dotted lines represent follicle cells; 3-d-old female flies; scale bar, 10 µm; DV and EV, 5 µm.
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S5 R). To check the impact of CAL1 reduction on centromere
assembly, we antibody-stained samples against CENP-C. In the
control cysts, identified through the fusome morphology ( Fig. 6,
H9–K9, arrows in Fig. 6 I9), two to four centromere foci closely
opposed to the nucleolus are normally visible (Unhavaithaya and
Orr-Weaver, 2013; Fig. 6, J9–K9). In the CAL1 knockdown sample
(Fig. 6, L9–O9), we did not observe any change in the amount of
CENP-C (Fig. 6, N9–O9). Since CID/CENP-C levels were not de-
creased after expression of CID/CAL1 RNAi using thebam-Gal4
driver, we sought to confirm this knockdown approach in ger-
maria. Therefore, we tested the functionality of the driver on

another centromere protein (CENP-C). Our results (Fig. S5 S)
confirm effective CENP-C knockdown at this stage. In addition,
since other drivers successfully knocked down CAL1 and CID,
this observation supports the idea that at this stage CID and
CENP-C are already assembled at centromeres and that CAL1
function is dispensable, at least for the cell division occurring
after the eight-cell stage.

CID assembly dynamics differ between GSCs and cysts
To better understand the dynamics of CID assembly in GSCs and
differentiated CCs, we measured the amount of CID per nucleus

Figure 5. CID and CAL1 overexpression and HASPIN knockdown promote stem cell self-renewal. (A–D) Wide-field z-stack projection ofnanos-Gal4(A),
UAS_ CID-mCherry (CID_OE; B) UAS_CAL1-YFP_UAS_CID-mCherry (CAL1-CID_OE; C), and UAS_CAL1-YFP (CAL1_OE; D) germaria, stained for VASA (cyan) and
anti-1B1 (spectrosome, red).(E–L) Confocal z-stack projection ofnanos-Gal4(E and I), CID_OE (F and J), CAL1-CID_OE (G and K), and CAL1_OE (H and L)
germaria, stained for anti-pMAD (green) and anti-SXL (red).(M) Spectrosome quantification.(N) pMAD and SXL quantification.(O–R) Wide-field z-stack
projection of nanos-Gal4(O and P) and HASPIN RNAi (Q and R) germaria stained for DAPI (cyan), anti-pMAD (green), and anti-1B1 (spectrosome red).
(S)Spectrosome (left) and pMAD (right) quantitation innanos-Gal4and HASPIN RNAi. Data are represented as the mean ± SEM; ***, P < 0.0005; **, P < 0.005,
n.s., not significant; calculated with unpairedt test with Welch’s correction. Star, terminal filament; arrows, spectrosome; arrowheads, pMAD-positive cells;
dotted line, SXL regions; solid line, germarium; 3-d-old female flies; scale bar, 10 µm.
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in both cell types to detect possible differences. We used H3S10P
to mark GSCs and synchronously dividing eight-cell cysts at
prophase (Fig. 7, A–F9). We noted that anti-CID staining at pro-
phase labels centromeric CID but also shows a nuclear non-
centromeric localization. As we did not observe this localization
with CID-GFP, it is possible that it results from this specific

antibody combination. Therefore, we focused our quantification
on centromeric CID signals only. Compared with prophase GSCs,
CC nuclei are smaller, yet centromeric foci are present in a
similar number. From our quantification, we detected an � 40%
diminishment in the total amount of CID in CCs at the eight-cell
stage (CC = 323.4 ± 20.94,n = 26 cell analyzed;Fig. 7 I), compared

Figure 6. GSC self-renewal disrupts CID asymmetric in-
heritance. (A–C9) Wide-field z-stack projection ofnanos-Gal4
(A and A9), CAL1-CID_OE (B and B9), and HASPIN RNAi (C and
C9) germaria stained for 1B1 (spectrosome, cyan), EdU (white),
anti-CID (red).(D) Ratio of the total amount of CID detected in
the GSC and the total amount of CID detected in the CB at S
phase.(E–G) Confocal z-stack projection ofbam-Gal4(E), CID
RNAi (F), and CAL1 RNAi (G) germaria, stained for anti-BAM
(red) and anti-CID (green).(H–O9) Confocal z-stack projection
of bam-Gal4(H–K9) and CAL1 RNAi (L–O9) germaria, stained for
DAPI (blue), anti-1B1 (red), anti-FIBRILLARIN (red), and anti-
CENP-C (yellow). 16-cell cysts were selected based on the fu-
some morphology (arrow) in the control (H9–K9) and in the CAL1
RNAi (L9–O9). Data are represented as the mean ± SEM; *, P <
0.05; **, P < 0.005, calculated with unpairedt test with Welch’s
correction. Star, terminal filament; dotted line, end of the BAM-
positive region; arrow, fusome; solid line, germarium; 3-d-old
female flies; scale bar, 10 µm; inset, 5 µm.
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with GSCs (GSC = 547.2 ± 41.57,n = 24 cell analyzed;Fig. 7 I). This
indicates a dramatic change in CID assembly dynamics, such that
it is not replenished to 100% each cell division. Taken together
with our observation of no significant reduction in CID after CID
or CAL1 RNAi at this stage (Figs. 6and S5), these data suggest
that CID is inherited from the GSCs with little new CID loading
occurring in cysts.

Discussion
In this study, we performed a detailed characterization of cen-
tromere dynamics throughout the cell cycle in Drosophilafemale
GSCs. Our analysis reveals that GSCs initiate CID incorporation
after replication and that its deposition continues until at least
prophase (Fig. 7 H). Drosophilaneural stem cells follow the same
trend. Notably, this timing is different from existing studies in
other metazoans. We also found that CYCA, CYCB, and HASPIN
are critically involved in CID (and CENP-C) loading at cen-
tromeres. According to our model (Fig. 7 H), CYCA promotes
centromere assembly, while CYCB prevents excessive deposition
of CID, through the HASPIN kinase. Moreover, chromosomes
that will be inherited by GSCs are labeled with a higher amount
of CID and capture more spindle microtubules (Fig. 7 J). Impor-
tantly, we show that overexpression of CAL1 and CID together, as
well as HASPIN knockdown, promotes stem cell self-renewal,
disrupting the asymmetric inheritance of CID. Depletion of CAL1
in stem cells blocks cell division, while CAL1 overexpression
causes GSC-like tumors, highlighting its crucial role in cell pro-
liferation. We raise three main points of discussion: (1) the bio-
logical significance of centromere assembly in G2-M phase; (2)
CAL1 is a cell proliferation marker; and (3) CID incorporation
into centromeric chromatin occurs before meiosis.

Biological significance of centromere assembly in G2-M phase
Cell cycle time
According to our data, CID deposition occupies a wide window of
time from after replication and early G2 phase to prophase. The
assembly of GSC centromeres during the G2/M transition could
be due to the contraction of the G1 phase, a characteristic of stem
cells (Pauklin and Vallier, 2013; White and Dalton, 2005; Becker
et al., 2006). Yet, in fly embryonic divisions, G1 phase is missing,
and instead CID loading occurs at anaphase (Schuh et al., 2007).
Therefore, G2/M assembly might be a unique property of stem
cells. This timing is also similar to the one found for Drosophila
spermatocytes, which assemble centromeres in prophase of
meiosis I (Dunleavy et al., 2012; Raychaudhuri et al., 2012).
These spermatocytes undergo an arrest in prophase I for days,
indicating a gradual loading of CID over a long period of time.
Intriguingly, a similar phenomenon has been recently observed
in G0-arrested human tissue culture cells and starfish oocytes
(Swartz et al., 2019). Given that GSCs are mostly in G2 phase
(Yamashita et al., 2003), Drosophilastem cells might show sim-
ilar properties to quiescent cells. According to the most recent
models, there is a dual mechanism for CENP-A deposition: (a)
a rapid pulse during G1 in mitotically dividing cells; and (b) a
slow but constant CENP-A deposition in nondividing cells to
actively maintain centromeres (Swartz et al., 2019). Indeed,

while previous studies in DrosophilaNBs show a rapid pulse of
CENP-A incorporation at telophase/G1 (Dunleavy et al., 2012),
the majority of the loading could occur between G2 and pro-
phase. Our new results also support this model.

Cell cycle regulation
Incorporation of CID before chromosome segregation might
reflect a different CYCLIN-CDK activity in these cells. For in-
stance, it has been already shown that inDrosophilaGSCs CY-
CLIN E, a canonical G1/S cyclin, exists in its active form (in
combination with Cdk2) throughout the cell cycle, indicating
that some of the biological process commonly occurring in G1
phase might actually take place in G2 phase (Ables and
Drummond-Barbosa, 2013). This is in line with our functional
findings, where depletion of CYCA causes a decreased efficiency
in CID and CENP-C assembly. We also found that this loss might
be independent from CAL1. Surprisingly, correct CID deposition
in GSCs also requires CYCB and HASPIN. Indeed, an inhibitory
mechanism for CID deposition through CYCB has already been
proposed in mammals (Stankovic et al., 2017). Interestingly, in
Drosophilamale GSCs, centromeric CAL1 is reduced between G2
and prometaphase (Ranjan et al., 2019), further suggesting a role
for additional regulators of CID assembly, such as CYCA/B or
HASPIN, at this time.

Epigenetic mechanism to drive cell fate during stem cell
asymmetric division
According to our results, asymmetric cell division of GSCs is
epigenetically regulated by differential amounts of centromeric
proteins deposited at sister chromatids, which in turn can in-
fluence the attachment of spindle microtubules and can ulti-
mately bias chromosome segregation. It is interesting to
speculate on the temporal sequence of these events. Two sce-
narios can be proposed: (a) the nucleation of microtubules from
the GSC centrosome requires bigger kinetochores; or (b) bigger
kinetochores require a higher amount of spindle fibers to attach.
Our results together with recent studies support the latter sce-
nario. In fact, in Drosophilamale GSCs, asymmetric distribution
of centromeric proteins is established before microtubule at-
tachment. Furthermore, microtubule disruption leaves asym-
metric loading of CID intact, while it disrupts the asymmetric
segregation of sister chromatids (Ranjan et al., 2019). Our data
confirm this model, as we observe symmetric segregation of CID
upon HASPIN knockdown. Indeed, in vertebrates HASPIN
knockdown causes spindle defects (Wang et al., 2012; Yamagishi
et al., 2010; Kelly et al., 2010). Specifically, we observed that a
1.2-fold difference in CID and CENP-C levels between GSC and
CB chromosomes can bias segregation. While this difference is
small, it fits with the observation that small changes in CENP-A
level (on the order of 2–10% per day) impact on centromere
functionality in the long run ( Swartz et al., 2019). In Drosophila
male GSCs, an asymmetric distribution of CID on sister chro-
matids >1.4-fold was reported (Ranjan et al., 2019). This higher
value might reflect distinct systems in males and females or
the quantitation methods used. Importantly, CID asymmetry
in males is established in G2/prophase, in line with the time
window we define for CID assembly. Further support for
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unexpected CID loading dynamics comes from our finding
that GSCs in G2/prophase contain� 30% more CID on average
compared with S phase, indicating that CID is not replenished
to 100% each cell cycle. Interestingly, the time course of
H3T3P appearance during the GSC cell cycle closely follows
the timing of CID incorporation, suggesting that the asym-
metric deposition of CID might drive the differential phos-
phorylation of the histone H3 on sister chromatids. Finally,
our results are in line with findings that the long-term re-
tention of CENP-A in mouse oocytes has a role in establishing
asymmetric centromere inheritance in meiosis (Smoak et al.,
2016).

CAL1 is a cell proliferation marker
Our functional studies support a role for CAL1 in cell prolifera-
tion, with no apparent role in asymmetric cell division ( Figs. 4
and 5). Indeed, centromeric proteins have been already pro-
posed as biomarkers for cell proliferation (Swartz et al., 2019).
Specifically, our functional analysis of centromeric proteins, as
well as the HASPIN kinase, allowed us to discriminate between
the classic role of centromeres in cell division and a role in
asymmetric cell division. In our favorite scenario, CAL1 is
needed to make functional centromeres crucial for cell division,
while the asymmetric distribution of CID sister chromatids
regulates asymmetric cell division and might depend on other

Figure 7. Cyst cells incorporate less CID compared with GSCs. (A–F9) Confocal z-stack projection of ananos-Gal4germarium, stained for DAPI (cyan), anti-
CID (green), and anti-H3S10P (red), to highlight a GSC (A–C9, arrow) and eight-cell cysts (D–F9, circle) in prophase.(G) Quantification of CID fluorescence
intensity (integrated density) at centromeres in GSCs and eight-cell cysts at prophase obtained using wide-field microscopy. Data are representedas the mean
± SEM; ***, P < 0.0001. Star, terminal filament; 3-d-old female flies; scale bar, 10 µm.(H) Model for centromere assembly during the cell cycle. After rep-
lication, at early G2 phase, centromere assembly starts, promoted by CYCA, and centromeric nucleosomes (green) replace canonical nucleosomes (gray). This
process continues until at least prophase. Excessive CID deposition is prevented by CYCB through HASPIN. At prometaphase, microtubules from centrosomes
attach to centromeres through the kinetochore. At this point, sister chromatid pairs are loaded with differential amounts of CID (green) and CENP-C (not
depicted) at centromeres. Chromosomes that retain more CID (bigger centromeres, figurative), make bigger kinetochores and attract more microtubules
nucleating from the daughter centrosome (orange) and will be inherited by the GSC. At anaphase, and at replication, centromeres are clustered at the opposite
sides of the two daughter nuclei. CID and CENP-C asymmetry is detected also at S phase. Telophase and G1 are shown as transparent because of the lack of
data for these two phases. CID overexpression or HASPIN knockdown promotes GSC self-renewal and disrupts CID asymmetric inheritance.
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factors, such as HASPIN. However, we cannot rule out that the
effects on cell fate observed with our functional analysis might
reflect alternative CAL1 functions outside of the centromere, for
example due to changes in chromosome structure or gene
expression.

CID incorporation into centromeric chromatin occurs
before meiosis
Centromeres are crucially assembled in GSCs and therefore
before meiosis of the oocyte takes place. Thus, it is possible that
the 16-cell cysts inherit centromeric proteins synthesized and
deposited in the GSCs, and the rate of new CID loading is re-
duced. This would explain why CAL1 function at centromeres is
dispensable at this developmental stage.

Ultimately, our results provide the first functional evidence
that centromeres have a role in the epigenetic pathway that
specifies stem cell identity. Furthermore, our data support the
silent sister hypothesis (Lansdorp, 2007), according to which
centromeres can drive asymmetric division in stem cells.

Materials and methods
Generation of transgenic flies
Transgenic lines expressing either C-terminal tagged CAL1-YFP,
or CID with the mCherry tag inserted between the N-terminus
and the histone fold domain (CID-mCherry), or both (CAL1-YFP-
CID-mCherry) under control of UASp sequences were generated
by transposable (P) element transformation of pUASp vector
(kind gift from X. Chen, Johns Hopkins University, Baltimore,
MD) in w1118embryos (injection, selection, and balancing by
BestGene). Specifically, CAL1-YFP and CID-mCherry constructs
were placed in tandem following UASp sequences in the same
plasmid. cid and cal1cDNA were amplified from wild type (Or-
egon R). mCherry containing three codons for glycine residues
at both sides was inserted in between cid N-terminal and cid
C-terminal as described (Schuh et al., 2007). Cloning of
pUASp_CID-mCherry and pUASp CAL1-YFP was performed
through Gibson Assembly (NEB), combining multiple fragments
including the gene of interest and the FP tag. Primer sequences
used are as follows. (1) pUASp-CID-mCherry, pUASp-CID-Nt_Fw:
59-AGGCCACTAGTGGATCTGGATCCTATGCCACGACACAGCAGA
GCCAAGC-39; CID-Nt_Rv-mCherry: 59-ATCCTCCTCGCCCTTGCT
CACCATACCACCACCGGTCTGGTTTTGCGCA-39; mCherry_Fw-
CID-Nt: 59-TGCGCAAAACCAGACCGGTGGTGGTATGGTGAGCAA
GGGCGAGGAGGAT-39; CID-Ct_Fw: 59-GCATGGACGAGCTGTAC
AAGGGTGGTGGTAGGCGGCGCAAAGCGGCCAA-39; mCherry-Rv:
59-TTGGCCGCTTTGCGCCGCCTACCACCACCCTTGTACAGCTCG
TCCATGC-39; CID-Ct-pUASp_Rv: 59-TTAACGTTAACGTTCGAG
GTCGACTCTAAAATTGCCGACCCCGGTCGCA-39; (2) pUASp-CA
L1-YFP, pUASp-CAL1_Fw: 59-ATAGGCCACTAGTGGATCTGGATC
CTATGGCGAATGCGGTGGTGGACGA-39; CAL1-YFP_Rv: 59-TCC
TCGCCCTTGCTCACCATCTTGTCACCGGAATTATTCTCGAGT
ATGC-39; CAL1-YFP_Fw: 59-CAGCATACTCGAGAATAATTCCGGTG
ACAAGATGGTGAGCAAGGGCGAGGA-39; pUASp-YFP_Rv: 59-GTT
AACGTTAACGTTCGAGGTCGACTTTACTTGTACAGCTCGTCCATG
C-39. pUASp-CAL1-YFP_UAS_CID-mCherry was performed through
restriction cloning of the fragment CAL1 YFP and UASp sequence

into the pUASp-CID-mCherry plasmid in front of CID-mCherry.
Primers of the UASp sequence used are as follows. EcoRI-UASp_Fw:
59-CCGAATTCTTACATACATACTAGAATTGGC-39; UASp-NotI_Rv:
59-CCGCGGCCGCTGCACTGAATTTAAGTGTATACTTC-39.

Fly stocks and husbandry
Stocks were cultured on standard cornmeal medium (NUTRI-
fly) preserved with 0.5% propionic acid and 0.1% Tegosept at
20°C under a 12-h light-dark cycle. UAS-RNAi lines were ob-
tained from the Bloomington Stock Center (CYCA 35694; CYCB
38981; HASPIN 57787) and Vienna Drosophila RNAi Center
(CAL1 45248; CENP-A/CID 102090). The germline-specific pro-
moters nanosand bamwere used to drive GAL4 expression (P{w
[+mC] = UAS-Dcr-2.D}1, w[1118]; P{w[+mC] = GAL4-nos.NGT}
40, provided by Bloomington Stock Center, #25751;bam-Gal4
was a kind gift from M.T. Fuller, Stanford University,
Stanford, CA).

Crosses were performed at 20°C, 25°C, and 29°C, specifically:
CAL1 and CID knockdown using thenanos-Gal4driver were
performed both at 25°C and 20°C, while CAL1 and CID knock-
down using the bam-Gal4driver were both conducted at 29°C.
CYCA knockdown with nanos-Gal4driver was performed at
25°C. CYCB knockdown using thenanos-Gal4was performed at
25°C, HASPIN knockdown using the nanos-Gal4driver was
performed at 20°C, and then larvae were moved at 29°C for 8 d.
Crosses for overexpression were performed usingnanos-Gal4
driver at 25°C. Transgenic lines expressing GFP-tagged CENP-
A/CID and RFP-tagged H2Av (heterozygotes;Schuh et al., 2007)
under respective endogenous promoters were a kind gift from C.
Lehner (University of Zurich, Zurich, Switzerland). Results ob-
tained from each experiment rely on three biological replicates,
unless otherwise specified.

Immunofluorescence
GSCs usually undergo mitotic division at very low frequency
(Yamashita et al., 2003); therefore, to increase our chance to
catch multiple cell cycle phases during cell division at once, we
used young female flies (<1 d old) for centromere assembly
quantifications and measurements of the asymmetry in the
replication couples. To quantify metaphase GSCs inFig. 3, we
used young female flies 30 min old. For all the other experi-
ments, we used 3-d-old female flies. Ovaries from young adult
females were dissected in 1× PBS and fixed in 4% PFA. For
quantification of CID in NBs, brains from third-instar larvae
were dissected and fixed as described above. To carry out the
tubulin staining, ovaries were fixed in ice-cold methanol for
20 min at 4°C, followed by acetone at� 20°C for an additional
2 min. After fixation, samples were immediately washed in 1×
PBS, 0.4% Triton X-100 (0.4PBT). Samples were then blocked in
0.4PBT with 1% BSA for 3–4 h at room temperature and incu-
bated with primary antibodies (in blocking buffer) overnight at
4°C and with secondary antibodies (in blocking buffer) for 1 h at
room temperature.

EdU assays
Ovaries from young female flies were dissected and incubated
for 30 min with EdU (0.01 mM) in 1× PBS and then fixed as
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described. After washing in 0.4PBT, ovaries were incubated for
30 min in the dark with 2 mM CuSO4, 300 uM fluorescent azide
and 10 mM ascorbic acid. Samples were then washed with
0.4PBT for 10 min and then blocked and stained as
described above.

Antibodies
For immunostaining, the following antibodies were used: rabbit
anti-CENP-A (CID) antibody (Active Motif 39719; 1:500), rat
anti-CID (Active Motif 61735; 1:500), guinea pig anti-CENP-C
(Erhardt et al., 2008; 1:1,000), sheep anti-CENP-C aa 1-732 (this
study, 1:2,000), rabbit anti-H3S10P (Abcam ab5176, 1:1,000),
mouse anti-H3S10P (Abcam ab14955; 1:1,000), rabbit anti-
H3T3P (MERK 05-746R; 1:1,000), rabbit anti-VASA (Santa
Cruz sc-30210; 1:250), goat anti-VASA (Santa Cruz sc-26877;
1:100), mouse anti-Fibrillarin (Abcam ab4566; 1:500), mouse
anti-BAM (Developmental Studies Hybridoma Bank ab10570327;
1:10), mouse anti-CYCA (Developmental Studies Hybridoma
Bank, A12 ab528188; 1:250 of the concentrated version), mouse
anti-CYCB (Developmental Studies Hybridoma Bank, F2F4
ab2245815; 1:250 of the concentrated version), rabbit anti-pMAD
(Abcam ab52903; 1:250), mouse anti-SPECTROSOME/1B1 (De-
velopmental Studies Hybridoma Bank ab528070; 1:50), rat anti-
DEADPAN (Abcam 195173; 1:100), mouse anti-tubulin (Abcam
ab44928; 1:100), and rabbit anti-CAL1 (Bade et al., 2014; 1:1,000).

Confocal microscopy
Images of immunostained ovaries mounted in SlowFade Gold
antifade reagent (Invitrogen S36936) were taken using an in-
verted Fluoview 1000 laser scanning microscope (Olympus)
equipped with a 60× oil-immersion UPlanS-Apo objective (NA
1.2). The samples were excited at 404, 473, 559, and 635 nm,
respectively, for DAPI and Alexa Fluor 488, 546, and 647. Light
was guided to the sample via D405/473/559/635 dichroic mirror
(Chroma). The emission light was guided via a size-adjustable
pinhole, set at 115 µm. Fluorescence passed through a 430–455-,
490–540-, 575–620-, 655–755-nm bandpass filter for detection of
DAPI and Alexa Fluor 488, 546, and 647, respectively, in se-
quential mode. Images were acquired as z-stacks with a step size
of 0.5 µm.

Superresolution microscopy
Superresolution images of immunostained ovaries mounted in
SlowFade Gold antifade reagent (Invitrogen S36936) were ac-
quired using structured illumination microscopy (SIM). Samples
were prepared on high precision cover glass (Zeiss). 3D SIM
images were acquired on an N-SIM (Nikon Instruments) using a
100× 1.49-NA lens and refractive index–matched immersion oil
(Nikon Instruments). Samples were imaged using a Nikon Plan
Apo TIRF objective (NA 1.49, oil immersion) and an Andor DU-
897X-5254 camera using 405-, 488-, 561-, and 640-nm laser
lines. Z-step size for Z stacks was set to 0.120 µm as required by
manufacturer software. For each focal plane, 15 images (five
phases, three angles) were captured with the NIS-Elements
software. SIM image processing, reconstruction, and analysis
were performed using the N-SIM module of the NIS-Element
Advanced Research software. Images were checked for artifacts

using the SIM check software (http://www.micron.ox.ac.uk/
software/SIMCheck.php). Images were reconstructed using
NiS Elements software v4.6 (Nikon Instruments) from a z-stack
comprising � 1 µm of optical sections. In all SIM image re-
constructions, the Wiener and Apodization filter parameters
were kept constant.

Wide-field microscopy
Images of immunostained ovaries mounted in SlowFade Gold
antifade reagent (Invitrogen S36936) were acquired using a
DeltaVision Elite microscope system (Applied Precision) equip-
ped with a 100× oil-immersion UPlanS-Apo objective (NA 1.4).
Images were acquired as z-stacks with a step size of 0.2 µm.
Fluorescence passed through a 435/48, 525/48, 597/45, 632/34
nm bandpass filter for detection of DAPI, Alexa Fluor 488,
mCherry, and Alexa Fluor 647, respectively, in sequential mode.

Quantification
For each quantification, one cell/germarium was considered,
unless specified otherwise. Images from a single cell (nucleus)
were projected (maximum intensity) to capture all the cen-
tromeres present in the cell at a specific cell cycle phase. ImageJ
software (National Institutes of Health; Schneider et al., 2012)
was used to measure fluorescent intensity of CID in the fol-
lowing way ( Fig. S1). The background was subtracted from the
projected image. The threshold was adjusted, and the image was
converted to binary. Overlapping centromeres were separated
using the command “watershed.” Next, the command “analyze
particles” was used to select centromeres. Size was adjusted
to eliminate unwanted objects. Finally, integrated density
(MGV*area) or MGVs from each centromere focus were ex-
tracted and used as fluorescent intensity to measure the total
amount of fluorescence per nucleus. InFigs. 1, 2, 3, 6, and S1, we
used the integrated density, because for stages such as replica-
tion, metaphase, and anaphase, centromeres are highly clus-
tered and single centromere foci cannot be separated. In the
quantification of CID in GSCs and cysts, we used the integrated
density, because of the strong clustering observed after projec-
tion of the cysts. In the remaining quantifications of CID ( Figs.
2 and S2), we used MGV. Quantification of pMAD- and SXL-
positive cells was obtained by counting the positive cells for
each signal through the z-stack of each image. Statistical analysis
was performed using Prism software. Data distribution was
assumed to be normal, but this was not formally tested. The P
value in each graph shown was calculated with unpaired t test
with Welch ’s correction. In addition, for the graph shown in
Fig. 3 E, we used Mann–Whitney U test and the Wilcoxon
matched-pairs signed rank test.

RNA isolation and qPCR
Drivers (nanos-Gal4) and CAL1 knockdown flies were collected
7 d after hatching at 20°C and then dissected to extract ovaries.
Drivers (nanos-Gal4) and HASPIN knockdown flies were col-
lected after crossing was performed as described above. Total
RNA from each sample was stored in TRIzol (Ambion, Life
Technologies, 1559-6026) at� 80°C until processing. RNA ex-
traction and purification was performed with RNeasy MinElute
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clean up kit (Qiagen 74204). All the isolated RNAs were then
standardized to the same concentration, and cDNA was syn-
thesized (High Capacity RNA to cDNA, Thermo Fisher Bio-
sciences, 4387406). qPCR was performed using the Applied
Biosystem StepOnePlus Instrument and Power Up Sybr Green
Master mix (Applied Biosystems A25780). The following genes,
from Drosophilagenome, were considered for this experiment:
Glyceraldehyde 3-phosphate dehydrogenase(gapdh); Ribosomal
Protein L32(rpl32/rp49); nuclear-fall-out (nuf); and cal1. Primers
for all the considered genes were designed using MacVector to
amplify 75–150-bp fragments of the desired gene (Fig. S2 A).
Before the qPCR experiment, these primers were tested with a
mixture of cDNA from Drosophilaovaries to make sure they
would amplify only a single region from the genome. Next, we
checked primer efficiencies with a dilution curve (10 � 1to 10� 5) to
make sure their range was within the negligible value of 1.9–2.0.
Among the reference genes considered (gapdh; rpl32/rp49; nuf),
nuf is highly stable at 20°C, between both control and the
knockdown sample. Therefore, qPCR samples were standardized
with nuf, and relative fold change values were calculated in
Microsoft Excel and standardized against our reference gene
based on published formulas (Livak and Schmittgen, 2001). Each
qPCR experiment consisted of two biological replicates, and each
sample was analyzed using three technical replicates per qPCR
experiment. According to the Minimum Information for Publi-
cation of Quantitative Real-Time PCR Experiments (MIQE)
guidelines (Bustin et al., 2009), primer sequences used, relative
efficiency, and amplification factor used in the calculation are as
follows: gapdh, Fw 59-GCTGGTGCCGAATACATCGTGG-39; Rv 59-
CCAAGTTGACGCCGCAAACG-39; efficiency, 90.7%, amplifica-
tion factor, 1.91; rpl32/rpl49, Fw 59-CCGCTTCAAGGGACAGTA
TCTGATGC-39; Rv 59-TTCTGCATGAGCAGGACCTCCAGC-39; ef-
ficiency, 88.1%; amplification factor, 1.89;nuf, Fw 59-TGGCGA
AAATGAGTATCCCACCC-39; Rv 59-GGTTGTGTCCACTGTTGT
TACCCACG-39; efficiency, 105.8%; amplification factor, 2.06;
cal1, Fw 59-GTGAACGACAAGAGATTCCAGCGAC-39; Rv 59-AGT
CCCTGCTCGGTCAGTGTGAAG-39; efficiency, 102.9%; amplifi-
cation factor: 2.03; haspin, Fw 59-ACGTCGAAGCTCAATATG
CCA-39; Rv 59-ACGGAAGTGGTGTACACTGATG-39; efficiency,
109.2%; amplification factor, 2.09.

Online supplemental material
Fig. S1illustrates the quantification strategy used in this study
and shows the dynamics of CID assembly observed inDrosophila
NBs as well as CYCA and CYCB knockdown confirmation.Fig. S2
shows the disrupted assembly dynamics of CENP-C and CAL1 on
DrosophilaGSC chromosomes upon CYCA knockdown. It also
shows HASPIN knockdown confirmation and the temporal
course of the H3T3P marker during DrosophilaGSC mitosis.Fig.
S3shows the images used to determine asymmetric distribution
of CID and spindle microtubules on GSC sister chromatids before
chromosome segregation.Fig. S4shows the consequences of CID
and CAL1 knockdown using nanos-Gal4driver on Drosophila
germaria and centromere assembly.Fig. S5shows the localiza-
tion of overexpressed CAL1-YFP, CAL1-YFP_CID-mCherry, and
CID-mCherry in the transgenic flies generated for this study. It
also shows the ratio of SXL/pMAD-positive cells obtained for

each transgenic line compared with the control and the CAL1
and CENP-C knockdown confirmation usingbam-Gal4driver.
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Figure S1. Centromere assembly occurs after replication but before chromosome segregation. (A–E)Example image used for quantification (fromFig. 1
C, not oriented; see Materials and methods).(F)Diagram ofDrosophilalarval brain containing NBs (red) and confocal z-stack projection of a section of the tVNC
stained with for DAPI (cyan), anti-CYCA (green), anti-DPN (red), and anti-CID (not depicted).(G) NBs in the tVNC are present in different sizes.(H) Quan-
tification of fluorescence intensity of CID at centromeres in CYCA-negative and -positive NBs. Fluorescence intensity is expressed as integrated density after
background subtraction (see Materials and methods); ***, P < 0.0005.(I–N9) Confocal z-stack projection of ananos-Gal4(I–N), CYCA RNAi (I9–K9), and CYCB
RNAi (L–N9) germarium at 25°C, stained for DAPI (blue), anti-CID (red), and anti-CYCA and or CYC B (green).(O–Q9) Confocal z-stack projection of ananos-Gal4
(O–Q), mCherry RNAi (O9–Q9) germarium.(R–T9) Confocal z-stack projection of ananos-Gal4(R–T), CYCA RNAi (R9–T9) germarium stained for DAPI (cyan), EdU
(green), anti-CID (yellow), and anti-1B1 (spectrosome, red). Scale bar, 10 µm; inset, 5 µm.
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Figure S2. CID deposition requires CYCA, CYCB, and HASPIN inDrosophilafemale GSCs. (A–F0) Confocal z-stack projection ofnanos-Gal4(A–C0), CYCA
RNAi (D–F0) germaria stained for DAPI (blue), anti-CAL1 (green), anti-CENP-C (yellow), and anti-1B1 (spectrosome, red).(G) Quantification of fluorescence
intensity of centromeric CAL1 per nucleus, using CENP-C as a centromeric marker based on two biological replicates. n.s., not significant.(S)Quantification of
fluorescence intensity of CENP-C per nucleus, based on two biological replicates; **, P < 0.005.(H–K9) Confocal z-stack projection ofnanos-Gal4(H–K),
HASPIN RNAi (H9–K9) germaria, stained for DAPI (blue), anti-H3S10P (red), and anti-H3T3P (gray).(L) HASPIN knockdown confirmation by real-time qPCR.
(M–Q) Time course of the H3T3P (white) and H3S10P (magenta) signal appearance. Scale bar, 10 µm; inset, 5 µm.
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Figure S3. Chromosomes retain differential amounts of CID and CENP-C upon centromere assembly inDrosophilafemale GSCs. (A–N9) Super-
resolution SIM z-stack projection of aDrosophilaGSC of a wild-type germarium in prometaphase and metaphase, stained for DAPI (blue), anti-CID (red), anti-
H3T3P (green), and anti-SPECTROSOME (magenta).(O) Diagram ofDrosophilagermarium, highlighting the four-cell cyst stage containing four CCs.
(P) Superresolution SIM z-stack projection of a germarium capturing four CCs in prometaphase/metaphase, which divide synchronously.(Q–R9) Super-
resolution SIM z-stack projection of a CC at prometaphase.(T) Table of the ratio values obtained for each cell analyzed.(U–Y9) Confocal z-stack projection of a
GSC of a wild-type germarium in prometaphase and metaphase, stained for DAPI (cyan), anti-TUBULIN (red), and anti-H3T3P (green). White line highlights the
cap cells; arrowheads, spectrosome; arrows, fusome (not yet visible in the z-stacks projected); scale bar, 5 µm; inset, 1 µm.
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Figure S4. CAL1 knockdown blocks cell proliferation. (A) Confocal z-stack projection ofnanos-Gal4,CID RNAi, and CAL1 RNAi germaria, stained for DAPI
(blue), anti-VASA (yellow), and anti-1B1 (spectrosome, red).(B) Confocal z-stack projection ofbam-Gal4,CID RNAi, and CAL1 RNAi germaria, stained for DAPI
(blue) and anti-BAM (red).(C)Confocal z-stack projection of ananos-Gal4(20°C) germarium stained for DAPI (blue) and anti-VASA (yellow), anti-FIBRILLARIN
(magenta), and anti-CAL1 (green) and stained for DAPI (blue), anti-1B1 (red), anti-CENP-C (yellow), and anti-CAL1 (green). Confocal z-stack projection of a CAL1
RNAi (20°C) stained for DAPI (blue), anti-VASA (yellow), anti-FIBRILLARIN (magenta), and anti-CAL1 (green) and stained for DAPI (blue), anti-1B1 (red), anti-
CENP-C (yellow), and anti-CAL1 (green). Star indicates the position of the terminal filament; 3-d-old female flies; scale bar, 10 µm.
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Figure S5. CID and CAL1 overexpression and HASPIN knockdown promote stem cell self-renewal. (A–O9) Wide-field z-stack projection ofnanos-Gal4,
UAS_CAL1-YFP_UAS_CID-mCherry (CID-CAL1_OE), and UAS-CAL1-YFP (CAL1_OE) germaria, stained for anti-CID and or anti-FIB (cyan). Star, terminal filament;
arrows, centromeres; arrowheads, nucleolus; 3-d-old female flies.(P) Wide-field z-stack projection ofnanos-Gal4and UAS_CID-mCherry germaria stained for
DAPI (cyan) and anti-CID (green).(Q)Ratio of the number of SXL-positive cells to the number of pMAD-positive cells. n.s., not significant; **, P < 0.005; ***, P <
0.0005.(R)Confocal z-stack projectionbam-Gal4and CAL1 RNAi germaria stained for DAPI (blue), anti-BAM (red) and anti-CAL1 (green). Germ cells belonging
to the 16-cell cyst chamber were selected based on the VASA marker (not depicted) and the lack of BAM signal in the control and in the CAL1 RNAi.(S)Confocal
z-stack projection ofbam-Gal4and CENP-C RNAi germaria, stained for DAPI (blue), anti-BAM (red), and anti-CENP-C (yellow). Star, terminal filament; white
dotted line in R and S, the end of the BAM-positive region; arrowheads, BAM-positive cells. Scale bar, 10 µm; inset, 5 µm.
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