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SUMMARY

Through mitosis, one mother cell gives rise to two identical daughter cells. The mitotic
spindle interacts with sister chromatids to ensure their equal partitioning. By inheriting the
identical genetic information, a crucial question is how cells become different to fulfill distinct
functions during development and homeostasis. The “strand-specific imprinting and selective
chromatid segregation” and “silent sister chromatid” hypotheses propose that epigenetic
differences at the sister centromeres contribute to biased sister chromatid attachment and
segregation during mitosis. However, direct in vivo evidence has never been shown. Here we
report that a stem cell-specific ‘mitotic drive’ ensures biased sister chromatid attachment and
asymmetric epigenetic inheritance. We found that temporally asymmetric microtubule activities
direct polarized nuclear envelope breakdown, allowing for the preferential recognition and
attachment of sister centromeres with quantitative differences. This communication occurs in a
spatiotemporally regulated manner to ensure selective attachment of sister chromatids by the
mitotic machinery. Abolishment of the microtubule asymmetries result in randomized sister
chromatid segregation. Our results demonstrate that the cis-asymmetry at chromatids tightly
coincide and coordinate with the trans-asymmetry from the mitotic machinery, to allow for
differential attachment and segregation of genetically identical but epigenetically distinct sister
chromatids. Together these results provide the first direct in vivo evidence to support the above
hypotheses in asymmetrically dividing stem cells. We anticipate that this ‘mitotic drive’
mechanism could be widely used in other developmental context to achieve distinct cell fates

between the two genetically identical daughter cells.
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INTRODUCTION

Epigenetic mechanisms play important roles in regulating stem cell identity and activity.
Inappropriate regulation of epigenetic information may lead to abnormalities in stem cell
behaviors that underlie early steps in diseases such as cancers and tissue degeneration. Since
epigenetic mechanisms play a crucial role in regulating cell identity and behavior, the field has
long sought to understand how stem cells maintain their epigenetic memory through many cell
divisions. A major group of epigenetic information carriers are histone proteins, which have
important contributions to DNA packaging and differential gene expression regulation.

Many types of adult stem cells undergo asymmetric cell division (ACD) to generate both
a self-renewed stem cell and a daughter cell which will subsequently differentiate (Betschinger
and Knoblich, 2004; Clevers, 2005; Inaba and Yamashita, 2012; Morrison and Kimble, 2006).
During the asymmetric division of Drosophila male germline stem cells (GSCs) (Figure 1A), we
previously showed that the preexisting (old) histone H3 is selectively segregated to the GSC,
whereas the newly synthesized (new) H3 is enriched in the differentiating daughter cell known as
a gonialblast (GB) (Tran et al., 2012). We also identified that differential phosphorylation at
Threonine 3 of histone H3 (H3T3P) distinguishes old versus new H3 in asymmetrically dividing
GSCs. Mis-regulation of this phosphorylation leads to randomized segregation of old versus new
H3, as well as stem cell loss and early-stage germline tumor (Xie et al., 2015). We hypothesize
that prior to mitosis, old and new H3 are differentially distributed at the two sets of sister
chromatids (Wooten, 2018). During the subsequent mitosis, the two sets of epigenetically
distinct sister chromatids are asymmetrically segregated (Tran et al., 2013; Xie et al., 2017).
According to this model, sister chromatids carrying distinct epigenetic information need to

communicate with the mitotic machinery to achieve differential attachment, followed by
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asymmetric segregation. It has been shown previously that centrosomes display asymmetry in
male GSCs wherein the mother centrosome is retained by the GSC while the daughter
centrosome is inherited by the GB (Yamashita et al., 2007). However, it remains unclear whether
this asymmetry in centrosome inheritance may be related to the phenomenon of asymmetric
histone inheritance.

During mitosis, microtubules nucleate from centrosomes and attach to sister chromatids
at the centromeric region. The centromere, which represents a specialized region of the
chromosome (Dunleavy et al., 2005), serves as an assembly platform for attachment and
segregation of sister chromatids by microtubules (Westhorpe and Straight, 2014). Based on the
unique features and essential roles of the centromere in mitosis, it has been proposed that
epigenetic differences between sister centromeres could ensure that stem cells retain their unique
epigenetic information and gene expression through many cell divisions (Lansdorp, 2007).
Centromeres are epigenetically defined in most eukaryotes by a centromere-specific histone H3
variant known as Centromere identifier (CID) in flies and CENP-A in mammals (Allshire and
Karpen, 2008; Palmer et al., 1987), each of which are structurally different from the canonical
H3 (McKinley and Cheeseman, 2016; Miell et al., 2013). Here we report an axis of
spatiotemporally controlled asymmetry in Drosophila male GSCs from sister centromeres,
relayed to sister kinetochores and recognized by temporally asymmetric microtubule activity.
Our results shed light on the cellular basis underlying how genetically identical but
epigenetically distinct sister chromatids are recognized and segregated by the mitotic machinery

in asymmetrically dividing stem cells.
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RESULTS
Asymmetric Sister Centromere Inheritance in Male GSCs
During Drosophila male GSC asymmetric division, the level of endogenous CID showed a 1.41-
fold enrichment at sister chromatids segregating toward the future GSC side compared to the
future GB side in anaphase and early telophase GSCs, examined by immunostaining using anti-
CID antibodies (Figures 1B and 1D, Figures S1A and S1C). Conversely, symmetrically dividing
spermatogonial cells (SGs) showed symmetric CID distribution in anaphase and early telophase
SGs (Figures 1C and 1D, Figures S1B and S1D). To further validate this result, live cell imaging
was performed using a knock-in fly strain with the endogenous cid gene tagged with a
fluorescent protein-encoding Dendra2 (Chudakov et al., 2007), which was generated by
CRISPR/Cas9-mediated genome editing (Horvath and Barrangou, 2010; Wright et al., 2016).
Consistent with the immunostaining results, CID-Dendra2 also displayed a 1.39-fold overall
enrichment at sister chromatids segregating toward the future GSC side compared to the future
GB side (Figures 1D and 1E, Movie S1). Additionally, CID-Dendra2 showed symmetric
distribution patterns in SGs (Figures 1D and 1F, Movie S2). Finally, a CID-GFP genomic
transgene used in previous studies (Henikoff et al., 2000) showed a 1.73-fold enrichment toward
the future GSC side compared to the future GB side in asymmetrically dividing GSCs (Figures
S1E and S1G, Movie S3). By contrast, symmetric distribution of CID-GFP was found in
symmetrically dividing SGs (Figures S1F and S1G, Movie S4). Together, both endogenous and
transgenic CID showed enrichment toward the future stem cell side during GSC asymmetric
division, using both immunostaining on fixed samples and live cell imaging.

We hypothesize that the overall asymmetric CID segregation could be due to asymmetry

at individual pairs of sister centromeres. To test this hypothesis, we examined sister centromeres
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before their segregation in anaphase or telophase. Indeed, in metaphase GSCs, the individual
sister centromere with more CID signals was oriented toward the future GSC side (Figure 1G),
suggesting that the stronger sister centromere was preferentially recognized by the mother
centrosome-emanating microtubules. Again, this asymmetry of individual sister centromere was
not detected in metaphase SG (Figure 1H). Furthermore, in GSCs at prophase to prometaphase
when centromeres exhibit dynamic crosstalk with the mitotic spindle microtubules, sister
centromeres that could be resolved at this stage already displayed a level of quantitative
difference in that one sister centromere displayed on average a 1.52-fold more CID compared to
the other sister centromere (Figure 11, Figures S1H, S2A-D). On the other hand, all sister
centromeres resolved in SGs showed no obvious difference (Figures 11, Figures S11, S2A-D). In
summary, the sister centromere with more CID is oriented and segregated to the future stem cell
side in asymmetrically dividing GSCs (Figures 1B, 1E, S1C, S1E, S2E) but not in symmetrically
dividing SGs (Figures 1C, 1F, S1D, S1F, S2F). Notably, not all sister centromeres were resolved
at the same time in GSCs. The earlier resolved sister centromeres displayed a higher degree of
asymmetry compared to those resolved later, resulting in two groups of sister centromeres with
different degrees of asymmetry (Figure 11, sister centromeres labeled with red bracket showed
more asymmetry than those labeled by magenta bracket). The sequentially resolved sister

centromeres could be regulated temporally or in a chromosome-specific manner, or both.

Asymmetric Kinetochore Acts as a Relay of the Asymmetry between Sister Centromeres in
GSCs
The recognition of centromeres by microtubules is mediated by the kinetochore, a highly

organized multiprotein structure which nucleates at the surface of centromere and coordinates the
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attachment of the mitotic spindle (Cheeseman, 2014; Cleveland et al., 2003). We next examined
a kinetochore protein, NDC80, using a Dendra2-Ndc80 knock-in fly strain. Consistent with the
asymmetry of CID, the kinetochore component NDC80 displayed a 1.49-fold overall enrichment
at sister chromatids segregated toward the future GSC side in anaphase and early telophase GSCs
(Figures 2A and 2C). In contrast, symmetrically dividing SGs displayed a symmetric NDC80
segregation pattern (Figures 2B and 2C). Moreover, differences between sister kinetochores were
already detectable in prometaphase GSCs (Figure 2D), but not in prometaphase SGs (Figure 2E).
Individual pairs of sister kinetochores showed, on average, a 1.76-fold difference in
prometaphase GSCs (Figure 2F). However, no obvious difference among sister kinetochores
could be detected in prometaphase SGs (Figure 2F). Noticeably, sister kinetochore asymmetry
showed the same enrichment compared to sister centromeres (Figure 2D), but was quantitatively
greater than the sister centromere asymmetry (Figures 2D and 2G), suggesting a possible ‘relay’
mechanism enabling the kinetochore to recognize the centromere difference and amplify it.
Furthermore, the sister kinetochore with more NDCB80 signal was oriented toward the future
GSC side in metaphase GSCs (Figures 2H and S3A), whereas symmetric NDC80 between each
pair of sister kinetochores was detected in metaphase SGs (Figures 21 and S3B). Collectively,
these results demonstrate that sister centromeres and sister kinetochores are quantitatively
different in mitotic GSCs, differentially preparing sister chromatids for asymmetric attachment.
Together with the asymmetric phosphorylation of H3T3, sister centromeres and kinetochores
likely serve as cis-mechanisms for differential recognition and attachment of epigenetically

different sister chromatids by the mitotic machinery in GSCs (Figure S3C).

Temporally Asymmetric Microtubule Dynamics in GSCs
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To understand how cis-asymmetry on sister chromatids could be recognized by the mitotic
spindle, we tracked microtubules using a GFP-tagged a-Tubulin under the control of an early-
stage germline-specific nanos-Gal4 driver (Van Doren et al., 1998). Using high temporal
resolution movies, we tracked microtubules in real-time throughout the cell cycle of germ cells at
distinct differentiation stages. Using metaphase as a landmark to define time point zero, other
cell cycle phases were labeled by minutes prior to metaphase. In GSCs, from -250min (mid-G2
phase) to -150min (late-G2 phase), more microtubules nucleated from the mother centrosome
than microtubules from the daughter centrosome (Figure 3A, Movie S5). Subsequently, this
dominance of mother centrosome-nucleating microtubule declined from -50min to -35min
(G2/M transition) as the daughter centrosome- nucleating microtubules increased (Figures 3A
and 3C, Movie S5). This decrease of mother centrosome-nucleating microtubule and increase of
daughter centrosome-nucleating microtubule persisted in GSCs from -30min to -10min
(prophase) and at -5min (prometaphase) (Figures 3A and 3C, Movie S5). At Omin (metaphase),
the mitotic spindle with overall comparable microtubules from both centrosomes formed in
perpendicular to the GSC-niche interface (Figures 3A and 3C, Movie Sb), as reported previously
(YYamashita et al., 2003). Conversely, in SGs, microtubules from both centrosomes were
detectable at -35min at the G2/M transition, and no obvious difference could be detected
between the activity of the two centrosomes throughout mitosis (Figures 3B and 3D, Movie S6).
In summary, these results demonstrate that the key component of the mitotic machinery,

microtubules, display a temporal asymmetry in male GSCs.

Polarized Nuclear Envelope Breakdown Induced by Temporally Asymmetric Microtubules
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Next, using high spatial resolution movies, we found that mother centrosome-emanating
microtubules started ‘poking in’ the nuclear envelope from late G2 phase to early prophase in
GSCs (Figure S4A, Movie S7). This dynamic activity of microtubules resulted in invagination of
the nuclear lamina from the future stem cell side, as visualized by immunostaining using
antibodies against Drosophila Lamin-B (Chen et al., 2013) (Figure 4A, Movie S8A-C). Local
disassembly of nuclear lamina was first detected at the future stem cell side (green arrows in
Figure 4A and Movie S8A-C). Subsequently, increased microtubule dynamics from the daughter
centrosome led to invagination of nuclear lamina from the GB side (red arrowheads in Figure 4B
and Movie S9A-B). This led to eventual nuclear envelope breakdown (NEBD). By contrast, such
a sequential NEBD was not observed in symmetrically dividing SGs (yellow arrowheads in
Figure 4C and yellow arrows in Figure 4D).

Similar results were obtained using wheat germ agglutinin (WGA) which binds to the
cytoplasmic part of each nuclear pore, in order to visualize nuclear membrane morphology in
GSCs (Figures 4E and 4F) and SGs (Figures 4G and 4H). Therefore, in GSCs the temporally
asymmetric microtubule dynamics likely result in NEBD in a polarized manner, first at the GSC

side and subsequently at the GB side.

Trans-Asymmetry of the Mitotic Machinery Coordinates with the Cis-Asymmetry of Sister
Centromeres

We next asked whether the trans-asymmetry of microtubule and NEBD coincide and coordinate
with the cis-asymmetry at sister centromeres in GSCs. Noticeably, in GSCs at late G2 phase,
close proximity between chromosomes and microtubules could be detected: When mother

centrosome-emanating microtubules dynamically interacted with the nuclear envelope (-
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Tubulin and Lamin in Figure 5A), centromeres from all chromosomes clustered preferentially
toward the future GSC side (CID in Figure 5A, Figure S4B). Previously, the ‘chromocenter’
structure with clustered peri-centromeric chromosomal region was reported in interphase mouse
(Hsu et al., 1971) and fly (Jagannathan et al., 2018) cells. Given the higher microtubule
dynamics from the mother centrosome, this close proximity of all centromeres toward the future
GSC side might initiate crosstalk between centromeres and mother centrosome-emanating
microtubules.

At the G2/M transition, the more active microtubules from the mother centrosome (o.-
Tubulin in Figure 5B) led to deep invagination of the nuclear envelope toward the GSC side
(Lamin in Figure 5B, green arrowhead). Meanwhile, clustered centromeres started to decluster
but were still close to the nuclear envelope toward the GSC side (CID in Figure 5B). Once
mitosis was initiated, microtubule activities from both centrosomes were detectable in early
prophase GSCs (a-Tubulin in Figure 5C), when the mitotic chromosome marker H3S10P
became more abundant in the nucleus (S10P in Figure 5C). The nuclear envelope showed
polarized breakdown with the intact GB side but broken GSC side (Lamin in Figure 5C, green
arrow). At this time, centromeres were de-clustered with some sister centromeres resolved and
displayed asymmetric CID signals (CID in Figure 5C; inset showed a pair of resolved sister
centromeres). This trend extended to late prophase when microtubules from the daughter
centrosome were more active (a-Tubulin in Figure 5D) and condensed chromosomal
morphology was visible with the intensive H3S10P signal (S10P in Figure 5D). At
prometaphase, the mitotic spindle formed (a-Tubulin in Figure 5E), even though the nuclear
lamina was still maintained to a certain degree (Lamin in Figure 5E), similar to a phenomenon

previously reported in Drosophila embryos (Debec and Marcaillou, 1997; Kiseleva et al., 2001;
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Stafstrom and Staehelin, 1984). At anaphase, sister chromatids were segregated and clear CID
asymmetry was observed between the two sets of sister centromeres [CID in Figure 5F, enlarged
panels show the set of centromeres segregated to the future GSC side (outlined by green dotted
line) versus the ones segregated to the future GB side (outlined by red dotted line)]. Together,
this series of immunostaining images with markers for both the trans-factors, such as
microtubule and nuclear lamina, and the cis-factors of CID at sister centromeres depicted a
sequential order of their dynamic interactions from late G2 phase to anaphase, through which the
stronger centromere with more CID is preferentially recognized by the early active mother-
centrosome nucleating microtubules (Figure S4C).

Next, we examined these events in symmetrically dividing SG cells: Even though
microtubule activity (a-Tubulin in Figure S5B) still coincided with chromosomal condensation
(S10P in Figure S5B-E) and centromere movement (CID in Figure S5B-E), no obvious
sequential order was observed for microtubules emanating from both centrosomes and no
detectable asymmetry was found between resolved individual pairs of sister centromeres (CID in
inset at late prophase in Figure S5C). Consistently, at anaphase the overall CID signals between
the segregated two sets of sister chromatids were also symmetric (CID in Figure S5F).

To investigate whether the trans-asymmetry of microtubule leads to differential sister
chromatid attachment more directly, we used cold treatment to stabilize microtubules especially
the Kinetochore fibers (K-fibers) (Akera et al., 2017; Rieder, 1981). We then performed
immunostaining of sister centromeres followed by high spatial resolution imaging. We found in
metaphase GSCs, the stronger sister centromere was attached by the mother centrosome
emanating K-fibers, while the weaker centromere was attached by the daughter centrosome-

emanating K-fibers (a-Tubulin and CID in Figure 1G and Figure S5A). Taken together,
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temporally asymmetric microtubules coordinate with quantitatively asymmetric sister
centromeres and sister kinetochores, in order to ensure differential sister chromatid attachment
followed by asymmetric segregation (Figure 5G), consistent with what has been previously

hypothesized (Kahney et al., 2018; Malik, 2009; Yamashita, 2013).

Depolymerizing Microtubule Disrupts the trans Asymmetry of the Mitotic Machinery

To investigate the regulation of the sequential asymmetric microtubules in GSCs, we need a
method to acutely disrupt this asymmetry without affecting the overall germline fitness. To
accomplish this, we designed a regime using the microtubule depolymerizing drug Nocodazole
(NZ) on testes ex vivo, followed by washout and immunostaining (Figure 6A). GSCs treated with
NZ were arrested at the G2/M transition, but following washout, they were released and
progressed through mitosis in a time-dependent manner (Figures 6A and S6A). After washing
out NZ and allowing time for recovery, GSCs displayed symmetric microtubule dynamics,
suggesting that the temporal asymmetry of microtubules could be disrupted under this condition
(Figures 6B, 6C and S6B).

Next, we examined NEBD in GSC and SG after releasing from NZ treatment. The
sequential invagination and disassembly of nuclear lamina observed in GSCs (Figures 4A-B, 5B-
E) became undetectable: both mother and daughter centrosomes showed similar microtubule-
emanating activity (green and red arrowheads for a-Tubulin signal in Figure 6D), and no
obvious dominant side of ‘poking in’ activity was observed (green and red arrowheads for Lamin
signal in Figure 6D). At prometaphase, NEBD occurred from both sides (green and red arrows
for Lamin signal in Figure 6E), coinciding with comparable microtubules from both centrosomes

(green and red arrows for a-Tubulin signal in Figure 6E). These events in GSCs resembled the
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microtubule dynamics and NEBD events in SGs (yellow arrowheads in Figure 6F and yellow
arrows in Figure 6G). Noticeably, in GSCs the centrosomes were already duplicated and well
oriented in perpendicular to the GSC-niche interface at early prophase (green and red arrowheads
for a-Tubulin signal in Figure 6D). This observation is consistent with the previous report that
centrosomes are duplicated and migrated during G2 phase (Yamashita et al., 2003), which also
confirms that the treatment with NZ followed by release changed microtubule emanation in an

acute manner since the centrosome duplication and migration were not disrupted.

Disruption of the Temporal Asymmetry of Microtubules Leads to Abnormal Centromere
and Histone Inheritance Patterns in GSCs

To determine whether the temporally asymmetric microtubules are, in fact, necessary for
asymmetric sister chromatid segregation, we applied the NZ treatment followed by washout and
immunostaining regime, as described above (Figure 6A). Under this condition, asymmetric sister
centromere segregation was also lost, as visualized by anti-CID immunostaining at anaphase and
early telophase (Figures 7A and 7B), suggesting that sister chromatids had been randomly
segregated following the loss of temporal asymmetry of microtubule dynamics.

Consistently, when we examined the segregation pattern of old versus new histone H3 in
anaphase or telophase mitotic GSCs recovered from NZ treatment, both displayed symmetric
patterns (Figures 7C and 7D). Abnormal H3 and CID inheritance patterns suggest that the
asymmetric sister chromatid inheritance is abolished when temporal asymmetry of microtubule
dynamics is disrupted. In conclusion, these results indicate that the trans-asymmetry from the
mitotic machinery is required for cis-elements at sister chromatids, such as CID and H3, to be

recognized and properly segregated (Figure S6C).
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Discussion

Here we have shown that asymmetrically dividing GSCs utilize a cohort of trans- and cis-factors
to recognize and segregate epigenetically distinct sister chromatids. The previously identified
asymmetrically inherited centrosomes (Yamashita et al., 2007), the herein reported temporally
asymmetric microtubules, and polarized NEBD all serve as an axis of asymmetric trans-factors
within the mitotic machinery. Meanwhile, the previously identified asymmetric H3 (Tran et al.,
2012), the differential phosphorylation at Thr3 of H3 (Xie et al., 2015), and the herein reported
asymmetric sister centromeres and Kinetochores act as a series of cis-factors. Together the trans-
factors coordinate and recognize the distinct cis-factors between sister chromatids for their
proper attachment and segregation in order to generate two epigenetically distinct daughter cells
(Figure 5G). Together, asymmetric epigenetic inheritance pattern is achieved during Drosophila

male GSC division, which in turn supports our hypothesis of a ‘mitotic drive’.

The ACD gives rise to two daughter cells with distinct fates, which occurs widely during
development, tissue homeostasis, and regeneration (Betschinger and Knoblich, 2004; Clevers,
2005; Inaba and Yamashita, 2012; Morrison and Kimble, 2006). It is conceivable that the
centromere and kinetochore asymmetry may provide molecular mechanisms for selective sister
chromatid segregation during ACD (Yadlapalli and Yamashita, 2013). Previously, two similar
models, named the “strand-specific imprinting and selective chromatid segregation”(Klar, 1994,
2007) and “silent sister chromatid” (Lansdorp, 2007), suggest that epigenetic differences
between sister chromatids, especially at the centromere region, are required to direct the

asymmetric outcomes during ACD. However, up to date no clear evidence supporting these
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hypotheses has been shown. Here our findings not only provide the first direct in vivo evidence
in support of these hypotheses, but also reveal detailed cellular bases and consequences of

disrupting them in changing biased sister chromatid segregation.

Previously, a phenomenon called “meiotic drive” has been proposed, in which the allele
with a stronger kinetochore is retained in the oocyte while the allele with a weaker kinetochore is
segregated to polar bodies during meiosis (Pardo-Manuel de Villena and Sapienza, 2001a, b).
Recently, it has been shown that during this selection process in female mice, the stronger
kinetochore often associates with the longer “selfish” centromere and has more affinity to the
meiotic spindle, which itself has been asymmetrically modified due to polarized signaling (Akera
etal., 2017; Chmatal et al., 2014; Iwata-Otsubo et al., 2017; Kursel and Malik, 2018).
Additionally, it has also been shown that a microtubule motor protein regulates meiotic drive in
maize, indicating a role of microtubules in selective attachment to centromeres in this system
(Dawe et al., 2018; Schroeder and Malik, 2018).

However, it is unclear whether these asymmetric functions of kinetochore and centromere
could act in mitosis and regulate sister chromatid segregation. Here our results reveal that a
similar mechanism may also exist in mitosis. Nevertheless, the ‘mitotic drive’ has distinct
features compared with the ‘meiotic drive’. First, in meiosis the centromere difference occurs
between specific homologous chromosomes, whereas in mitosis it occurs between genetically
identical sister chromatids. Second, in meiosis the microtubule itself does not have any
temporally asymmetric activity but has different modifications instead. By contrast, in mitosis
different amount of microtubules emanate from either mother centrosome or daughter
centrosome, which could be visualized in a sequential order. Third, the biological outcome is

different: the ‘meiotic drive’ leads to retention of the particular allele with stronger kinetochore
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and “selfish” centromere to the haploid oocyte, whereas the ‘mitotic drive’ leads to two diploid
cells with distinct epigenetic information.

In summary our results demonstrate that the cis-asymmetry at sister chromatids tightly
coincide and coordinate with the trans-asymmetry from the mitotic machinery. Together, this
spatiotemporally regulated axis of asymmetry, i.e. sister centromeres — sister kinetochores —
nuclear membrane— microtubules, allows for differential attachment and segregation of
epigenetically distinct sister chromatids. Our studies provide direct in vivo evidence to support
the “strand-specific imprinting and selective chromatid segregation” and the “silent sister
chromatid” hypotheses in asymmetrically dividing stem cells. Together, our discovery helps
understanding of a fundamental question in biology regarding how mitotic machinery could
distinguish and ensure asymmetric partitioning of epigenetic information, which could be widely

utilized in other context of multicellular organisms to generate cells with distinct fates.
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Figure 1: Asymmetric CID inheritance in GSCs. (A) A cartoon depicting asymmetric
Drosophila male GSC division and asymmetric histone H3 inheritance (old H3 -green, new H3 -
red). (B-F) Asymmetric CID segregation in asymmetrically dividing GSCs with more CID
toward the GSC side, using both immunostaining of fixed cells (B) and live cell imaging of a

CID-Dendra2 knock-in line (E). In symmetric SG cell division, CID is symmetrically
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distributed, as determined using both immunostaining (C) and live cell imaging (F).
Quantification of all four data sets in (D): 1.41+ 0.20-fold for GSC/GB (n= 27), 1.06+ 0.90-fold
for SG1/SG2 (n= 23), as determined by anti-CID, Table S1; 1.39+ 0.17-fold for GSC/GB (n=
23), 1.04+ 0.08-fold for SG1/SG2 (n= 21), as determined by live cell imaging using CID-
Dendra2, Table S2. (G) A metaphase GSC showing more substantial microtubule (green arrow)
attachment to the stronger centromere (green arrowhead) toward the GSC side, compared to the
microtubule (red arrow) attached to the weaker centromere (red arrowhead), co-stained with anti-
H3S10P (blue). (H) Such a phenomenon was not detected in SGs. (I) Quantification of
individual pairs of resolved sister centromeres in GSCs (n=59) at prometaphase [1.52+ 0.04-
fold, red bracket indicates a more asymmetric group; 1.15+ 0.02-fold in SGs (n= 43), Table S4].

Al ratios= Avg+ SE; P-value: paired t test. ****: P< 10™, Asterisk: hub. Scale bars: 2um.
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Figure 2: Asymmetric kinetochore relays the asymmetry of sister centromeres in GSCs. (A)
Asymmetric kinetochore component NDC80 in asymmetrically dividing GSCs with more
NDCB80 toward the GSC side, using immunostaining of a Dendra2-NDC80 knock-in line. (B) In

symmetric SG cell division, NDC80 is symmetrically distributed. (C) Quantification of both data
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sets: GSC/GB=1.49+ 0.07 (n=19), SG1/SG2= 1.03+ 0.03 (n= 28), Table S5. (D-E) In
prometaphase, resolved sister kinetochores show more asymmetry in GSCs (D), compared to
resolved sister kinetochores in SGs (E). (F) Quantification of individual pairs of resolved sister
kinetochores in prometaphase: 1.76+ 0.08-fold in GSCs (n= 46), red bracket indicates a more
asymmetric group; 1.19+ 0.02-fold in SGs (n= 34), Table S6. (G) In prometaphase GSCs,
asymmetric NDC8O0 is coupled with asymmetric CID. The degree of asymmetry for sister
kinetochore is more than that for sister centromere, indicating the presence of a ‘relay’
mechanism [CID = 1.49-fold, NDC80 = 1.76-fold (n= 43), Table S7]. (H) At metaphase, the
stronger NDC8O0 is coupled with stronger CID, which are oriented toward the GSC side. (I) Such
a phenomenon was not detected in SGs. All ratios= Avg+ SE; P-value: paired t test: ****: P<

10, Asterisk: hub. Scale bars: 2um (A-B) and 0.5um (D-E, H-1).
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Figure 3: Temporally asymmetric microtubules in GSCs. 3D reconstructed montage made
form live cell imaging using a nanos-Gal4; UAS-a-tubulin-GFP line in GSCs (A) and quantified
in (C, n=22, Table S8), as well as in SGs (B) and quantified in (D, n= 24, Table S8). Metaphase
was set as time 0, and other time points prior to metaphase were labeled as minus minutes. (A) In
GSCs the mother centrosome is activated in mid G2 (- 250 min) prior to the daughter centrosome
at G2/M transition (- 50 min). (B) In SGs, both centrosomes activate at the G2/M transition (-35

min). (C-D) All ratios= Avg+ SE, see Table S8. Asterisk: hub. Scale bars: 2um.
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Figure 4: Polarized NEBD in GSCs. (A-B) Morphology of nuclear envelope in GSCs at early

prophase (A) and at prometaphase (B), as well as in SGs at early prophase (C) and at

prometaphase (D), visualized by immunostaining using anti-Lamin B (white), co-stained with

anti-CID (red) using nanos-Gal4; UAS-a-tubulin-GFP (green) line. Early active mother

centrosome- nucleating microtubules correspond with the initial NEBD toward the hub (green

arrows in A and B), whereas later daughter centrosome-nucleating microtubules lead to NEBD

toward the other side (red arrowhead in B). In contrast, SGs show no polarized NEBD (yellow
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arrowheads label invagination sites in C, while yellow arrows point to symmetric NEBD sites in
D). (E-H) Morphology of nuclear envelope at different staged GSCs (E-F) and SGs (G-H),
visualized by wheat germ agglutinin (WGA) which binds to the cytoplasmic part of each nuclear
pore, co-stained with anti-y-Tubulin in nanos-Gal4; UAS-a-tubulin-GFP line. The ‘poking in’
activities of microtubules were labeled by green arrows (from GSC side) and red arrows (from
GB side) in (E-F). The interaction between microtubules and nuclear envelope in SGs were
shown by yellow arrowheads at ‘poking in’ sites in (G) and yellow arrows at NEBD sites in (H).

Asterisk: hub. Scale bars: 2 um.
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Figure 5: Temporally dynamic microtubules coincide and coordinate with asymmetric
sister centromeres. (A-F) Morphology of nuclear lamina at different cell cycle stages of GSC,

visualized by immunostaining with anti-Lamin B (red), co-stained with anti-CID (white) and
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anti-H3S10P (blue) in nanos-Gal4; UAS-a-tubulin-GFP (green) line. Polarized nuclear lamina
invagination and centromere cluster at GSC side was labeled by green arrowheads from late G2
to G2/M transition (A-B). The ‘poking in’ activities of microtubules lead to centromere
declustering along nuclear membrane (B). The ‘poking in’ activities of microtubules labeled by
green arrow (from GSC side) at prophase to prometaphase and red arrow (from GB side) at
prometaphase (C-E). Inset at early prophase show a pair of resolved asymmetric sister
centromeres (C). (F) Inset at anaphase show stronger sister centromeres segregated to the GSC
side (green outlines), compared to the sister centromeres segregated to the GB side (red outlines).

(G) A cartoon depicting the ‘mitotic drive’ model. Asterisk: hub. Scale bars: 5 um.
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Figure 6: GSCs recovered from Nocodazole (NZ) treatment lose asymmetric microtubule
and NEBD. (A) A regime of NZ treatment experiment whereby testes were treated with NZ for
four hours to arrest GSCs primarily at the G2/M transition. Following washout, GSCs progress
into different stages of mitosis in a time-dependent manner. (B) Symmetric microtubules

nucleate from both centrosomes visualized by o-Tubulin-GFP (green) in GSC after release from
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NZ-induced cell cycle arrest. (C) Quantification of percentage of microtubules emanated from
mother centrosome versus microtubules emanated from daughter centrosome in GSCs [52.81+
2.01% from mother centrosome and 47.19+ 2.01% from daughter centrosome (n= 34), Table
S9], showing no significant (n.s) difference by paired t test. (D-G) Morphology of nuclear
envelope in GSCs at early prophase (D) and at prometaphase (E), as well as in SGs at early
prophase (F) and at metaphase (G), visualized by immunostaining using anti-Lamin B (red), co-

stained with anti-H3S10P (white) using nanos-Gal4; UAS- a-tubulin-GFP (green) line. Asterisk:

hub. All ratios= Avg+ SE; P-value in (C): paired t test. Scale bars: 5 um.
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Figure 7: GSCs recovered from NZ treatment display randomized sister chromatid
inheritance pattern. (A-B) Symmetric CID inheritance pattern in an anaphase GSC after release
from NZ-induced cell cycle arrest (A), as quantified in [(B, 1.06+ 0.03-fold, n= 25), Table S10].
(C-D) Symmetric histone H3 inheritance pattern in an anaphase GSC after release from NZ-
induced cell cycle arrest (C), as quantified in [(D, old H3-GFP GSC/GB= 0.95+ 0.03; new H3-

mKO GB/GSC= 0.96+ 0.04, n= 20), Table S11]. Asterisk: hub. All ratios= Avg+ SE; P-value in

(B) and (D): one-sample t test, Scale bars: 5 um.
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Supplemental Information

Supplemental Experimental Procedures

Fly strains and husbandry

Fly stocks were raised using standard Bloomington medium at 18°C, 25°C, or 29°C as noted.
The following fly stocks were used: hs-flp on the X chromosome (Bloomington Stock Center
BL-26902), nos-Gal4 on the 2nd chromosome (Van Doren et al., 1998), UASp-FRT-H3-GFP-
PolyA-FRT-H3-mKO on the 3™ chromosome as reported previously (Tran et al., 2012), UAS- -
Tubulin-GFP (Bloomington Stock Center BDSC #7373) on the 3™ chromosome and GFP-cid

(Bloomington Stock Center BDSC #25047) on the 2™ chromosome.

Generating knock-in fly strains with key centromere and kinetochore genes tagged

In collaboration with Fungene Inc. (Beijing, China), the following fly lines were generated using
the CRISPR-Cas9 technology: CG613329 (cid) with Dendra2 tag at the internal site (between
118" - 119" codon), in order to generate the following fusion protein: CID N term-Dendra2-CID
C term; CG9938 (Ndc80) with Dendra2 tag at the 5° immediately downstream of the START

codon, in order to generate the following fusion protein: Dendra2-NDC80.

Heat shock scheme

Flies with UASp-dual color histone transgenes were paired with nos-Gal4 drivers. Flies were
raised at 25°C throughout development until adulthood to avoid pre-flip (Tran et al., 2012).
Before heat shock, 1-3 day old males were transferred to vials that had been air dried for 24

hours. Vials were submerged underneath water up to the plug in a circulating 37°C water bath
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for 90 minutes and recovered in a 29°C incubator for indicated time before dissection for

immunostaining experiments.

Immunostaining

Immunofluorescence staining was performed using standard procedures (Hime et al., 1996; Tran
et al., 2012). The primary antibodies used were mouse anti-Fas Il1 (1:100, DSHB, 7G10), rabbit
anti-Vasa (1:200, Santa Cruz, Cat# sc-30,210), mouse anti a-Spectrin (1:50, DSHB, Cat# 3A9),
mouse anti-Armadillo (1;200, DSHB, Cat# N27A1), rat anti-CID (1:200, Active motif, Cat#
61735), rabbit anti-CID (1:200, Active motif, Cat# 69719), mouse anti-Lamin B (1:200, DSHB,
Cat# ADL67.10), mouse anti-H3S10P (1:2,000, Abcam, Cat# ab14955), and rabbit anti-H3T3P
(1:200, Millipore, Cat# 05-746R). Secondary antibodies were the Alexa Fluor-conjugated series
(1:1,000; Molecular Probes). Images were taken using Zeiss LSM 700 confocal microscope,
Zeiss LSM 780 confocal microscope, or Zeiss LSM 800 confocal microscope with Airyscan with
63x oil immersion objectives. Airyscan processing was performed to resolve sister centromeres
(Figure 1G, 2D-E, 2H, S2E, and S5A), to detect polarized NEBD (Figure 4), and to visualize K-
fiber-to-centromere attachment (Figure 1G, S2E, and S5A). Images were processed using Imaris
software (3D image reconstruction) and Fiji software (to quantify the total amount of protein

“RawlIntDen”) or to generate maximum intensity projection.

Chromosome spreading
Chromosome spreading was performed to visualize chromosomes and their sister centromeres and
sister kinetochores at prometaphase and metaphase. Adult Drosophila testes were dissected in

Schneider’s medium and incubated in a hypotonic solution (0.5% sodium citrate) for 5 minutes
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(min) at room temperature (RT). Testes were then fixed in freshly prepared 4 % paraformaldehyde
in PBS for 5-7 min at RT on a Superfrost plus slide, a cover slip was placed on top of fixed tissue,
and squashed hard. Testes were frozen by immersing them in liquid nitrogen, the cover slip was
popped off using a razor blade, followed by immediate incubation in chilled 95% ethanol (-20°C) for
10 min. The immobilized testes were washed three times, 10 min each time, followed by overnight
incubation with primary antibodies in blocking solution at 4°C. The testes were then washed three
times, 15 min each time, followed by incubation with secondary antibodies for two hours at RT,
washed three times, 15 min each time, and mounted in Vectashield without DAPI (Vector, Cat# H-

1400).

Live cell imaging

To examine the temporal dynamics of cellular processes during asymmetric GSC divisions, we
conducted live cell imaging with high temporal resolution (e.g. 30sec, 60sec or 5min interval as
mention in the figure legend and supplemental movie legend). To perform live cell imaging,
adult Drosophila testes were dissected in a medium containing Schneider’s insect medium with
200 pg/ml insulin, 15% (vol/vol) FBS, 0.6x pen/strep, with pH value at approximately 7.0.
Testes were then placed on a Poly-D-lysine coated FluoroDish (World Precision Instrument,
Inc.), which contains the live cell imaging medium as described above. All movies were taken
using spinning disc confocal microscope (Zeiss) equipped with an evolve ™ camera
(Photometrics), using a 63x Zeiss objective (1.4 NA). The ZEN 2 software (Zeiss) was used for
acquisition with 2x2 binning. Mitotic cells were used to reconstruct 3-D movies using Imaris

software (Bitplane). All videos for live cells are shown in Movie S1 — Movie S7.

The 3D quantification for both time-lapse movies and fix images
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To quantify the amount of proteins segregated during asymmetric GSC divisions and symmetric
SG divisions, we conducted a 3D quantification by measuring the fluorescence signal in each
plane from the Z-stack (Figure S1A). The 3D quantification was done at different cell cycle
stages (as labeled in the corresponding figures) in GSCs and SGs (e.g. 8-cell cyst), using time
lapse movie with CID-Dendra2 knock-in line, as well as CID-GFP and a-tubulin-GFP
transgenic lines, respectively. The fixed immunostaining images used fluorescence signal of
Dendra2 (NDC80), GFP (old histone H3) and mKO (new histone H3), or antibodies recognizing
CID. No antibody was added to enhance Dendra2, GFP or mKO signal for quantification.

The 3D quantification of the fluorescence signal was done manually. Un-deconvolved
raw images as 2D Z-stacks were saved as un-scaled 16-bit TIF images, and the sum of the gray
values of pixels in the image (“RawlIntDen”) was determined using Fiji (Image J). A circle was
drawn to include all fluorescence signal (marked by Dendra2, GFP or mKO), and an identical
circle was drawn in the hub region as the background. The gray values of the fluorescence signal
pixels for each Z-stack (foreground signal, Fs) was calculated by subtracting the gray values of
the background signal pixels (background signal, Bs) from the gray values of the raw signal
pixels (raw signal, Rs). The total amount of the fluorescence signal in the nuclei was calculated
by adding the gray values of the fluorescence signal from all Z-stacks. The total amount of the
fluorescence signal (Fs) in the nuclei with Z-stacks (Z1+...+Zn): Fs (Z1+...+Zn) = [(Rs-

Bs)1+...+(Rs-Bs)n].

Nocodazole Treatment
Prior to dissection, Nocodazole (NZ) solution was prepared by adding 1 pl of 2 mg/ml stock

solution of NZ in DMSO per 200 ul of imaging media for a final NZ concentration at 10pg/ml.
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This solution was left in the dark at room temperature (RT) until needed. Testes were dissected
in Schneider’s insect media as quickly as possible and transferred to tubes where the excess
media was carefully removed. After removing the Schneider’s media, 50 pl of NZ solution was
added to each tube, which was left open in darkness at RT. Every hour, the old NZ solution was
removed and 50 pl of new NZ solution was added for a total of three exchanges or four total
hours in NZ solution. At the end of the four hours, the NZ solution was removed and 1 ml of
Schneider’s insect media was added to each tube except the batch for immediate fixation after
NZ, for which 4% formaldehyde was added to the tube instead. For the tubes where NZ was
washed out, the media was removed and fresh media was added, repetitively for a total of at least
five washes within 15 minutes. Testes were then fixed immediately after washout to catch
prophase cells (15 min after release), 30 min after release for prometaphase and metaphase cells,
45 min after release for metaphase and anaphase cells, and 60 to 75 min after release for

anaphase and telophase cells (Figure S6A).

Cold treatment to stabilize K-fiber

Adults testes expressing GFP-a-tubulin were dissected and placed into ice cold imaging medium
for 5 minutes before fixation and immunostaining using antibodies against CID and H3T3P or
H3S10P (Figure 1G, Figures S2E and S5A). Images were collected to visualize the mitotic
spindle at metaphase, using the LSM 800 confocal microscope equipped with Airyscan as
described above. Images were analyzed to examine orientation of sister centromeres, and their

attachment with K-fibers in metaphase GSCs (Figure 1G, Figures S2E and S5A).
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Supplementary figures and figure legends:
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Figure S1: Quantification of CID inheritance pattern in mitotic male germ cells of
Drosophila. (A) lllustration of 3D quantification: total amount of CID toward GSC side or GB
side was obtained by summing CID signals from all slices with signals from a Z-stack, with
background subtracted from each slice, for example, Z1 through Z6 from the GSC side and Z4

through Z7 from the GB side. The ratio was subsequently deducted by dividing the total amount
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of CID from GSC side by the total amount of CID from GB side. (B) A cartoon depicting
symmetric spermatogonia cell (SG) division. Here SG1 is defined as the one in proximity to the
fusome structure while SG2 is the one distal to the fusome. (C-D) Images of an early telophase
GSC (C) and a SG at the same stage (D) from nanos-Gal4; UAS-a-tubulin-GFP testes,
immunostained with anti-CID (magenta) and anti-Lamin B (red). (E-F) Snapshots from live cell
imaging using a cid-GFP line, both metaphase and early anaphase were shown for a GSC (E)
and a SG (F). Enlarged images show CID-GFP signals in the anaphase GSC in (E) and the
anaphase SG in (F). (G) Quantification of CID-GFP at anaphase or early telophase GSCs and
SGs, using method shown in [(A), Table S3]. (H-1) In prometaphase, resolved individual sister
centromeres show more asymmetry in GSCs (H), compared with resolved sister centromeres in
SGs (1). Ratio= Avg+ SE; P-value: paired t test. ****: P< 10™*; n.s: no significant difference.

Asterisk: hub. Scale bars: 2um.
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Figure S2: (A) A cartoon and examples depict how to use the H3T3P as a cellular mark to
distinguish sister centromeres, as used in previous publications (Dai et al., 2005; Lee et al.,
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2018). (B) A cartoon and examples depict how to use the H3S10P as a cellular mark to
distinguish sister centromeres. In these examples, at prometaphase (left side) all eight pairs of
sister centromeres (X and Y sex chromosomes, and two of each for the 2", 3" and 4™
autosomes) are visible, shown as eight distinct CID immunostaining signals; while at metaphase
(right side), each pair of sister centromeres were resolved into two sister centromere CID signals.
(C) After determining on sister centromeres, the intensity line scan was performed to measure
the distance between sister centromeres. (D) At prometaphase, distance between sister
centromeres: 0.35+ 0.01um; while at metaphase, distance between sister centromeres: 0.60+
0.02um (Table S12). The further resolved sister centromeres were also used as a criterion to
distinguish the transition from prometaphase to metaphase, since the moment for all
chromosomes aligned as a straight line at the metaphase plate in GSCs could be very transient
(compare Figures 1G and S3A in GSCs to Figures 1H and S3B in SGs), necessitating this
method to distinguish metaphase GSCs. (E-F) At anaphase, the stronger centromere is
segregated toward the GSC side (E); insets show two asymmetric sister centromere pairs (1 and
2 in E). Such phenomenon was not detected in SGs (F); insets show two symmetric sister

centromere pairs (1 and 2 in F). Asterisk: hub. Scale bars: 2um.
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C Centromere relay mechanism: kinetochore
further amplifies centromere asymmetry

Figure S3: A ‘relay’ mechanism that transits sister centromere asymmetry to sister
kinetochore asymmetry. (A-B) At metaphase, the kinetochore component NDC80 showed
asymmetry with more signals toward the future GSC side compared to the future GB side
between sister kinetochores (A). By contrast, symmetric NDC80 was observed between sister
kinetochores in SGs (B). (C) Stronger sister centromeres likely nucleate more kinetochore
proteins for attachment by MTs emanated from the stem cell side. Such an asymmetry between
sister kinetochores is more than the asymmetry between sister centromeres (Figure 2G,

suggesting a potential ‘relay’ mechanism. Asterisk: hub. Scale bars: 5um.
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Figure S4: Dynamic interactions between microtubules and centromeres in the mitotic
GSCs. (A) Snapshots show the ‘poking in’ activities of microtubules from live cell imaging
using the in nanos-Gal4; UAS-a-tubulin-GFP line (based on Movie S7). (B) All CID signals
(labeling centromeres from all chromosomes) were clustered near nuclear envelope toward the

GSC side in late G2 phase to early prophase. (C) A cartoon depicting interaction among
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microtubules, nuclear envelope and sister centromeres from late G2 phase throughout mitosis in

GSCs. Asterisk: hub. Scale bars: 5um.
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Figure S5: Polarized NEBD potentially allows for differential attachment of microtubules
to sister centromeres. (A) Stronger sister centromere has more affinity with mother centrosome-

emanating K-fibers in GSC at prometaphase. The green arrow points to more K-fibers from the
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mother centrosome, and the red arrow indicates fewer K-fibers from the daughter centrosome.
Inset images show the asymmetric pair of sister centromeres: the stronger centromere indicated
by the green arrowhead (attached by mother centrosome-emanating K-fibers, green arrow) and
the weaker centromere indicated by the red arrowhead (attached by daughter centrosome-
emanating K-fibers, red arrow). (B-F) Morphology of nuclear lamina at different cell cycle
stages of SG, visualized by immunostaining with anti-Lamin B (red), co-stained with anti-CID
(white) and anti-H3S10P (blue) with the nanos-Gal4; UAS-a-tubulin-GFP (green) line. Nuclear
lamina invagination was detected at both sides in SG labeled by yellow arrowheads at prophase
(B-C). Inset at late prophase show two pairs of resolved symmetric sister centromeres (C). The
‘poking in” activities of microtubules were from both poles labeled by yellow arrows at
prometaphase (D). At anaphase segregated sister centromeres show a symmetric pattern in SG

(F). Asterisk: hub. Scale bars: 5um.
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Figure S6: GSCs recovered from Nocodazole (NZ) treatment display time-dependent
progression into different stages of mitosis. (A) Cells are primarily arrested at G2/M or early
prophase immediately following NZ washout, which then progress to prophase after 15 minutes,
prometaphase to metaphase after 30 minutes, and anaphase/telophase after 45-60 minutes. All
time points = Avg+ SE. (B) Symmetric microtubule activity from both centrosomes visualized
by a-Tubulin-GFP (green) in GSCs after releasing from NZ-induced cell cycle arrest, co-stained
with anti-CID (white) and anti-H3S10P (red). (C) A cartoon depicting disruption of the ‘mitotic
drive’ in GSCs recovered from NZ-induced cell cycle arrest, which results in randomized sister
centromere segregation as well as randomized old and new histone H3 segregation (see text for

detailed discussion). Asterisk: hub. Scale bars: 5um.
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Supplementary movie legends:

Movie S1: Asymmetric CID-Dendra2 segregation in GSC. Live cell imaging of the CID-
Dendra2 in a Drosophila male GSC: This video is a 3D reconstruction of individual images (8 x
1-um interval optical sections per frame), showing asymmetric CID-Dendra2 segregation during
asymmetric GSC division. The video was acquired at 30sec intervals for 5-6 minutes from
prophase to anaphase. Metaphase is used as a landmark to define time point zero, and other time
points are labeled as minus minutes prior to metaphase. The quantification is shown in Figure

1D. Asterisk: hub. Scale bar: 2um.

Movie S2: Symmetric CID-Dendra2 segregation in SG. Live cell imaging of the CID-
Dendra2 in a Drosophila male SG: This video is a 3D reconstruction of individual images (8 x 1-
um interval optical sections per frame), showing symmetric CID-Dendra2 segregation during
symmetric SG division. The video was acquired at 30sec intervals for 5-6 minutes from prophase
to anaphase. Metaphase is used as a landmark to define time point zero, and other time points are
labeled as minus minutes prior to metaphase. The quantification is shown in Figure 1D. Scale

bar: 2um.

Movie S3: Asymmetric CID-GFP segregation in GSC. Live cell imaging of CID-GFP in a
Drosophila male GSC: This video is a 3D reconstruction of individual images (8 x 1-um interval
optical sections per frame), showing asymmetric CID-GFP segregation during asymmetric GSC

division. The video was acquired at 30sec intervals for 5-6 minutes from prophase to anaphase.
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Metaphase is used as a landmark to define time point zero, and other time points are labeled as
minus minutes prior to metaphase. The quantification is shown in Figure S1G. Asterisk: hub.

Scale bar: S5pum.

Movie S4: Symmetric CID-GFP segregation in SG. Live imaging of the CID-GFP in a
Drosophila male SG: This video is a 3D reconstruction of individual images (8 x 1-um interval
optical sections per frame), showing symmetric CID-GFP segregation during symmetric SG
division. The video was acquired at 30sec intervals for 5-6 minutes from prophase to anaphase.
Metaphase is used as a landmark to define time point zero, and other time points are labeled as

minus minutes prior to metaphase. The quantification is shown in Figure S1G. Scale bar: 5um.

Movie S5: Temporal asymmetry of a-Tubulin in GSC. Live cell imaging of a-Tubulin-GFP
in a Drosophila male GSC: This video is a 3D reconstruction of individual images (14 x 1-um
interval optical sections per frame), showing temporal asymmetry in a-Tubulin-GFP activity at
mother centrosome (labeled by green arrow) and daughter centrosome (labeled by red arrow).
The mother centrosome is actively nucleating microtubules from mid- to late G2 phase (-240min
to -50min), whereas the daughter centrosome nucleates microtubules upon mitotic entry (~ -50
min). Also, in prophase, the dominance of mother centrosome activity becomes less, while
microtubules from the daughter centrosome start to increase (-35min to -5min). However, at
metaphase microtubules from both sides become equal (0 min). The video was acquired at 5-

min interval for 5-6 hrs from mid G2 to G1. Metaphase is used as a landmark to define time
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point zero, and other time points are labeled as minus minutes prior to metaphase. The

quantification is shown in Figure 3C. Asterisk: hub. Scale bar: Sum.

Movie S6: Symmetric a-tubulin in SG. Live cell imaging of the a-tubulin-GFP in a
Drosophila male SG: This video is a 3D reconstruction of individual images (8 x 1-um interval
optical sections per frame), showing neither the mother nor the daughter centrosome nucleates
microtubules throughout G2 phase. However, both centrosomes start nucleating microtubules
simultaneously upon mitotic entry (~ -35min). The video was acquired at 5-min interval for 5-6
minutes from G2/M to G1. Metaphase is used as a landmark to define time point zero, and other
time points are labeled as minus minutes prior to metaphase. The quantification is shown in

Figure 3D. Scale bar: 5pum.

Movie S7: A high-resolution time lapse movie of GSC to visualize asymmetric microtubule
‘poking in’ phenomenon. Live cell imaging of the a-tubulin-GFP in a Drosophila male GSC
using LSM800 confocal microscopy equipped with Airyscan: This video is a 3D reconstruction
of individual images (6 x 0.15um interval optical sections per frame), showing microtubules
spike “poking in” (labeled by green arrow) at GSC side at G2/M transition. The video was
acquired at 5-min interval for 30 minutes from G2/M transition to prophase. The G2/M is time

point zero; snapshots are shown in Figure S4A. Asterisk: hub. Scale bar: 5um.

17


https://doi.org/10.1101/416446

bioRxiv preprint doi: https://doi.org/10.1101/416446; this version posted September 13, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Movie S8: The 3D reconstructed GSC in early-prophase showing NEBD at the GSC side.
This video is a 3D reconstruction of individual fixed images (5 x 0.15um interval optical
sections per frame) of a-tubulin-GFP-expressing Drosophila male GSC at early prophase,
immunostained with anti-Lamin B and anti-CID. (A) A 3D reconstruction with a-tubulin-GFP
(green), anti-Lamin B (magenta) and anti-CID (red) signals. (B) A 3D reconstruction with anti-
Lamin B (white) and anti-CID (red) signals. (C) A zoom-in view of (B). This 3D reconstruction
shows asymmetric nuclear envelope breakdown at the GSC side in early prophase. The

maximum projection of the image is shown in Figure 4A. Asterisk: hub. Scale bar: 5um.

Movie S9: The 3D reconstructed GSC in late-prophase showing NEBD at the GSC side and
“poking in” phenomenon at the GB side. This video is a 3D reconstruction of individual fixed
images (10 x 0.15um interval optical sections per frame) of a-tubulin-GFP-expressing
Drosophila male GSC at late-prophase, immunostained with anti-Lamin B and anti-CID. (A) A
3D reconstruction with a-tubulin-GFP (green), anti-Lamin B (magenta) and anti-CID (red)
signals. (B) A 3D reconstruction with anti-Lamin B (white) and anti-CID (red) signals. This
image shows that the nuclear envelope at stem cell side is broken, and the nuclear envelope at
GB side is “poking in” at late-prophase. The maximum projection of the image is shown in

Figure 4B. Asterisk: hub. Scale bar: 5um.
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Supplementary tables and table legends:

Table S1: Quantification of CID in anaphase to early telophase GSCs and SGs by
immunostaining using anti-CID.

Pair # | GSC/GB SG1/SG2
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Table S2: Quantification of CID-Dendra2 in anaphase to early telophase GSCs and SGs by
live cell imaging.

Pair # | GSC/GB SG1/SG2
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Table S3: Quantification of CID-GFP in anaphase to early telophase GSCs and SGs by live
cell imaging.

Pair # | GSC/GB SG1/SG2
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Table S4: Quantification of sister centromeres in prometaphase GSCs and SGs by
immunostaining using anti-CID.

Sister
centromere
pair # GSC SG
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Table S5: Quantification of NDCB80 in anaphase to early telophase GSCs and SGs using the
Dendra2-NDC80 knock-in line.

Pair # | GSC/GB | SG1/SG2
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Table S6: Quantification of sister kinetochores in prometaphase GSCs and SGs by
immunostaining using anti-Dendra2 in Dendra2-NDC80 knock-in line.

Sister
kinetochore
pair # GSC
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Table S7: Quantification of sister centromeres using anti-CID and sister kinetochores using
anti-Dendra2 in Dendra2-NDCB80 knock-in line in prometaphase GSCs.

Sister CID and
sister NDC80
Pair # CID | NDCS80
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40
41
42
43

Table S8: Quantification of microtubules% (of the entire microtubules) from mother
centrosome versus from daughter centrosome using live cell imaging.

Time in min GSC (Mother GSC (Daughter SG (centrosome 1) SG (centrosome 2)
Before metaphase | centrosome) centrosome)

00 50.73 £ 3.74 49.27 £ 3.74
-05 51.03 £ 4.51 48.97 £ 451
-10 52.55 + 7.09 47.45 +7.09
-15 53.88 £ 6.85 46.12 £ 6.85
-20 52.88 + 6.72 47.12 +6.72
-25 52.81 + 6.00 47.19 £ 6.00
-30 52.49 + 5.82 4751 +5.82
-35 50.62 £ 5.19 49.38 +5.19
-40 50.73 + 3.74 49.27 + 3.74
-45

-50

-55

-60

-65
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Table S9: Quantification of microtubules% (of the entire microtubules) from mother
centrosome versus from daughter centrosome in GSCs after being released from
nocodazole treatment using fixed cell imaging.
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Table S10: Quantification of CID signals in anaphase to early telophase GSCs after being
released from nocodazole treatment by immunostaining using anti-CID.

Pair # | CID (GSC/GB)
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Table S11: Quantification of old and new H3 after release from nocodazole in anaphase to
early telophase GSCs by fixed cell imaging.
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Table S12: Measurement of the distance between sister centromeres (um) by
immunostaining using anti-CID.

Sister Prometaphase | Metaphase
centromere

pair #

1 0.4 0.7
2 0.5 0.7
3 0.3 0.5
4 0.4 0.7
5 0.4 0.8
6 0.5 0.4
7 0.25 0.8
8 0.35 0.6
9 0.3 0.9
10 0.4 0.7
11 0.4 0.6
12 0.3 0.6
13 0.25 0.55
14 0.3 0.6
15 0.35 0.8
16 0.3 0.5
17 0.4 0.5
18 0.3 0.5
19 0.4 0.4
20 0.35 0.5
21 0.4 0.5
22 0.5 0.3
23 0.4 0.6
24 0.4 0.6
25 0.3 0.5
26 0.35 0.8
27 0.3 0.7
28 0.45 0.5
29 0.25 0.7
30 0.3 0.5
31 0.3 0.55
32 0.25 0.7
33 0.25

34 0.4
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