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ABSTRACT

Stem cells have the unique ability to undergo asymmetric division which produces two
daughter cells that are genetically identical, but commit to different cell fates. The loss of this
balanced asymmetric outcome can lead to many diseases, including cancer and tissue dystrophy.
Understanding this tightly regulated process is crucial in developing methods to treat these
abnormalities. Here, we report that produced from a Drosophila female germline stem cell
asymmetric division, the two daughter cells differentially inherit histones at key genes related to
either maintaining the stem cell state or promoting differentiation, but not at constitutively active
or silenced genes. We combined histone labeling with DNA Oligopaints to distinguish old versus
new histone distribution and visualize their inheritance patterns at single-gene resolution in
asymmetrically dividing cells in vivo. This strategy can be widely applied to other biological
contexts involving cell fate establishment during development or tissue homeostasis in

multicellular organisms.
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INTRODUCTION

Stem cells often undergo asymmetric cell division to give rise to a daughter that self-
renews and another daughter that differentiates, despite each containing identical genomes. The
differences in cell fate can be achieved through epigenetic mechanisms, defined as modifications
that change gene expression without altering the primary DNA sequences. Epigenetic
modifications can be maintained even after going through multiple cell divisions, a phenomenon
called “cellular memory” (Jacobs & van Lohuizen, 2002, Probst, Dunleavy et al., 2009, Ringrose
& Paro, 2004, Turner, 2002). Mis-regulation of this process can be detrimental, leading to many
diseases including cancers, tissue dystrophy, and infertility (Baylin & Ohm, 2006, Chambers,
Shaw et al., 2007, Feinberg, Ohlsson et al., 2006, Fitzsimons, van Bodegraven et al., 2014,
Fredly, Gjertsen et al., 2013). However, the processes by which epigenetic information is
inherited or changed during cell divisions in endogenous stem cells or asymmetrically dividing
cells are still not well understood.

The known primary mechanisms of epigenetic regulation include DNA methylation,
chromatin remodeling, post-translational modifications of histones, histone variants, and non-
coding RNAs (Jin, Li et al., 2011, Kouzarides, 2007, Lee, 2012). Since only about 0.07% of the
genomic DNA in Drosophila is methylated in adult flies, it is likely that histones carry the
majority of epigenetic information in the adult germline (Lyko, Ramsahoye et al., 2000, Zhang,
Huang et al., 2015). When the (H3-H4). tetramer combines with two H2A/H2B dimers, an
octamer encircled by DNA structure forms, which is called nucleosome, the basic unit of
chromatin structure. The N-terminal tails of histones can undergo extensive post-translational
modifications that can change the local structure of chromatin and the expression of the genes

therein. Notably, most post-translational histone modifications that regulate gene expression are
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found on the N-termini of H3 and H4 (Allis & Jenuwein, 2016, Huang, Sabari et al., 2014,
Janssen, Sidoli et al., 2017, Kouzarides, 2007, Young, DiMaggio et al., 2010). Furthermore, the
age of a histone protein determines the specific post-translational modifications it carries
(Alabert, Barth et al., 2015, Xu, Wang et al., 2011, Zee, Britton et al., 2012). The molecular
mechanisms by which newly synthesized (new) histones are incorporated onto DNA has been
well studied, but little is known about how pre-existing (old) histones are re-incorporated onto
DNA following replication and subsequently segregated during cellular division (Ahmad &
Henikoff, 2018, Alabert & Groth, 2012, Serra-Cardona & Zhang, 2018). Recent studies have
shed light on both the molecular mechanisms (Gan, Serra-Cardona et al., 2018, Petryk, Dalby et
al., 2018, Yu, Gan et al., 2018) and cellular responses (Escobar, Oksuz et al., 2019, Lin, Yuan et
al., 2016, Reveron-Gomez, Gonzalez-Aguilera et al., 2018) responsible for recycling old histones
in symmetrically dividing cells. However, it remains elusive how old versus new histones are
partitioned in asymmetrically dividing cells, such as certain types of adult stem cells. For
example, stem cells may maintain their identity by selectively inheriting particular post-
translational modifications on old histones to sustain an active transcription at stemness-
promoting genes but a repressive state at differentiation and non-lineage-specific genes. On the
other hand, differentiating daughter cells may inherit new histones to reset the chromatin in
preparation for cellular differentiation.

The Drosophila germline stem cell (GSC) systems permits the visualization of
asymmetric cell division (ACD) at a single-cell resolution in vivo (Fuller & Spradling, 2007). In
both male and female gonads, GSCs can divide asymmetrically to produce a self-renewed GSC
and a cystoblast (CB, in the female germline), or a gonialblast (GB, in the male germline), that

subsequently undergoes a transit-amplification stage of four mitoses before entering meiosis and
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terminal differentiation. During ACD in Drosophila male GSCs, the old histone H3 is selectively
segregated to the renewed stem cell, whereas the new H3 is enriched in the GB (Tran, Lim et al.,
2012). Mis-regulation of this differential inheritance can lead to stem cell loss and early-stage
germline tumors (Xie, Wooten et al., 2015). The asymmetric inheritance of old versus new H3 is
specific to asymmetrically dividing GSCs and occurs with histones H3 and H4, but not with
H2A, and such patterns are established during DNA replication (Wooten, Snedeker et al., 2019).
Furthermore, biased sister chromatid segregation in male GSCs are regulated by the coordination
between dynamic microtubule activity and asymmetric sister centromeres (Ranjan, Snedeker et
al., 2019). It is possible that the asymmetric inheritance of old (H3-H4)2 tetramers versus new
(H3-H4)2 tetramers could be responsible for differential gene expression in genetically identical
daughter cells.

However, the question remains whether differential histone inheritance is a conserved
feature of stem cells and/or asymmetrically dividing cells or not. The Drosophila female
germline is an excellent system to address this question. Drosophila ovaries consist of 16-18
ovarioles, each of which contain an anatomically defined stem cell niche that supports 2-3 GSCs,
which can undergo ACD at their apical tips (Xie & Spradling, 2000). Both Drosophila male and
female germlines have well-characterized cellular features. Recent studies revealed that
asymmetric microtubules closely interact with asymmetric sister centromeres to establish biased
attachment and the segregation of sister chromatids in female GSCs (Dattoli, 2020), resembling
the results in male GSCs (Ranjan et al., 2019). However, there are key differences between the
male and female systems. For example, in males, one GB divides four times to produce 16
spermatogonial cells, all of which subsequently undergo meiosis to produce a total of 64 sperm

(Hardy, Tokuyasu et al., 1981, Hardy, Tokuyasu et al., 1979, Tokuyasu, Peacock et al., 1977).
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By contrast, the CB in females undergoes four rounds of mitosis but produces two pre-oocytes
and 14 nurse cells. One of the pre-oocytes is determined as the oocyte and undergoes meiosis,
whereas the other pre-oocyte joins the nurse cell fate. Together, all 15 nurse cells undergo
endoreplication and produce mRNAs and proteins to support oogenesis and early embryogenesis
(King, 1957, Smith & Orr-Weaver, 1991). Interestingly, the initial division of the CB produces
the two pre-oocytes, but only one eventually takes on the oocyte fate. It has been suggested that
the CB division is asymmetric, which would create oocyte versus nurse cell fate, and that
spectrosome inheritance may play a role in such a cell fate determination (de Cuevas &
Spradling, 1998).

Here, we show that in both Drosophila female GSC and CB divisions, large
chromosomal regions carrying distinct old versus new histone H3 can be detected. This feature
gradually disappears throughout subsequent mitotic divisions with higher degree of cellular
differentiation, giving support to the hypothesis that both the GSC and CB division may involve
the differential partitioning of intrinsic factors such as histone information, which may contribute
to the differences in their daughter cell fates. Additionally, we combined DNA Oligopaints with
a two-color histone labeling system to visualize genomic region-specific histone inheritance
patterns in mitotically dividing female germ cells in vivo. We found that the two daughter cells
produced from a GSC division differentially inherit histones at genomic regions harboring key
genes, such as daughters against dpp (dad) for maintaining the stem cell state (Casanueva &
Ferguson, 2004, Kirilly, Wang et al., 2011, Xie & Spradling, 1998) and bag of marbles (bam) for
promoting differentiation (McKearin & Ohlstein, 1995, McKearin & Spradling, 1990). Overall,
this study offers insight into how epigenetic information is inherited through the process of

asymmetric cell division and offers a technique to simultaneously visualize genetic and


https://doi.org/10.1101/2020.08.18.255455

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.18.255455; this version posted August 19, 2020. 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.

epigenetic information. The techniques used here are applicable to many other stem cell lineages
and organisms, which can provide valuable insight into the molecular mechanisms and biological

significance of ACD.

RESULTS AND DISCUSSION
Old versus new histone H3 display non-overlapping patterns in dividing female GSCs, but
not in dividing cystocytes

The Drosophila female germline is an excellent system to study germ cell differentiation
at a single-cell resolution (Fig 1A). To investigate histone inheritance patterns in early-stage
female germ cells including GSCs, we used a heat-shock controlled, dual-fluorescent, tag-
switching histone transgene driven by GreenEye-nanos-Gal4 which drives transgene expression
strongly in the early germline of both male and female Drosophila melanogaster [This driver is
named such because it was originally paired with a synthetic eyeless promoter, 3xP3>eGFP, as a
fluorescent reporter (Holtzman, Miller et al., 2010)]. Using this labeling system as described
previously (Ranjan et al., 2019, Wooten et al., 2019), we tagged old histones with eGFP (green
fluorescent protein) and new histones with mCherry (red fluorescent protein). The switch from
eGFP to mCherry labeling is controlled by a FLP recombinase, driven by a heat shock promoter
[Fig 1B, (Tran et al., 2012)]. The cell cycle of female GSCs is approximately 24 hours without
synchrony, with G2 being the longest phase, lasting for 18-20 hours (Ables & Drummond-
Barbosa, 2013, Hinnant, Alvarez et al., 2017, Hsu, LaFever et al., 2008). Therefore, it is likely
that the heat-shock induced histone tag switch occurs in the G2 phase. Allowing a recovery time
of 34-40 hours post heat-shock ensures that the tag-switched GSCs finish another complete

round of DNA replication, where mCherry-labeled new histones are incorporated genome-wide.
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GSCs then advance into the subsequent mitosis, at which point the distribution of old versus new
histones in female GSCs is examined (Fig 1C).

Using a mitotic marker (anti-H3S10phos or H3S10ph) and chromosomal morphology to
identify late prophase and prometaphase GSCs, we found that old and new H3 occupied distinct
chromosomal domains shown as separable eGFP (old H3) and mCherry (new H3) signals on
condensed chromosomes (old + new in Fig 1D). This separation was also detected in a control
H3 line in which the old and new fluorescent tags were reversed (H3Rev: mCherry labeled old
H3 and eGFP labeled new H3, Fig 1G). Contrastingly, more overlapping signals were detected in
mitotic GSCs where old histone H2A was labeled with eGFP and new H2A by mCherry (Fig
1F). Finally, mitotic GSCs expressing old H4 (eGFP) and new H4 (mCherry) displayed a
moderate separation (Fig 1E): Old and new H4 had less overlap than old and new H2A (Fig 1F)
but more overlap than old and new H3 (Fig 1D).

In order to quantify these imaging results, we measured Spearman’s rank correlation
coefficient (Schober, Boer et al., 2018) for old versus new H3, H4, H2A, and H3Reyv,
respectively (Fig 1L). Old and new H3 consistently showed the lowest correlation coefficients of
0.567 (n=57) in the H3 line and of 0.561 (n=50) in the H3RevV line, indicative of the highest
separation between these two signals. By contrast, old and new H2A displayed the highest
correlation coefficient of 0.888 (n=79), suggesting the highest overlap between these two signals.
Consistent with the moderate separation between old and new H4, the average correlation
coefficient of 0.693 (n= 60) is between that of H3 and H2A. Although canonical H3 and H4 form
tetramers in vivo, their different behaviors could be due to H4 pairing with both H3 and the

histone variant H3.3.
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To directly test this possibility, we examined the correlation coefficient of old versus new
H3.3 using a similar labeling scheme and parallel analysis. Since new H3.3 is incorporated in a
replication-independent manner (Ahmad & Henikoff, 2002a, Ahmad & Henikoff, 2002b,
Tagami, Ray-Gallet et al., 2004), we recovered female flies for 18-20 hours (~ one cell cycle)
after the heat shock-induced H3.3-eGFP to H3.3-mCherry expression switch and subsequently
examined the mitotic GSCs. Indeed, an average correlation coefficient of 0.752 was detected for
old and new H3.3 (n=55, Fig EV1E). The correlation coefficient of H4 in mitotic GSCs (0.693)
is very close to the average of the H3 and H3.3 correlation coefficients at 0.660. This supports
the hypothesis that the moderate separation between old and new H4 is due to the different
overlapping degrees of its binding partners: low for old versus new H3 and high for old versus
new H3.3.

Next, to determine whether the non-overlapping old versus new H3 distribution patterns
have cellular specificity, we imaged dividing cystocytes (CCs) and quantified them at the 4-cell
and 8-cell stage (Fig 1L). For H3, late prophase to prometaphase CCs showed an average
Spearman correlation coefficient of 0.689 (n=83), indicating a significantly higher degree of
overlap (or colocalization) between old and new H3 in CCs than in GSCs (Fig 1H versus Fig 1D,
quantified in Fig 1L). The H3Rev also had a significantly higher correlation coefficient of 0.813
(n=76) in late prophase to prometaphase CCs compared to GSCs (Fig 1K versus Fig 1G,
quantified in Fig 1L). Old and new H4 displayed an average correlation coefficient of 0.735
(n=81) in mitotic CCs, which was not significantly higher than the correlation coefficient in
mitotic GSCs (Fig 11 versus Fig 1E, quantified in Fig 1L). Lastly, the degree of overlap between
old and new H2A was indistinguishable between GSCs and CCs, with the latter having an

average correlation coefficient of 0.858 (n=79, Fig 1J versus Fig 1F, quantified in Fig 1L).
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Taken together, these data demonstrate that the non-overlapping old versus new histone
domains seen for H3 are more prominent in GSCs than in CCs. The cellular specificity of the
non-overlapping old versus new histone H3 patterns recapitulates what has been previously
reported in Drosophila male GSCs, where the global asymmetric inheritance of old versus new
H3 is specifically found in asymmetrically dividing GSCs but not in symmetrically dividing

spermatogonial cells (Tran et al., 2012).

Old versus new histone distribution patterns during mitosis reveal CBs are more like GSCs
than CCs

Given that old and new H3 histones appear in separable domains in GSCs but not in CCs
(Fig 1), we further examined the histone distribution patterns for H3, H4, H2A, H3.3, and H3Rev
in mitotic cells at each stage during transit amplification in the female germline lineage and
compared them with the distribution patterns in GSCs. Interestingly, we found that the separable
old versus new H3 pattern gradually diminishes as germ cells differentiate (Fig EV1B for H3,
EV1C for H3Rev). Specifically, the old versus new H3 correlation coefficient does not
significantly differ between GSCs and CBs in both H3 lines, suggesting that this separation is
independent of the tag but dependent on the different behaviors between old and new H3
proteins in early-stage female germ cells. Additionally, both lines display a significantly
increased correlation coefficient from the early staged GSC and CB cells to the 2-cell stage and
subsequently to the 4-cell stage, suggesting more overlap between old and new H3 as germ cells
differentiate. Furthermore, the gradual change of the old versus new histone correlation
coefficient during germline differentiation is specific to the histone H3 (Fig EV1B-C). Other

histones, including H4, H3.3, and H2A (Fig EV1D-F), showed no significant differences in the
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overlap of old versus new histone protein between each consecutive cell stage, although there is
a statistically significant decrease between H2A in GSCs and CBs (Fig EV1F, see Figure legend
for possible reasons). However, the correlation coefficients for H2A in GSCs and CBs were both
significantly higher than the correlation coefficients for H3 in the same staged cells (Fig EV1G).
Previously, it has been proposed that the CB division could be a “symmetry breaking”
step, as only one of the two daughter cells from this division eventually differentiates into the
oocyte. Therefore, it is possible that breaking the symmetry in preparation for cellular
differentiation in the female germline lineage is accomplished by two steps, GSC division and
CB division. To further explore this possibility, we next studied old versus new H3 segregation

patterns during anaphase and telophase in GSCs and CBs.

Dividing female GSCs and CBs show globally symmetric but locally asymmetric
segregation patterns of old versus new histone

Using the H3S10ph mitotic marker and chromosomal morphology to identify anaphase
and telophase GSCs, we found that the average ratios of old and new histone H3 (n=21), H4
(n=15), H2A (n=19), and the H3Rev (n=24) were nearly equal between the two sets of
segregated sister chromatids in asymmetrically dividing GSCs (Fig 2A-D, quantified in Fig 2E).
Given the intriguing similarity between GSCs and CBs in their old versus new H3 distribution
patterns at prophase and prometaphase (Fig EV1B-C), we next examined old versus new H3
segregation patterns in anaphase and telophase CBs. It has been previously speculated that the
daughter cell resulting from CB division that inherits more spectrosome, a germline-specific
organelle (Koch & King, 1966, Lin & Spradling, 1995), eventually differentiates into the oocyte

while the daughter cell that inherits less spectrosome commits to the nurse cell fate (de Cuevas &
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Spradling, 1998). By using both anti-a.-spectrin and anti-1B1 to label the spectrosome structure,
we distinguished the putative pre-oocyte versus pre-nurse cell between the two daughter cells
derived from CB division. The average ratios of old and new histone H3 (n=19), H4 (n=24),
H2A (n=23), and the H3Rev (n=20) were nearly equal between the two sets of segregated sister
chromatids during CB division (Fig 2F-1, quantified in Fig 2J). Only a slight bias of H3 and H4
histone inheritance was detected in the putative future pre-nurse cell (less spectrosome, or spec-),
compared to the possible future pre-oocyte cell (more spectrosome, or spec+, Figure 2J), but this
was not statistically significant.

Just like the separable old versus new H3 signals in prophase and prometaphase GSCs
and CBs (Fig 1D, 1G, Fig EV1B-C), old and new H3 in anaphase and telophase GSCs and CBs
(Fig 2A, 2D, 2F, 21) still displayed non-overlapping patterns, compared to the overlapping old
and new H2A patterns in anaphase and telophase GSCs and CBs (Fig 2C, 2H). Notably, old
histones appeared to be more enriched at the poles in anaphase and telophase GSCs and CBs
(Figure 2A, 2F), which are heterochromatin centromeric and pericentromeric regions. Recent
studies have revealed an increased amount of old histone retention at the heterochromatin region
when compared to that of the euchromatic region (Escobar et al., 2019). Additional studies will
be needed to further explore whether there is any biological significance of this pattern in
Drosophila female GSCs and CBs.

Interestingly, a subset of GSC and CB divisions results in two daughters with biased old
versus new H3 and H4 inheritance, reflected by a wide distribution of H3 and H4 compared to
H2A, which has a more clustered distribution (Fig 2E, 2J). For a more direct comparison, we
classified all of the anaphase and telophase GSCs into three categories using previously

established criteria for the degree of histone asymmetry (Ranjan et al., 2019, Xie et al., 2015).
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The three categories include: (1) “symmetric,” where each daughter cell inherits a near equal
amount of old histone (< 1.2-fold), (2) “moderately asymmetric” where one of the two daughter
cells inherits between 1.2-1.4-fold old histone, and (3) “highly asymmetric”” where one of the
two daughter cells inherits more than 1.4-fold old histone (Fig 2K). Some H3 and H3Rev
transgene-expressing GSCs as well as H4 transgene-expressing CBs showed more instances and
a higher degree of asymmetric segregation pattern, whereas no H2A transgene-expressing GSC
or CB showed such a pattern. H4 transgene-expressing CBs also showed more instances of
asymmetric inheritance and a higher degree of asymmetry than H4 transgene-expressing GSCs.
However, these differences were not statistically significant, so we concluded that during the
GSC and CB divisions, histones are inherited in a globally symmetric manner.

Next, we performed similar analyses for old and new H3.3, with a shorter recovery time
post-heat shock (see discussion above on recovery time, Fig EV2). Interestingly, old H3.3
showed significantly higher ratios of asymmetric inheritance patterns in GSC divisions (n=15)
compared to the CB divisions (n=12, Fig EV2D). The sister chromatids segregated towards the
GSC side inherited more of both old and new H3.3 than the sister chromatids segregated towards
the CB side. This biased segregation pattern was not detected in the CB division (Fig EV2C),
indicating that the future GSC has more H3.3 in total than the future CB during ACD of GSCs.
Given the transcription-dependent incorporation mode of H3.3 (Ahmad & Henikoff, 2002b,
Tagami et al., 2004), it is possible that this biased H3.3 inheritance contributes to or correlates
with higher transcriptional activities in GSCs compared to CBs. These results are consistent with
previous reports that stem cells maintain an overall more open chromatin state and their

differentiated cells begin to “lock down” their chromatin towards a more restricted cell fate
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(Gaspar-Maia, Alajem et al., 2011, Golkaram, Jang et al., 2017, Turner, 2008, Yu, Wu et al.,

2017).

GSC-like cells from bam mutant ovaries recapitulate the non-overlapping old versus new
H3 distribution patterns observed in wild-type female GSCs

In wild-type (WT) female ovaries, there are only 2-3 GSCs per ovariole and the M phase
of GSCs only lasts for approximately 15 minutes in a ~24-hour cell cycle (Ables & Drummond-
Barbosa, 2013, Fuller & Spradling, 2007, Hinnant et al., 2017, Xie & Spradling, 2000). To
obtain more GSC-like cells, we used bag-of-marbles (bam) mutant ovaries. Since the bam gene
is necessary for female GSC differentiation, bam mutant ovaries are enriched with
undifferentiated GSC-like cells [Fig 3A, (Chen & McKearin, 2003, Li, Minor et al., 2009,
McKearin & Ohlstein, 1995, McKearin & Spradling, 1990)].

Next, we performed similar experiments using the dual-color histone H3 and H2A
transgenes in bam mutant ovaries [bam28¢/bam?, (Bopp, Horabin et al., 1993, McKearin &
Spradling, 1990)] and compared the results with those from WT GSCs. Similar to WT GSCs,
GSC-like cells in bam mutant ovaries at late prophase to prometaphase displayed non-
overlapping old versus new H3 patterns (Fig 3B), but largely overlapping old versus new H2A
patterns (Fig 3C). Quantification using Spearman’s rank correlation coefficient showed an
average of 0.598 for H3 (n=98) and 0.890 for H2A (n= 116). Both coefficient values for H3 and
H2A in bam mutant germ cells were indistinguishable from those in WT GSCs (Fig 3D).
Furthermore, bam mutant germ cells showed significantly different correlation coefficients
between old versus new H3 and old versus new H2A, similar to WT GSCs (Fig 3D). Together,

these results suggest that the non-overlapping old versus new H3 distribution in WT female
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GSCs are recapitulated in bam mutant germ cells, which greatly facilitate higher throughput
image acquisition and data analyses.

Furthermore, the similarity of old versus new histone distribution patterns among WT
GSCs, WT CBs, and bam mutant germ cells (data re-plotted in Fig EV3D for direct comparison)
shed light on a long-held debate in the field whether bam mutant germ cells resemble more like
GSCs or CBs (Casanueva & Ferguson, 2004, McKearin & Spradling, 1990, Shen, Weng et al.,
2009). Here, our results show that WT GSCs, WT CBs, and bam mutant germ cells have more
similarities than differences, and that the non-overlapping old versus new H3 distribution
patterns gradually diminish along with germline differentiation after the CB stage (Fig EV1B-C).
In accordance with this observation, it has been shown that other cellular features, such as cell
cycle timing, also change gradually during female germline differentiation (Hinnant et al., 2017).
Collectively, these observations confirm a step-wise cellular differentiation pathway in the

female GSC lineage.

Oligopaint IF-FISH reveals differential old versus new H3 distribution at key genes for
maintaining stem cell fate but not at constitutively active or silent genes

The non-overlapping old versus new H3 distribution patterns in WT GSCs and bam
mutant germ cells introduce the intriguing possibility that old and new H3 could be differentially
distributed at specific genomic loci, rather than globally across the entire genome. We
hypothesize that old and new H3 are differentially distributed and inherited at genes that are
important for maintaining the stem cell state (i.e. stemness genes) or for promoting cellular
differentiation (i.e. differentiation genes). For example, the self-renewed stem cell could inherit

old histones with post-translational modifications to maintain the active expression of the
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stemness genes, while the differentiating daughter cell could carry new histones without these
modifications (or with different modifications) so that the expression of stemness genes are
silenced. Other genes such as constitutively active genes or non-germline lineage genes might
display a more symmetric histone inheritance pattern, which would allow both daughter cells to
achieve a similar gene expression pattern after ACD.

To visualize old versus new histones at specific genomic loci and between sister
chromatids, we combined the dual color histone-labeling scheme with DNA Oligopaint FISH
technology (Beliveau, Joyce et al., 2012, Joyce, Apostolopoulos et al., 2013) (Fig 3E). Our
candidate target genes included the stemness gene daughters against dpp (dad) (Casanueva &
Ferguson, 2004, Kirilly et al., 2011, Xie & Spradling, 1998), the germline differentiation gene
bam (McKearin & Ohlstein, 1995, McKearin & Spradling, 1990), an actively transcribed gene in
both GSCs and CBs called benign gonial cell neoplasm [bgcn, Fig EV3A-B, (Gbénczy, Matunis
etal., 1997, Lavoie, Ohlstein et al., 1999)], and a neuronal gene that is completely silenced in the
entire female germline lineage, spineless (ss) (Gan, Chepelev et al., 2010, Struhl, 1982, Wernet,
Mazzoni et al., 2006). Among these candidates, dad, bam, and ss are located on the right arm of
the 3" chromosome (3R), and bgcn is located on the right arm of the 2" chromosome (2R), all of
which are autosomes in fly cells.

Since the non-overlapping old versus new H3 distribution pattern in bam mutant germ
cells resembled that in WT GSCs (Fig 3B), we first used bam mutant ovaries to achieve a higher
number of cells where histone distribution patterns at candidate genomic regions could be
studied. We imaged mitotic cells using high-resolution Airyscan microscopy (Sivaguru, Urban et
al., 2018) to increase the spatial resolution and resolved the candidate genomic regions in

prophase cells into four fluorescence in situ hybridization (FISH) “dots”, two of each for the
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replicated maternal and paternal chromosomes, respectively. This allowed us to examine how the
candidate gene loci were associated with old versus new histone H3. We hypothesize that if
histones are differentially distributed at stemness and differentiation genes, we would detect two
FISH signals associated with old H3 and two FISH signals associated with new H3. However, if
the histones are symmetrically inherited, we would not be able to detect this 2:2 ratio of old:new
H3 association at candidate gene loci.

Using Oligopaint IF-FISH, we first examined each candidate gene locus in bam mutant
germ cells at late prophase when the four distinct FISH dots were most likely detectable. The
mitotic chromosomes were co-immunostained with antibodies against H3S10ph, the tag for old
H3, and the tag for new H3. As shown previously (Fig 3B), old (GFP) and new (mCherry) H3
displayed non-overlapping patterns in mitotic bam mutant germ cells (Fig 3F-H: old + new
signals), and the four FISH signals indicate duplicated sister chromatids for both maternal and
paternal chromosomes. It is worth noting that homologous chromosomes are not paired in the
early-stage female germline, unlike somatic cells in Drosophila (Joyce et al., 2013). We then
asked whether these four FISH signals show any distinct patterns associated with old versus new
H3. We reasoned that if two dots displayed an association with old histone and the other two
were enriched with new histone, there were two possibilities: (1) One sister chromatid from the
maternal chromosome and one sister chromatid from the paternal chromosome are associated
with old H3, while the others are associated with new H3 (left panel in Figure 3E); (2) Both
sister chromatids from either the maternal or paternal chromosome are associated with old H3,
and both of the remaining paternal or maternal chromatids are associated with new H3 (Fig

EV3C).
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To examine whether the FISH signals were more associated with old (green) or new (red)
histones, we measured the mean intensity values for each channel (see Materials and Methods).
We then normalized both the red and green channel values by making each highest mean
intensity value equal to 1 and dividing the other three signal values accordingly to create
percentages for each one. Next, we plotted the normalized mean intensity values for each probe
signal in a two-dimensional (2D) scatter plot with the X-axis representing the new H3 signal and
the Y-axis representing the old H3 signal. Finally, we drew a diagonal line at X=Y and
determined whether each probe signal was more associated with old H3 or with new H3 (Fig. 31,
Materials and Methods), followed by classifying all scatterplot patterns with (i):(ii):(iii) ratios,
where (i) is the number of FISH signals more associated with the old histone (above the X=Y
line), (ii) is the number of FISH signals that with an equal association between old and new
histone (on the X=Y line), and (iii) is the number of FISH signals more associated with new
histone (below the X=Y line). For the stemness dad gene (Fig 3F), ~38% of the bam germ cells
showed two dots associated with the old histone and two with the new histone (a 2:0:2 ratio, n =
24, quantified in Fig 3J). By contrast, when probing for bgcn (Fig 3G, n=21) and ss (Fig 3H, n=
25), fewer cells (9.5% and 12%, respectively) displayed this 2:0:2 ratio (Fig 3J). These results
suggest that the 2:0:2 histone association pattern is more frequently detected in genes that must
change expression between the two daughter cells, such as dad. For genes that do not change
expression between the two daughter cells, such as ss and bgcn, this ratio is less frequent (Fig
3J). Notably, both bgcn and ss share similar expression profiles between GSC and CB, although
bgcn is actively expressed (on) and ss is repressed (off).

A caveat in bam mutant cells is that the genetic lesions at the bam genomic locus might

complicate FISH probing at the bam gene region. Moreover, in bam mutant ovaries, no ACD
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occurs because all of the germ cells overproliferate as GSC-like cells without differentiation.
Therefore, to study histone inheritance patterns during stem cell ACD, we examined Oligopaint
IF-FISH signals with old versus new H3 segregation patterns in asymmetrically dividing WT
GSCs. Since for both the constitutively active bgcn gene and the silent ss gene, very few GSC-
like cells displayed the 2:0:2 ratio, we next focused on differentially expressed dad gene and bam

gene in WT GSCs.

Oligopaint IF-FISH reveals differential old versus new H3 inheritance at key genes for
maintaining stem cell fate or for promoting differentiation in WT GSCs

In mitotic WT GSCs, we detected non-overlapping old versus new H3 distribution
patterns (Fig 1D, 1G, 1L, Fig 2A, 2D). Here, we also visualized the localization of old versus
new histone signals at candidate genes using Oligopaint IF-FISH. Notably, FISH signals from
duplicated sister chromatids of the maternal and paternal chromosomes often result in two
adjacent dots (an example of a prophase GSC shown in Fig 4A, and examples of telophase GSCs
shown in Fig 4C-D). In prophase GSCs, this is likely due to the action of cohesin proteins
between sister chromatids (Brooker & Berkowitz, 2014). In anaphase and telophase GSCs, this is
probably a result of the co-segregation of maternal and paternal chromosomes via the pulling
force of the mitotic spindle. Co-segregation of maternal and paternal autosomes has been
formerly reported in Drosophila male GSCs (Yadlapalli & Yamashita, 2013).

Interestingly, when all four dots of the stemness dad gene are resolvable, ~59% of the
WT mitotic GSCs showed two dots associated with the old histone and two dots with the new
histone (Fig 4A, n= 17, quantified in Fig 4E). For the germline differentiation bam gene, ~48%

of WT mitotic GSCs showed two dots associated with the old histone and two with the new
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histone (Fig 4B, n= 21, quantified in Fig 4E). However, the normalization scheme could
potentially create a situation in which one dot has both the highest GFP and the highest mCherry
signal, leading to a 2:1:1 pattern (see Materials and Methods), which is likely due to the high
condensation of chromosomes in mitotic cells. If we consider both the 2:0:2 and the 2:1:1
pattern, approximately 71% of dad and 71% of bam FISH signals have a preferential association
with old versus new histones. For the ~30% of signals where a preferential association was not
detected with either old or new histones, it is possible that fewer labeled histones were
incorporated at that genomic region, or that the chromatin was folded and condensed in such a
manner that immunostaining was unable to detect it.

Finally, for differentially expressed dad and bam genes, we examined the segregation
patterns of old versus new histone H3 at their corresponding genomic loci in anaphase or
telophase WT GSCs, where sister chromatids can be easily distinguished as they segregate (Fig
4C for the dad gene locus and Fig 4D for the bam gene locus). When probing at the dad locus,
the future GSC side had predominantly old H3 while the CB side mainly inherited new histones
at this gene locus ~75% of the time (Fig 4C, n=12). A similar pattern was observed in ~67%
GSCs at the bam locus (Fig 4D, n=12). Specifically, out of the 10 telophase cells displaying a
2:0:2 ratio at dad locus (n=12), 90% showed old H3 on GSC side and new H3 on CB side.
Additionally, out of the 10 telophase cells displaying a 2:0:2 ratio at bam locus (n=12), 80%
showed old H3 on GSC side and new H3 on CB side. Collectively, these data indicate a
differential association of old versus new histone at specific gene loci, followed by the
preferential segregation of sister chromatids with old H3-enriched sister chromatids segregating

toward the GSC side and new H3-enriched sister chromatids segregating toward the CB side.
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In summary, in this study we detected differentially distributed old versus new histone
H3 in prophase and prometaphase early-stage female germ cells. This differential distribution
has molecular specificity that is detectable in H3 but not in H2A, as well as cellular specificity
for GSCs and CBs but not for further differentiated CCs. Using Oligopaint IF-FISH, this
differential distribution is likely associated with the key genes either for maintaining the stem
cell state or for promoting differentiation, which could establish distinct epigenomes in the two
daughter cells arising from ACD. The combination of using differential labeling for old versus
new histone with Oligopaint IF-FISH is a technique that can be adapted and applied to many
other systems, including induced asymmetrically dividing mouse embryonic stem cells where
differential histone H3 distribution patterns is also detected (Ma, Trieu et al., 2020). Application
of this technique to other systems will provide valuable insight into how ACD regulates cell fate
decisions in multicellular organisms, which likely involves changing the expression of a handful
of key genes, while maintaining similar expression patterns for other genes required for
homeostasis and lineage specificity.

Previous studies have shown that recycled old histones can be biasedly deposited to
either the leading or lagging strands following DNA replication under different conditions
(Petryk et al., 2018, Roufa & Marchionni, 1982, Seale, 1976, Seidman, Levine et al., 1979,
Wooten et al., 2019, Yu et al., 2018). While the origins of DNA replication have yet to be
determined in the majority of multicellular organism cell types, it is well known that
transcription can directly affect the localization of pre-replication complexes (Cayrou, Coulombe
etal., 2011, Vashee, Cvetic et al., 2003). This introduces the possibility that transcription may
affect the location of replication origins, the length of the replicons, and biased old versus new

histone incorporation at the corresponding genomic loci (Kahney, Ranjan et al., 2017), in a cell
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type-specific manner. Future studies using molecular genetics, genomic, cell biology and
biophysical tools will be needed to directly test this speculation in different cell types and to

address this fundamental question in developmental biology.
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Figure 1: Non-overlapping old versus new histone H3 distribution patterns in mitotic
Drosophila female germline stem cells (GSCs), but not in cystocytes (CCs). (A) A cartoon

and corresponding immunofluorescence image depicting the Drosophila germarium. Terminal
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filament cells (TFC) and cap cells (CapC) create a niche for female germline stem cells (GSC),
which divide asymmetrically to self-renew and produce a cystoblast (CB). The CB undergoes
four mitotic divisions to create differentiating cystocytes (CC). The germline (gray) is supported
by somatic (green) escort cells (EC) and follicle stem cells (FSC) that produce follicle cells that
surround developing egg chambers. The spectrosome (Spec, red) is a specialized organelle in the
early-stage germline, such as GSCs and CBs. The spectrosome structure is round while fusome is
branched, which branches over the mitotic divisions in further differentiated germ cells,
connecting the CCs within a cyst. (B) A cartoon detailing how the heat shock controlled dual-color
system driven by GreenEye-nanos-Gal4 labels preexisting (old) histones with eGFP (green
fluorescent protein) and newly synthesized (new) histones with mCherry (red fluorescent
protein), respectively. (C) A scheme of recovery time and histone incorporation after heat shock
that induces an irreversible genetic switch in the histone transgene. (D-F) Old (green) versus new
(red) histone patterns for H3 (D), H4 (E), and H2A (F) in prometaphase female GSCs marked by
anti-H3S10ph (gray). (G) Old (red) versus new (green) histone patterns for H3Rev in
prometaphase female GSCs marked by anti-H3S10ph (gray). (H-J) Old (green) versus new (red)
histone patterns for H3 (H), H4 (1), and H2A (J) in prometaphase female 4-cell CC marked by
anti-H3S10ph (gray). (K) Old (red) versus new (green) histone patterns for H3Rev in
prometaphase female 4-cell CC marked by anti-H3S10ph (gray). (L) Quantification of the
overlap degree between old and new histones in late prophase and prometaphase GSCs and CCs
using Spearman correlation: The measurement is from a single Z-slice at the center of each
mitotic nucleus, which shows results similar to analyzing every Z-slice throughout the entire Z-
stacks followed by averaging them (Fig EV1A, see Materials and Methods). Values are mean +

95% CI. P-value: pairwise ANOVA test with bonferroni correction. ****: P< 0.0001, n.s.: not
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significant. Asterisk: niche. Scale bars: 2um. See relevant Supplemental Table for individual

data points for Fig 1L.

eGFP (old) mCherry (new) old+new

B G
Ha . Ha
Gsc ; ce
C > H
H2A AN H2A
Gsc : cB

eGFP (old) mCherry (new) old+new

H3
GSC

H3
CcB

mCherry (old) new+old mCherry (old) new+old
D I
H3 H3
Rev Rev
GSC| CB
E More in future More in
Logz GsC Log- pec- cell
1.0+ o® 1.0
— - -
. 3 4 3 ¥ 3
O_o__*_%_4+*H_ 0.0
L * * ’.J L
=1 y 2 o a
°
-1.0- -1.0-
| | | | | | | e | | | | | | | i o
Od New Old New Old New New Old Od New Old New Old New New Old
—H3— —H4q— “H2A— “H3Rev- —H3— —H4— —H2A— “H3Rev"

ns.

K1oo%. . O I I -

75%

Symmetric (<1.2x enrichment)
50% B Mod Asym (1.2 -1.4x enrichment)
B High Asym (>1.4x enrichment)

25%

0% Lo e L S ) —
= GSC CB GSC CB GSC CB GSC cB
—H3— —H4— —H2A- “H3Rev-

25


https://doi.org/10.1101/2020.08.18.255455

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.18.255455; this version posted August 19, 2020. 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.

Figure 2: Mitotic GSCs and CBs exhibit non-overlapping old versus new histone H3
patterns, but overall symmetric old and new segregation patterns. (A-C) Telophase GSCs
marked by H3S10ph (gray) expressing old (green) and new (red) histone H3 show non-
overlapping patterns (A). Telophase GSCs expressing old (green) and new (red) histone H4 show
moderate levels of overlap (B). GSCs expressing old (green) and new (red) histone H2A show
high levels of overlap (C). (D) A control where the old and new fluorescent tags have been
switched shows the non-overlapping patterns of old (red) versus new (green) H3Rev histone in
mitotic telophase GSCs marked by H3S10ph (gray). (E) Quantification of log: ratios of total old
and new histone inherited by each future daughter cell of the GSC division, where a value of 0 is
equal inheritance at exactly a 1:1 ratio. Values are mean + 95% CI. (F-H) Telophase CBs
marked by H3S10ph (gray) expressing old (green) and new (red) histone H3 also show non-
overlapping patterns (F). Telophase CBs expressing old (green) and new (red) histone H4 (G)
and H2A (H), which depict more overlap like GSCs. (1) A control with switched old and new
fluorescent tags shows the non-overlapping old (red) versus new (green) H3Rev histone patterns
in mitotic telophase CBs marked by H3S10p (gray). (J) Quantification of logz ratios of total old
and new histone inherited by each future daughter cell of the CB division, where a value of 0 is
equal inheritance at exactly a 1:1 ratio. Values are mean + 95% CI. (K) Summary of total old
histone inherited in GSCs and CBs: <1.2-fold is symmetric, >1.2-fold but <1.4-fold is
moderately asymmetric, and >1.4-fold is highly asymmetric. Asterisk: niche. Arrowheads (cyan):
biased spec inheritance. Scale bars: 2um. See relevant Supplemental Tables for individual data

points for Fig 2E and Fig 2J.
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Figure 3: bam mutant germ cells recapitulate the separable old versus new H3 distribution
in WT GSCs, and Oligopaint IF-FISH reveal distinct old versus new H3 at key genes. (A) A
cartoon depicting a WT germarium with differentiating germline at different stages (gray)

compared with a bam mutant ovariole filled with GSC-like cells (pink) without further
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differentiated germ cells. Undifferentiated cells can be identified by the presence of dotted
spectrosome versus branched fusome structure (purple). (B-C) Non-overlapping patterns of old
(green) versus new (red) histone H3 (B) and overlapping patterns for H2A (C) in mitotic
prometaphase bam mutant cells marked by anti-H3S10ph (gray), similar to WT GSCs. Scale
bars: 2um. (D) Quantification of the overlap between old and new histones in late prophase and
prometaphase bam mutant cells using Spearman correlation, also plotted with and compared to
the WT GSC values from Fig. 1L. Values are mean + 95% CI. P-value: pairwise ANOVA test
with bonferroni correction. ****; P< 0.0001. n.s.: not significant. (E) A cartoon depicting the
Oligopaint IF-FISH scheme to identify old versus new histone inheritance at single genomic loci
in mitotic cells. (Left) A germarium containing a GSC in prometaphase, where the 3D chromatin
structure may disguise local asymmetries at genomic regions of interest. (Top) A linearized gene
of interest (GOI) displays local asymmetries. (Bottom) Two anaphase cells depict potential
Oligopaint IF-FISH results. Maternal chromosomes are outlined in pink and paternal ones in
blue. (Bottom Left) Probes recognize genes (magenta) that change their epigenetic state in a 2:2
ratio with biased old:new H3-enriched regions. In this instance, each duplicated sister chromatid
from either maternal or paternal chromosome has an “agreement” on old (green, inherited by
GSC indicated by an asterisk) versus new (red, inherited by the CB) H3. (Bottom Right) Probes
recognize genes (cyan) that maintain their epigenetic state associated with more symmetric
regions (yellow) that do not have a strong bias for either old or new H3. (F-H) Examples
showing old (green) versus new (red) H3 distribution at a single genomic locus labeled with
fluorescent probes (gray) for dad gene (F), bgcn gene (G), and ss gene (H) in bam mutant GSC-
like cells at prometaphase marked by anti-H3S10ph (blue). Scale bars: 1um. (I) Examples of

scatter plots showing probe’s association with normalized old H3 (green, above X=Y line) versus

28


https://doi.org/10.1101/2020.08.18.255455

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.18.255455; this version posted August 19, 2020. 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.

new H3 (red, below X=Y line) and the (i):(ii):(iii) ratios that result from them, where (i) is the
number of FISH signals more associated with old histone, (ii) is the number of FISH signals that
had equal association with both old and new histone, and (iii) is the number of FISH signals
more associated with new histone. (J) Quantification of the probe association ratios with old
versus new H3 for each candidate gene in bam mutant germ cells. See relevant Supplemental

Tables for individual data points for Fig 3D and Fig 3J.
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Figure 4: Oligopaint IF-FISH reveals differential old versus new H3 inheritance at key
genes for maintaining stem cell fate or promoting differentiation in WT female GSCs. (A-
B) Old (green) versus new (red) histone patterns with a single genomic locus labeled with

fluorescent probes (cyan) for dad (A) and bam (B) in WT prometaphase female GSCs, marked
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by anti-H3S10ph (gray). (C-D) Old (green) versus new (red) histone inheritance patterns with
single genes labeled with fluorescent probes (cyan) for dad (C) and bam (D) in WT telophase
female GSCs, marked by anti-H3S10ph (gray). (E) Quantification of the probe association ratios
with old versus new H3 for each candidate gene in WT female GSCs. Asterisk: niche.
Arrowheads: probe signal. Scale bars: 1um. Zoomed-in images of each probe are displayed to
the right of each figure panel. Scale bars: 0.1um. See relevant Supplemental Table for individual

data points for Fig 4E.
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