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Abstract

Epigenetic mechanisms play essential roles in determining distinct cell fates during the 

development of multicellular organisms. Histone proteins represent crucial epigenetic components 

that help specify cell identities. Previous work has demonstrated that during the asymmetric cell 

division of the Drosophila male germline stem cells (GSCs), histones H3 and H4 are 

asymmetrically inherited, such that preexisting (old) histones are segregated towards the self-

renewing GSC whereas newly synthesized (new) histones are enriched towards the differentiating 

daughter cell. In order to further understand the molecular mechanisms underlying this striking 

phenomenon, two key questions must be answered: when and how old and new histones are 

differentially incorporated by sister chromatids, and how epigenetically distinct sister chromatids 

are specifically recognized and segregated. Here we discuss recent advances in our understanding 

of the molecular mechanisms and cellular bases underlying these fundamental and important 

biological processes responsible for generating two distinct cells through one cell division.

Keywords

Epigenetics; histones; germline; stem cells; asymmetric cell division; centromere

Opening remarks: an overview of asymmetric stem cell division in 

multicellular organisms

The processes of development and homeostasis in multicellular organisms require the 

specification of a wide variety of highly specialized cell types. In order to achieve this 

remarkable cellular diversity to create complex tissues and maintain their replenishing 

capacity, adult stem cells need to maintain a balance between the differentiated cell 

population and the stem cell population. For examples, skin [1] muscle [2], gut [3], blood [4] 

or testis [5, 6] in mice, as well as midgut [7, 8] and gonads [9, 10] in Drosophila have all 

been shown to have stem cell activities. Many stem cells achieve this by undergoing ACD 
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(Asymmetric Cell Division), through which two daughter cells are produced, each with their 

own distinct cell fate (reviewed in [11–15]).

Previous studies have revealed a cohort of extrinsic and intrinsic mechanisms that help 

establish distinct daughter cell fates following ACD. From an extrinsic perspective, signaling 

molecules that act in the extracellular environment can help specify distinct cell fates. Many 

adult stem cells rely on a unique micro-environment known as the niche to provide extrinsic 

cues to maintain proper stem cell identity and activity (reviewed in [6, 16]). Niches support 

stem cell identity by secreting ligands, which bind to receptors at the neighboring cell and 

initiate a signaling cascade that promotes stem cell identity. Conversely, cells that leave the 

niche following ACD fail to receive the instructive cues provided by the niche, and therefore 

do not maintain stem cell identity but undergo differentiation to generate different cells types 

to maintain adult tissues. In this manner, extrinsic cues act within a short distance to help 

balance stem cell renewal with proper differentiation during homeostasis. In addition, 

asymmetric partitioning of key cell fate determining factors can provide an intrinsic 

mechanism to generate distinct cell fates (reviewed in [12]). Intrinsic mechanisms have been 

well described in a host of different systems, which often involve specifically localized 

proteins or RNAs, as well as polarized cell division. However, it remains unclear whether 

epigenetic mechanisms may intrinsically regulate cell fate decisions during ACD. Given the 

crucial roles epigenetic mechanisms play in regulating differential gene expression that 

defines distinct cell identities, it may serve as an important mechanism in determining cell 

fate. In this review, we will first go over previous work showing the phenomenon that sister 

chromatids can carry distinct epigenetic information followed by non-random segregation. 

We will then focus on recent findings that shed light on how this process is regulated in 

asymmetrically dividing stem cells. We will conclude by discussing other remaining 

questions, in the context of recent advances in their respective fields, with the hope to better 

understand how these mechanisms may help shape diverse epigenomes in multicellular 

organisms from a variety of different biological contexts.

Generating asymmetry among sister chromatids

Previously, a tag-exchange system was employed to selectively label old and new histones, a 

major epigenetic information carrier, in order to visualize their segregation patterns in the 

mitotic male germ cells of Drosophila melanogaster. Strikingly, during the ACD of germline 

stem cells (GSCs), histones H3 and H4 are asymmetrically inherited, such that a majority of 

old histones are segregated towards the stem daughter cell whereas new histones are 

enriched towards the differentiating daughter cell [17, 18]. This asymmetry is critical to the 

germline maintenance, as disruption of asymmetric histone inheritance leads to phenotypes 

ranging from cell death and stem cell loss to tumorigenesis. To understand the molecular 

machinery and cellular pathway(s) underlying this phenomenon, two fundamental processes 

involved in histone incorporation and segregation were investigated: DNA replication and 

mitosis [19, 20]. During DNA replication, histones are asymmetrically incorporated such 

that old H3 and H4 are preferentially incorporated to the leading strand, whereas new H3 

and H4 are preferentially segregated towards the lagging strand. Furthermore, fork 

movement is highly coordinated, such that replication fork shows a high percentage of 

unidirectional or asymmetric bidirectional fork progression. Taken together, asymmetries in 
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histone incorporation coupled with coordinated replication fork movement could generate 

sister chromatids each enriched with unique epigenetic information [18]. To understand how 

epigenetically distinct sister chromatids are recognized and segregated during mitosis, key 

players in sister chromatid segregation were investigated. These studies demonstrated a 

series of asymmetries in cis-elements at the sister chromatids such as sister centromeres as 

well as asymmetries in trans-factors such as the mitotic spindle. These components act 

together to distinguish epigenetically distinct sister chromatids and ensure their nonrandom 

segregation during ACD [21].

Part I: Different modes of replication-coupled nucleosome assembly across 

cell types

Across all organisms, the process of DNA replication allows the genetic information of a 

cell to be copied and transferred reliably to its daughter cells through many cell divisions 

[22–24]. For eukaryotic cells, genome replication is linked to the process of epigenome 

duplication [25–29]. The nucleosome, the basic unit of the eukaryotic epigenome, is 

composed of 147-base pairs of DNA wound around the histone octamer, an 8-membered 

complex consisting of two copies each of the histone proteins H2B, H2A, H3 and H4 [30–

35]. During DNA replication, old nucleosomes ahead of the fork must be disassembled to 

allow for replication fork passage [36, 37]. Following disassembly, old histones are retained 

and deposited onto newly synthesized DNA strands in a process termed histone recycling 

[38]. New histones must be recruited and deposited to restore nucleosome density [39]. 

Together, the two processes of old histone recycling and new histone recruitment are 

referred to as the process of RCNA (Replication-Coupled Nucleosome Assembly) [40, 41].

Over the years of studying DNA replication and RCNA, different models have been 

proposed to explain how intrinsic differences in leading versus lagging strand synthesis 

could impact the process of histone recycling. A bias in old histone incorporation towards 

the leading strand seems logical, as the leading strand, by virtue of its continuous mode of 

synthesis, has a slight temporal advantage over the lagging strand in the competition for 

recycling old histones following the replication fork passage (Figure 1A). Electron 

microscopy studies have demonstrated that the leading strand does in fact ‘outpace’ the 

lagging strand during strand-synthesis, as evidenced by the fact that nucleosomes are 

incorporated ~225nm behind the advancing fork on the leading strand, compared to ~285nm 

on the sister lagging strand [37]. Despite these differences, previous studies investigating the 

distribution of old histones on newly synthesized sister chromatids have demonstrated a 

variety of patterns ranging from symmetric to asymmetric. Some studies have shown that old 

histones are equally distributed between sister chromatids following passage of the 

replication fork [36, 42, 43], whereas others have shown that old histone incorporation 

displays a clear strand preference. However, preferential deposition of old histones has been 

observed on both the leading strand [44–48] and the lagging strand [49], raising questions as 

to whether there is a consensus pattern in histone recycling, and, if not, what factors may act 

to regulate different histone deposition modes during RCNA. In this section of the review, 

recent findings from the Drosophila male germline will be discussed in the context of other 

recent advances.
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1. Replication proteins regulate histone incorporation at the replication fork

Recent studies have revealed several key players involved in the process of RCNA. For 

instance, MCM2, an essential subunit of the MCM2–7 replicative helicase, was found to 

play a crucial role in retaining old histones displaced ahead of the advancing replication fork 

(Figure 1A) [50]. Loss of MCM2’s chaperone activity results in biased old histone recycling 

towards the leading strand. From these studies, it has been hypothesized that MCM2 

functions at the fork to buffer the temporal differences between leading strand and lagging 

strand synthesis to allow old histones to be more evenly deposited onto the two sister 

chromatids [51]. Further studies have demonstrated that once retained by MCM2, old 

histones can be transferred to the lagging strand via an interaction with CTF4 and DNA 

polymerase α (Pol α) [52]. Additionally, Proliferating Cell Nuclear Antigen (PCNA), a 

molecule initially characterized as a processivity factor for DNA polymerases [53], was 

found to coordinate histone deposition at the replication fork [54, 55]. As CTF4, Pol α and 

PCNA are all enriched at the lagging strand [56], it has been hypothesized that this could 

serve as an axis to deposit old histones onto the lagging strand (Figure 1A) [55, 57].

Other studies have demonstrated that key replication proteins could also act as chaperones to 

facilitate deposition of old histones onto the leading strand. For example, DPB3 and DPB4, 

two subunits of the leading-strand DNA polymerase ε (Pol ε), have been shown to regulate 

deposition of old histones onto the leading strand (Figure 1A) [58]. Loss-of-function of 

either subunit compromises old histone deposition onto the leading strand, which results in a 

biased incorporation of old histones towards the lagging strand.

Interestingly, recent studies have suggested that transcription can also impact histone 

inheritance at the replication fork by modulating the rate of progression. Prior research has 

shown that head-on collisions (Figure 1B), where transcription direction is opposite to that 

of replication fork movement, are more likely to slow fork progression compared to co-

directional progression, where transcription and replication are oriented towards the same 

direction (Figure 1C) [59]. Studies have further demonstrated that chromatin maturation 

rates vary according to these interactions. In case of co-directional replication and 

transcription, the leading strand matures faster compared to the lagging strand. Conversely, 

in cases of head-on collisions, the lagging strand matures faster [60]. While it remains 

unclear whether interactions between replication and transcription could bias old histone re-

incorporation at the replication fork, a recent study suggests that slower rates of fork 

progression in case of head-on collisions could reduce the temporal difference between 

leading and lagging strand synthesis, thereby allowing the lagging strand to be more 

effective in recycling old histones (Figure 1B and 1D). Conversely, faster fork movement in 

the presence of co-directional replication with transcription could result in a more 

pronounced temporal delay of lagging strand synthesis, which may give leading strand 

advantages for re-incorporating old histones (Figures 1C and 1D) [61]. It is necessary to 

rigorously test these models in order to better understand the molecular and temporal factors 

responsible for old and new histone incorporation patterns at the replication fork.
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2. Technology advances revealed distinct histone incorporation patterns in different 
biological systems

(1) Sequencing-based methods revealed distinct histone incorporation 
patterns at leading versus lagging strands in yeast and cell culture 
system: Recent years have witnessed the development of a series of sequencing-based 

techniques to study replication-coupled histone inheritance patterns in different systems 

(Table 1). Two recent studies employed strand-specific sequencing methods to characterize 

old versus new histone distribution at newly synthesized DNA strands immediately after 

passage of the replication fork. In one study, Yu et al. utilized a method called Enrichment 

and Sequencing of Protein-Associated Nascent DNA (eSPAN) to map old versus new 

histone distribution at newly replicated DNA in the yeast Saccharomyces cerevisiae. This 

study showed a slight preference in old histone distribution towards the lagging strand [58]. 

In the another study, Petryk et al. used a similar method termed Sister Chromatids After 

Replication by DNA sequencing (SCAR-seq) to investigate histone incorporation patterns in 

cultured mouse embryonic stem cells (mESCs) and found a slight bias of old histone 

distribution towards the leading strand [51]. The different patterns of histone distribution in 

yeast versus mESCs raises interesting and important questions regarding the underlying 

mechanisms.

Several factors could contribute to these differences: Given the roles that replication 

components such as CTF4, DPB3 and DPB4 have in RCNA, it is possible that their relative 

abundance at the fork could bias histone incorporation towards the leading strand versus the 

lagging strand in different systems. Other proteins with crucial roles in DNA replication, 

such as FACT, RPA or the TONSL-MMS22L complex, have also been reported to regulate 

histone incorporation patterns [62–67]. These studies raise an intriguing possibility that the 

histone incorporation pattern at a specific gene region, in any given cell type, and at the 

particular development stage could depend on coordinated activities of these factors at the 

replication fork, which are themselves subject to dynamic developmental regulation of 

multicellular organisms [68, 69].

(2) Chromatin fiber combined with superresolution microscopy method 
allows visualization of distinct histone incorporation patterns in 
Drosophila: By combining the chromatin fiber technique [70–72] with superresolution 

imaging, the SuperResolved Chromatin Fibers (SRCF; Table 1) method allows direct 

visualization of histone incorporation patterns at replicating regions in early-stage male 

germ cells of Drosophila [18]. Using this method, it was found that old and new H3 and H4 

display asymmetric incorporation patterns at the replication fork, with a bias towards the 

leading strand. Conversely, old and new histone H2A showed largely symmetric 

incorporation pattern at the replicative regions. These distinction in histone distribution 

patterns suggest molecular specificities in the process of RCNA. Interestingly, previous 

studies have also demonstrated that different histones show distinct behaviors during DNA 

replication as well as during post-replication chromatin maturation. During replication, H3 

and H4 are incorporated as (H3-H4)2 tetramers, whereas H2A and H2B are incorporated as 

dimers. Whereas one old (H3-H4)2 tetramer can only be inherited by one strand (leading or 

lagging), the presence of two old H2A-H2B dimers could allow for their reincorporation by 
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both the leading and the lagging strands, thus ensuring a more symmetric inheritance pattern 

at the replication fork. Additionally, the relative stability of H2A-H2B dimers versus the 

(H3-H4)2 tetramer in the nucleosome structure could also account for their different 

distribution patterns observed on newly replicated chromatin fibers. Previous studies have 

shown that (H3-H4)2 tetramers are relatively stable in the nucleosome structure, while 

nucleosomal H2A-H2B dimers display a much more rapid exchange during post-replication 

chromatin maturation. A rapid exchange following replication fork passage could negate 

asymmetries in H2A-H2B inheritance initially established in the wake of the replication 

fork. More experiments are needed to better understand whether differences between H3-H4 

and H2A-H2B first appear during the processes of RCNA or during chromatin maturation.

Notably, the distinct inheritance patterns observed for H3-H4 versus H2A-H2B on newly 

replicated chromatin fibers mirror the differences in global histone segregation patterns 

observed during ACD of GSCs, suggesting that distinct segregation patterns at the 

replication fork underlie distinct histone inheritance modes observed in mitotic and post-

mitotic daughter cells[17, 18, 73]. Interestingly, histone inheritance patterns in the 

Drosophila male germline can vary based on the differentiation state of cells: GSCs have 

asymmetric inheritance while more differentiated germ cells show globally symmetric 

inheritance [17, 18], suggesting that the processes of RCNA are likely subject to cell-type-

specific regulation during development. A key area for future research will be better 

understanding what factors are involved in regulating changes in histone inheritance 

observed in the Drosophila male germline.

(3) Chromatin fiber and DNA fiber methods track fork movement in cells 
from developing tissues: Chromatin fiber or DNA fiber technology combined with a 

sequential nucleoside analog incorporation assay can be used to analyze replication fork 

progression patterns at single-molecule level. Using these methods, fibers isolated from the 

Drosophila testes showed a high incidence of unidirectional and asymmetric bidirectional 

replication fork movements. In contrast, chromatin fibers and DNA fibers isolated from the 

replicative Drosophila somatic cells showed largely symmetric bidirectional replication fork 

movement. Together with the strand bias between old and new H3, biased and coordinated 

fork movement could expand asymmetric H3 incorporation at individual forks to long-range 

asymmetry between sister chromatids [18]. On the contrary, the symmetric bidirectional 

replication fork movement mode could ensure both sister chromatids inherit similar amount 

of old histones. With the subsequent activities of epigenetic “readers” and “writers”, this 

process could ensure propagation of cells with similar “epigenetic memory”, as seen in 

yeast, cultured cells, or transit-amplifying cells in stem cell lineages.

Given their compatibility with small numbers of cells, these methods are highly adaptable to 

other biological systems, particularly cells isolated from their physiological environment 

during development. Together with the SRCF analysis of strand bias of different histones, 

these methods would allow for characterization of both fork movement and histone 

inheritance during the process of RCNA.

Coordinated fork movement has been reported in organisms ranging from bacteria to 

multicellular eukaryotes. In most cases, this coordination is required to avoid deleterious 
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head-on collisions between replication progression and active transcription [74]. For 

example, robust transcription at the Drosophila rDNA locus during DNA replication requires 

coordinated forks to prevent genome instability associated with head-on replication-

transcription collisions [75]. Similar patterns have also been reported for rDNA replication 

in other species [76, 77]. Regulated fork movement has also been reported in Saccromyces 
pombii, where fork movement is coordinated to ensure that the mating-type locus is 

replicated unidirectionally [78]. This coordination is developmentally relevant, as 

differences in leading versus lagging strand synthesis play a causal role during the process of 

mating-type switching in S. pombii.

In many cases, biased fork movement is regulated by replication components that bind in a 

sequence-specific manner. In the two examples above at replicating rDNA locus and at the 

mating-type locus, specific replication machinery proteins bind proximal to origins and 

impede the efficient bidirectional progression of the replication fork [79]. However, these 

physical blocking activities at specific DNA sequences are usually limited to a single 

genomic locus. Proteins that have been reported to regulate fork movement more globally 

often interact with the replisome. For example, SUppressor of Underreplicated Regions 

(SuUR) acts with Rif1 to slow fork movement in endoreplicating Drosophila cells to allow 

for selective amplification of the genome [80–82]. Recently, several components of the 

Polycomb group complex (PcG) have been reported to directly interact with advancing 

replication forks to regulate both the rate and the directionality of fork progression. 

Compromising activities of a PcG component Enhancer of zeste [E(z)] resulted in increased 

unidirectional fork movement in mouse embryonic fibroblasts [83]. Future studies will be 

needed to determine if components of PcG complex, or proteins such as SuUR and/or Rif1, 

function to regulate fork progression in Drosophila male GSCs in order to generate 

epigentically-distinct sister chromatids in preparation for ACD.

Part II: Sister chromatid recognition and segregation during asymmetric 

cell division

Even though old and new histones could be differentially incorporated during DNA 

replication, in order to achieve the asymmetric inheritance pattern, the mitotic machinery 

must have a mechanism to distinguish sister chromatids based on their histone composition. 

Many hypotheses have been proposed to explain non-random sister chromatid segregation. 

An “immortal DNA strand” hypothesis by John Cairn proposes that stem cells preferentially 

inherit older DNA strands to avoid replication-introduced errors [84]. However, this 

hypothesis has been challenged by many subsequent studies [85–90]. On the other hand, 

biased sister chromatid segregation has been reported in multiple systems, including a 

subpopulation of mouse muscle stem cells (i.e. satellite cells) [91], as well as mouse and 

human ESC systems [92, 93], where the DNA methyltransferase Dnmt3 has been shown to 

contribute to this process [93].

A previous study demonstrated that Drosophila male GSCs do not exhibit “immortal strand” 

phenomenon [85, 94]. However, sister chromatids of X and Y chromosomes display biased 

strand segregation while the second and the third autosomes show a co-segregation pattern 
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without strand bias [95]. The putative Drosophila DNA methyltransferase Dnmt3 is required 

for biased sex chromosome segregation, suggesting potential involvement of epigenetic 

regulation [96]. The findings that old and new histone H3 and H4 segregate asymmetrically 

[17, 18] provoke the mechanisms underlying non-random sister chromatid segregation in 

asymmetrically dividing Drosophila male GSCs. Recently, an axis of cis-elements from 

sister chromatids and trans-factors from the mitotic machinery have been shown to 

coordinate in a spatiotemporally controlled manner to ensure non-random sister chromatid 

segregation [21].

1. Centromeres with epigenetic asymmetry between sister chromatids

Centromeres are specific chromosomal domains that recruit the kinetochore protein complex 

and constitute centromere-associated network protein complex, which act together to ensure 

proper attachment and accurate segregation of sister chromatids during mitosis. Centromere 

is epigenetically defined by a histone H3 variant called centromere protein-A (CENP-A) 

[97–99]. During mitosis, centromeres resolve into sister centromeres, with one centromere 

on each sister chromatid. Genetically and epigenetically sister centromeres are considered 

identical in a symmetrically dividing cell. Two hypotheses have been proposed for 

asymmetrically dividing cells, termed “strand-specific imprinting and selective chromatid 

segregation” and “silent sister chromatids” [100–103]. These hypotheses propose that 

epigenetic differences at the sister centromere region could guide preferential attachment 

and segregation of the sister chromatids to reach an asymmetric outcome. However, up to 

date no clear in vivo evidence in any multicellular organisms has been shown to support 

these hypotheses.

In unicellular organism yeast Saccharomyces cerevisiae, it has been shown that several 

kinetochore components segregate asymmetrically in a lineage-specific manner post-

meiotically [104]. The authors suggested that this phenomenon could be related to lineage-

defining asymmetry in multicellular organisms, such as in stem cell lineages. Recently, it has 

been shown that in asymmetrically dividing Drosophila Intestinal Stem Cells (ISCs), old 

CENP-A is preferentially retained in ISCs for stem cell activity [105]. Together, these 

observations suggest that centromeres could play an important role in determining cell fate.

Recently, studies using asymmetrically dividing Drosophila male GSCs showed 

asymmetrically segregated CENP-A, with approximately 1.4- to 1.5-fold more CENP-A 

towards the future GSC (Figure 2A) [21]. Interestingly, in prometaphase GSCs when sister 

centromeres are resolved, quantitative asymmetry is already detectable. The stronger 

centromere is subsequently attached by the microtubules (MTs) emanating from the mother 

centrosome towards the GSC side, in order to ensure the sister chromatid carrying it to be 

segregated into the future GSC (Figure 2A). Recently, a similar phenomenon has also been 

reported in Drosophila females GSC by Dattoli et al. [106]. It has also been shown that new 

CENP-A incorporation occurs in late G2 to early prophase in both male and female GSCs of 

Drosophila. In the male GSCs, using a photoconvertable CENP-A-Dendra2 to distinguish 

old and new CENP-A, it has been shown that both old and new CENP-A proteins are 

enriched at the sister chromatid segregated into GSCs. Together, these results suggest that 

the asymmetric sister centromere could drive non-random sister chromatid segregation.
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Additionally, studies in Caenorhabditis elegans with holocentric chromosomes have shown 

that CENP-A acts as a molecular “ruler” to determine chromosome length during early 

embryonic development. A linear relationship exists between the CENP-A amount and the 

chromosome length, with the shorter chromosomes contain less CENP-A compared to the 

longer chromosomes. Perturbation of the CENP-A levels caused by overexpression or partial 

knockdown results in alteration of the chromosome length and mitotic errors [107]. Studies 

in Saccharomyces cerevisiae have demonstrated that centromeres play a critical role in 

promoting chromosome condensation in cis by recruiting the kinases Aurora B and Bub1. 

Spreading of the condensation from the centromere to the chromosomal arms is facilitated 

by Shugoshin and histone deacetylase Hst2 [107]. Chromosomes lacking a centromere fail 

to condense and are arrest for mitotic progression. However, targeting Aurora B to a 

centromere-ablated chromosome or releasing Shugoshin from inhibition enhance 

chromosomal condensation and facilitate mitotic progression. These results indicate that 

centromeres act as a licensing locus and regulate the entire process of chromosomal 

condensation [108]. Although it remains unclear how asymmetric centromeres form between 

genetically identical sister chromatids in the Drosophila GSCs, considering the diverse 

nature of CENP-A/centromere, it is possible that centromeres act as a sensor/licensing locus 

to read the epigenetic differences between sister chromatids to scale up or down sister 

centromere sizes accordingly. In the future, it would be interesting to investigate these 

possibilities to understand the molecular mechanisms that establish asymmetric sister 

centromeres in Drosophila GSCs.

2. Asymmetric mitotic spindle facilitates non-random sister chromatids segregation

It has been shown that centrosomes are inherited with a non-random pattern in several 

systems [109–113]. The mother and daughter centrosomes are intrinsically distinct based on 

their age difference, which results in their differential activity as microtubule organizing 

center (MTOC) [109, 114–116]. In some systems, the mother centrosome has a higher 

MTOC activity and is inherited by the stem cells, such as in Drosophila male GSCs and 

mouse neural progenitor cells [109, 110]. In other systems, such as Drosophila neuroblasts 

and female GSCs, daughter centrosomes have a higher MTOC activity and are inherited by 

stem cells [111–113]. Even though stem cells could inherit either mother or daughter 

centrosome, the inheritance of the centrosome associated with higher MTOC activity seems 

to be conserved.

Recently it was shown that in Drosophila male GSCs MTs emanated from mother 

centrosome versus daughter centrosome are temporally asymmetric: The mother centrosome 

actively emanates MTs as early as in mid-G2 phase whereas the daughter centrosome only 

becomes active at the G2/M transition (Figure 2A, 2C) [21]. The more active MTs from the 

mother centrosome robustly interact with the nuclear envelope for a polarized nuclear 

envelope breakdown proximal to the stem cell side, followed by preferential attachment to 

the stronger sister centromere in early prophase GSCs. By contrast, the daughter centrosome 

emanates MTs later, leading to their attachment to the weaker sister centromere for 

segregating towards the differentiating daughter cell side. The spindle assembly checkpoint 

(SAC) functions. For example, SAC provides a feedback control that monitors the tension 

between the microtubule and the kinetochore-centromere-sister chromatid axis, in order to 
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balance the force generated on the kinetochore and ensure bipolar spindle microtubule 

attachment [117–119]. An imbalance of the tension has been shown to activate a correction 

pathway against erroneous microtubules attachment. In GSCs, the differential attachment of 

microtubules to the asymmetric sister centromeres presumably generates an unequal force, 

which should activate SAC and arrest mitosis. The fact that GSCs can proceed with mitosis 

without being arrested suggest either a different tension sensing machinery or mechanisms 

allow for bypassing this in GSCs.

Interestingly, disruption of the temporal asymmetry of microtubules from mother versus 
daughter centrosomes by treatment with the microtubule depolymerizing drug nocodazole 

(NZ) leads to loss of their preferential attachment to sister chromatids, resulting in 

randomized segregation pattern of sister chromatids (Figure 2B, 2C). Under this condition, 

the asymmetry between individual sister centromeres is retained, suggesting that the 

temporal asymmetry of microtubule activity is critical for nonrandom sister chromatid 

recognition and segregation. Collectively, these results suggest a stem cell-specific ‘mitotic 

drive’ with two steps: The first step involves establishment of asymmetry at individual sister 

centromeres and the second step is to recognize sister centromere asymmetry by the mitotic 

machinery.

A ‘meiotic drive’ hypothesis has been proposed to understand how certain chromosomes 

could be retained in developing egg during meiosis I, in which the allele with a stronger 

kinetochore is retained by the oocyte while the allele with a weaker kinetochore is 

segregated to polar bodies for degeneration [120, 121]. 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 cellular 

signaling [122–125]. Additionally, it has been shown that a microtubule motor protein 

regulates ‘meiotic drive’ in maize, indicating a role of microtubules in selective attachment 

to centromeres [126, 127].

However, it remained unclear whether these asymmetric functions of centromere could act in 

mitosis and regulate sister chromatid segregation. Taken together results reported in Ranjan 

et al. and Dattoli et al., it seems that a similar mechanism also exists in mitosis. 

Nevertheless, the ‘mitotic drive’ has distinct features compared with the ‘meiotic drive’. In 

meiosis the centromere difference occurs between specific homologous chromosomes 

(Figure 3A), whereas in mitosis it occurs between genetically identical sister chromatids 

(Figure 3B). In meiosis, homologous chromosome has inherent asymmetry from two 

different mouse lines, one has a stronger centromere than the other one (Figure 3A). The 

stronger centromere has a greater number of minor satellite repeats, which provide more 

space for assembling CENP-A nucleosomes and subsequently kinetochore proteins. In 

contrast, in mitosis, sister centromeres have identical sequences in theory, therefore how 

they could assemble CENP-A asymmetrically remain a mystery and will need further 

studies. One possibility is that during replication of centromeric DNA sequences, old CENP-

A is asymmetrically recycled like old H3, which may carry some post-translational 

modifications, in order to recruit more CENP-A chaperone CAL-1 to incorporate more new 

CENP-A during the subsequent G2 phase, prior to asymmetric mitosis.
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Conclusions and perspectives

A long-standing question in developmental biology of any multicellular organisms is how 

distinct cell fates can be established and maintained. It has been shown for decades that cells 

carry the “epigenetic memory” to maintain their identities over many cell divisions. 

Asymmetric histone inheritance provides an elegant intrinsic mechanism that not only help 

cells maintain certain “memory”, but also take on distinct cell fates. In fact, this later role 

could be more relevant to challenges that cells always face in developing tissues in vivo 
compared to cells in culturing conditions, since very often the symmetric outcome expected 

from conventional mitosis needs to be altered for an asymmetric one.

Although the studies in Drosophila GSCs started to provide molecular insight, cellular bases 

and biological significance of non-random sister chromatid segregation, many questions 

remain. For example, understand the factors responsible for different RCNA patterns in stem 

cells versus progenitor cells represents a crucial area for future research. Given GSCs’ 

proximity to niche-secreted signaling molecules, it would be intriguing to explore how 

intrinsic histone inheritance pattern could respond to extrinsic signaling molecules. 

Moreover, outstanding questions remain, such as what molecular features differ between old 

and new histones including CENP-A; how differential inheritance may dictate distinct gene 

expression patterns and cell fates; and how this mode of asymmetry may change in 

accordance with the mode of stem cell division. Additionally, it will be important to 

investigate whether asymmetric histone inheritance is a common feature of asymmetrically 

dividing cells. It is highly likely that the extent of this asymmetry could be cell-type-

specific. For example, it is likely that asymmetric histone inheritance occurs at gene regions 

that are differentially expressed between the two daughter cells. If the number of 

differentially expressed genes is large enough which cover broad genomic regions, 

asymmetric histone inheritance would appear global. However, if these differentially 

expressed genes are just a small subset which are applicable for many stem cell lineages, 

asymmetric histone inheritance might be local. Interestingly, in metazoan species, germ cell 

differentiation may represent one of the most drastic cellular differentiation pathways, given 

how morphologically and functionally mature gametes are distinct from progenitor germ 

cells. It would be intriguing to study histone inheritance patterns in the germline from other 

species, as well as at different stages of germ cell differentiation, since the asymmetric 

outcome could be required at distinct stages. For example, in the male germline this 

difference is likely established at the male germline stem cell asymmetric division stage, 

while in female this outcome is needed at the stage to specify oocyte. Characterizing histone 

establishment and inheritance patterns at specific gene loci and different developmental 

stages should help uncover the roles that epigenetic mechanisms have in generating the 

multitude of diverse cell types required to pattern and maintain a multicellular organism.
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Glossary

Replication fork
a structure defined as the transition from unreplicated dsDNA and newly separated and 

replicating single-stranded DNA (ssDNA), which serve as templates for synthesizing new 

DNA strands on both the continuously-synthesized leading strand and the discontinuously-

synthesized lagging strand.

Replication-coupled nucleosome assembly (RCNA)
The combined process of old histone recycling and new histone incorporation that occurs 

contemporaneously with the progression of the replication fork.

Unidirectional DNA replication
Progression of the replication fork in only one direction as opposed to bi-directional 

replication progression.

Asymmetric histone recycling
Biased recycling of old histones onto duplicating sister chromatids during replication fork 

progression.

Asymmetric sister centromere
In general, the underlying DNA sequence of sister centromeres is identical in an organism 

and incorporates the same amount of the CENP-A nucleosome to form symmetric sister 

centromeres. In Drosophila male GSCs, however, one sister centromere has approximately 

1.5-fold more CENP-A than the other, creating asymmetry between individual sister 

centromere pairs.

Temporally asymmetric microtubule activity
Centrosomes are MTOCs where both centrosomes nucleate spindle MTs at almost the same 

time upon mitotic entry. In Drosophila male GSCs, the mother centrosome nucleates MTs 

earlier than the daughter centrosome.

Mitotic drive
The stem cell mitotic drive occurs due to asymmetric strength between sister centromeres 

and temporal asymmetry in MT activity in Drosophila male GSCs. This leads to the 

retention of stronger sister centromeres in the self-renewed stem cell.

Nonrandom sister chromatid segregation
The sister chromatid inheritance is thought to be a random process in most mitosis. 

However, under certain circumstances such as ACDs, sister chromatids show a nonrandom 

distribution, with certain chromatids preferentially segregated to one daughter cell.
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Outstanding Questions

• Are Polycomb group, SuUR and/or Rif1 proteins involved in regulating fork 

movement?

• What molecular features of histones are involved in dictating their 

incorporation patterns at the replication fork?

• Do MCM2-CTF4-Pol α and Dpb3/Dpb4 have equal affinity for old versus 
new histones?

• How is CENP-A recruited asymmetrically at the sister centromeres?

• What mechanisms guide temporal asymmetry of microtubule activity?

• Is mitotic drive a common feature in asymmetrically dividing cells?

• How to break symmetry to achieve an asymmetric outcome in multicellular 

organisms during development, homeostasis and regeneration?
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Trend Box

• Non-random sister chromatid segregation has been proposed in 

asymmetrically dividing cell.

• Sister chromatids has asymmetric epigenetic marks due to asymmetric 

incorporation of old versus new histones.

• Differential epigenetic inheritance and differential gene expression has been 

proposed to regulate distinct cell fate.
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Figure 1: Conservative replication-coupled nucleosome assembly in the context of transcription.
(A) Old histone recycling pathways at the replication fork. Old histones are recycled to the 

lagging strand via interactions with MCM2-Ctf4-Pol α. Old histones are recycled to the 

leading strand via interactions with Dpb3 and Dpb4. (B) Histone inheritance in a case of 

head-on replication-transcription collisions. Head-on collisions slow the replication fork, 

allowing the MCM2-Ctf4-Polα histone recycling pathway to preferentially place old 

histones onto the lagging-strand. New histones, by default, populate the leading strand. (C) 

Histone inheritance in cases of co-directional replication-transcription collisions. Co-

directional replication-transcription collisions do not slow replication fork, allowing the 

MCM2-Dpb3/Dpb4 histone recycling pathway to preferentially place old histones onto the 

leading-strand. New histones, by default, populate the lagging strand. (D) Conservative 

replication-coupled nucleosome assembly showing asymmetric histone inheritance at a 

bidirectional replication fork flanked by active transcription. Old histones are segregated 

towards one sister chromatid, whereas new histone are segregated towards the other. 

Transcription machinery interacts with both edges of the replication bubble, but in opposite 

orientations, thereby biasing histone inheritance to different strands (leading versus lagging), 

but the same sister chromatid.
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Figure 2: Schematic illustration of cis-asymmetry and trans-asymmetry, which coordinate to 
ensure nonrandom sister chromatids segregation in Drosophila male GSCs.
(A) Dynamic interactions between cis and trans factors at different stages during the cell 

cycle of Drosophila male GSCs. From mid-G2 to G2/M transition, microtubules from the 

mother centrosome actively interact with and break nuclear envelope locally at the stem cell 

side in early prophase. Microtubules emanated from the mother centrosome then interact 

with the centromeres and preferentially attach to the stronger centromere. At a later time 

point in prometaphase, microtubules from the daughter centrosome break the nuclear 

envelope at the differentiating daughter cell side and attach to the weaker centromere. (B) 

Breaking the trans-asymmetry using nocodazole (NZ) disrupts the temporal asymmetry in 

microtubule activity, which results in the loss of preferential sister chromatid attachment and 

randomizes their segregation in anaphase. (C) Summary of disrupting mitotic drive which 

leads to randomized sister chromatid segregation.
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Figure 3: Schematic illustration to compare the meiotic drive in mouse oogenesis and the mitotic 
drive in Drosophila male GSCs.
(A) A cross between two mouse strains, strain I with the strong centromere and strain II with 

the weak centromere, leads to meiotic drive phenomenon during meiosis I. The stronger 

centromere is preferentially retained in the future oocyte and the weaker centromere in the 

future polar bodies. Asymmetric tyrosination facilitates the preferential MT-K attachment: 

more tyrosinated microtubule destabilizes stronger centromere attachment and hence 

stabilizes attachment with weaker centromeres. Stronger centromere has longer α-satellite 

repeat and hence gets more space to incorporate more CENP-A. (B) Mitotic Drive occurs 

between sister-chromatids. Theoretically, sister chromatids have identical sequences at sister 

centromeres, but in GSCs CENP-A is incorporated differentially at sister centromeres 

through an unknown mechanism. The stronger centromere is stabilized by more microtubule 

emanated from the mother centrosome and segregates into the self-renewed stem cell. By 

contrast, the weaker centromere is attached by microtubule emanated from the daughter 

centrosome and segregates into differentiating daughter cell. This centromere driven 

nonrandom sister chromatid segregation is termed as “mitotic drive”.
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Table 1:
Different technologies for studying Replication-Coupled Nucleosome Assembly (RCNA).

SuperResolved Chromatin Fibers (SRCF) [18]; Sister Chromatids After Replication by DNA sequencing 

(SCAR-seq) [51]; Enrichment and Sequencing of Protein Associated Nascent DNA (eSPAN) [58]; Mapping In 

Vivo Nascent Chromatin with EdU and Sequencing (MINCE-seq) Nascent Chromatin Avidin Pull-down 

(NChAP) [60]; Nascent Chromatin Occupancy Profiling (NCOP) [129].

Technique Sequence 
information

Single-molecule 
resolution

Unbiased versus 
candidate approach

High-throughput Sister chromatid 
resolution

SRCF [18] no yes candidate no yes

SCAR-seq [51] yes no candidate yes yes

eSPAN [58] yes no candidate yes yes

MINCE-seq [128] yes no unbiased yes no

NChAP [60] yes no unbiased yes yes

NCOP [129] yes no unbiased yes no

Trends Genet. Author manuscript; available in PMC 2021 January 01.


	Abstract
	Opening remarks: an overview of asymmetric stem cell division in multicellular organisms
	Generating asymmetry among sister chromatids
	Part I: Different modes of replication-coupled nucleosome assembly across cell types
	Replication proteins regulate histone incorporation at the replication fork
	Technology advances revealed distinct histone incorporation patterns in different biological systems
	Sequencing-based methods revealed distinct histone incorporation patterns at leading versus lagging strands in yeast and cell culture system:
	Chromatin fiber combined with superresolution microscopy method allows visualization of distinct histone incorporation patterns in Drosophila:
	Chromatin fiber and DNA fiber methods track fork movement in cells from developing tissues:


	Part II: Sister chromatid recognition and segregation during asymmetric cell division
	Centromeres with epigenetic asymmetry between sister chromatids
	Asymmetric mitotic spindle facilitates non-random sister chromatids segregation

	Conclusions and perspectives
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table 1:

