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Abstract

The discovery of asymmetric histone inheritance during asymmetrically dividing Drosophila 
melanogaster male germline stem cells indicates a mechanism for introducing cellular diversity. 

This process is proposed to occur in three steps: First, establishment of histone asymmetry 

between sister chromatids; second, recognition of sister chromatids carrying asymmetric 

epigenetic information; and third, execution of the asymmetric epigenome in the resulting 

daughter cells. Histone chaperones and replisome components influence replication-coupled 

histone assembly onto sister chromatids, which is important for maintaining epigenetic 

memory and genomic integrity. Recognition of the asymmetric epigenome involves a sister 

centromere asymmetry-centered ‘mitotic drive’ mechanism, where differences in centromere 

protein levels and asynchronized microtubule activity bias inheritance of epigenetically distinct 

sister chromatids. Finally, differences in epigenomes differentially influence cell cycle progression 

and likely gene expression in the daughter cells. This review discusses current knowledge for each 

step and how this process contributes to the cell fate determination in multicellular organisms.
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Introduction

During multicellular organism development, DNA replication in a mother cell duplicates 

the genome. Next, mitosis produces two genetically identical daughter cells. How this 

process contributes to cellular diversity in a multicellular organism remains a fundamental 

question in developmental biology. One symmetry-breaking event that contributes to 
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cellular diversity is asymmetric cell division (ACD). During development and adult tissue 

homeostasis, ACD produces two genetically identical daughter cells with distinct cell fates. 

It is thought that cell fate determination is mediated in part through epigenetic mechanisms 

that influence properties of the genome, but do not change the underlying DNA sequences. 

A critical epigenetic factor is the nucleosome, which is composed of a histone octamer 

structure containing canonical histones H3, H4, H2A, and H2B. Histone post-translational 

modifications (PTMs) and histone variants both influence chromatin compaction and 

recruitment of factors, which regulate many cellular processes like gene transcription, DNA 

replication, and DNA repair (63). It is possible that during ACD, the identities of the two 

daughter cells are regulated by inheriting distinct epigenetic states.

Evidence of asymmetric histone inheritance was first demonstrated during ACD of the 

Drosophila melanogaster male germline stem cells (GSCs) (138). Here histones synthesized 

in the previous cell cycle (parental/old) are retained in the self-renewing GSC, whereas 

histones synthesized in the current cell cycle (new) are inherited by the differentiating 

daughter gonialblast (138, 148). To understand the generality of this phenomenon, 

asymmetric histone inheritance has since been investigated in diverse systems. As a 

result, varying degrees of asymmetric histone inheritance during asymmetric stem cell 

division have been reported (Figure 1). The D. melanogaster intestinal stem cells and 

male GSCs demonstrate global inheritance (138, 148, 163), while the D. melanogaster 
female GSCs display local asymmetries at genomic regions hosting genes required for either 

stemness or differentiation (57). Distinct local asymmetries were similarly detected in mouse 

embryonic stem cells (ESCs) induced to undergo ACD (80), likely related to epigenome 

and transcriptome changes (137). Interestingly, in vivo asymmetric histone inheritance was 

investigated using a chemical method to label old histones in Mus musculus adult skeletal 

muscle stem cells. While the authors claimed no asymmetry for old histone inheritance, 

their published images show an asymmetric pattern particularly in daughter cells with drastic 

gene expression changes manifested by the reporter for either stemness or differentiation 

genes (34). However, further investigation into the conservation of this phenomenon in 

different adult stem cell lineages and during development are warranted.

Evidence from the D. melanogaster male GSC system suggests that histone asymmetries 

between sister chromatids are established during DNA replication; old histones are enriched 

in one set of sister chromatids whereas new histones are incorporated into the other set of 

sister chromatids (148). Together with the observed asymmetric histone segregation patterns 

during mitosis, it was proposed that asymmetric histone inheritance involves minimally 

three steps with molecular and cellular mechanisms published that support this model 

(115, 116, 148). In Step 1, histone asymmetry is established via DNA replication-coupled 

histone incorporation. Step 2 involves asymmetry recognition of epigenetically distinct sister 

chromatids by the mitotic machinery (115). In Step 3, inherited histone asymmetries initiate 

distinct cellular programs in the resulting daughter cells. It is plausible that differing degrees 

of asymmetry in histone inheritance (Figure 1) reflect differences in the first step. Thus, 

DNA replication is critical to either maintain or change epigenetic information between 

sister chromatids at either global or local scales. This decision could underlie the dynamic 

versus mild cell fate changes observed during multicellular organism development, tissue 

homeostasis, and disease progression.
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I. Establishing histone asymmetry

1. Replication-coupled chromatin assembly of old and new histones

1.1. Replication-dependent incorporation of canonical histones—Canonical 

histone biosynthesis and incorporation are linked to DNA replication to accommodate the 

reformation of chromatin following DNA duplication. Because of this, canonical histones 

are referred to as replication-dependent histones. On the other hand, the expression and 

incorporation of histone variants like H3.3 and centromere-specific H3 variant, Centromere 

protein A (CENP-A), are not linked to DNA replication. These variants are referred to 

as replication-independent histones (85). Some features of chromatin incorporation are 

common for both types of histones. However, replication-dependent histone incorporation is 

the focus of this discussion.

Chromatin poses a large obstacle to DNA replication machinery. It must be deconstructed in 

front of the DNA replication fork, granting DNA Polymerases access to the underlying DNA 

for duplication. Behind the replication fork, chromatin is restored through concerted efforts 

of recycling old histones and incorporating new histones. Histone chaperones and specific 

components of the replication machinery contribute to the process of chromatin disassembly 

and reassembly onto newly replicated DNA. Recent studies have identified the molecules 

that determine symmetric or asymmetric histone incorporation patterns between sister 

chromatids. While the molecular details of these highly orchestrated events are described 

elsewhere (135, 159), the process is summarized here.

1.2. Chromatin disassembly—Removal of H2A-H2B dimers by the Facilitates 

Chromatin Transcription (FACT) complex initiates parental chromatin disassembly (Figure 

2) (112, 119). Subsequently, Minichromosome Maintenance 2 (MCM2) and Anti-silencing 

Factor 1 (Asf1) remove and dissociate parental (H3-H4)2 to form a 1:1:1:1 MCM2-H3-H4-

Asf1 complex (117). During this process, MCM2 interacts with H3-H4 dimers through a 

conserved histone binding fold at its amino-terminus (117, 143). Meanwhile, Asf1 binds 

to the H3-H4 tetramer interface, inhibiting (H3-H4)2 reformation and preventing erroneous 

H2A-H2B binding (50, 117, 143). The MCM helicase next unwinds the DNA double helix, 

exposing ssDNA in preparation for synthesis.

1.3. Parental histone recycling—Following chromatin disassembly and DNA 

unwinding, Replication Protein A (RPA) binds to the exposed ssDNA. RPA is located at the 

juncture between ssDNA and dsDNA, where it interacts with H3-H4 (75). Thus, RPA may 

help guide (H3-H4)2 reformation on newly synthesized dsDNA. Parental histone transfer 

behind the replication fork is also facilitated by replisome components (7). The two smallest 

subunits of the leading strand DNA Polymerase ε (Polε) form a stable dimer that directly 

binds to H3-H4 and promotes tetramer incorporation into DNA (7, 152). Recycling old 

histones onto the lagging strand is likely mediated through an interaction involving MCM2, 

Ctf4, and DNA Polymerase α (Polα). The amino-terminus of the catalytic Pol1 subunit of 

Polα contains a conserved histone binding motif whose mutation abolishes the interaction 

between Polα and histones (35). Although disrupting the interaction between Ctf4 and 
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Polα has no effect on DNA synthesis, it does impair epigenome restoration potentially by 

inhibiting histone recycling to the lagging strand (35, 73).

1.4. New histone incorporation during replication—More current knowledge is 

about the mechanisms underlying new histone incorporation. Following their protein 

synthesis in the cytoplasm, new H3-H4 dimers are translocated into the nucleus where 

all non-chromosomal bound histones interact with Asf1 (43). Once in the nucleus, the 

Saccharomyces cerevisiae histone acetyltransferase Rtt109 (named CBP/p300 in fly and 

human) acetylates H3 at the 56th lysine (H3K56ac) when H3 binds to Asf1 (28, 46). Asf1 

then delivers H3-H4 dimers to the heterotrimeric Chromatin Assembly Factor 1 (Caf1) 

complex. In yeast, in vitro studies showed that H3-H4 binding is mediated by a composite 

interface formed between the two largest Caf1 subunits, Cac1 and Cac2 (87). The conserved 

Asf1-H3-H4-Caf1 interaction is transient and mediated through the second largest subunit of 

the Caf1 complex (76, 93, 141).

At the replication fork, Caf1 associates with Proliferating Cell Nuclear Antigen (PCNA). 

The PCNA homotrimer is a component of the replication fork that supports DNA 

polymerase processivity (161). The largest Caf1 subunit interacts with PCNA and DNA 

through the PCNA Interacting Peptide (PIP) and Winged-Helix Domain (WHD) structures, 

respectively (139, 158). The interaction between Caf1 and PCNA brings Caf1-bound H3-H4 

dimers into proximity of the newly synthesized DNA. There, two Caf1-H3-H4 complexes 

associate to initiate (H3-H4)2 tetramer incorporation in a DNA-dependent manner (88).

1.5. Chaperone interactions between specific histone populations

1.5.1. Histone variants: Histone variants provide flexibility in chromatin composition 

and distinguish functionally distinct epigenomic domains. Variants differ from their 

canonical counterparts due to slight variations in their primary amino acid sequences that 

alter nucleosomal structure and function. For example, the H3 histone variant CENP-A 

epigenetically marks the centromere regions. Certain histone chaperones recognize these 

unique differences, making them histone variant specific. Holliday Junction recognition 

protein (HJURP) is one example that specifically facilitates CENP-A deposition (86). 

Additionally, incorporation of H3.3 is mediated by Histone regulator A (HIRA) at 

transcriptionally active genes or by Death domain associated protein (DAXX) and ATRX 

at pericentromeric and telomeric regions (42). Other histone chaperones, like Asf1 and 

MCM2, recognize identical surfaces shared between canonical histones and histone variants. 

This may be essential for faithful epigenome restoration following DNA replication. For 

example, interaction between CENP-A, MCM2, and HJURP is required to retain centromere 

composition in the proper genomic context following DNA replication (155).

1.5.2. Post-translational modifications (PTMs): Histone PTMs regulate histone 

structural properties to influence interactions with DNA, other nucleosomes, and other 

chromatin-associated factors as well as histone nuclear import (12, 160). PTMs such 

as acetylation, methylation, phosphorylation, and ubiquitylation, confer distinct molecular 

properties and can be different between old versus new histones. For example, acetylation 

of H4 at lysine 5 and 12 (H4K5,12ac) is enriched on new histones in many species. This 
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modification regulates histone association with importin and mutants at these residues are 

defective in nuclear import (32, 157). Recently, this modification was used as a proxy for 

new histones in epigenomic studies to understand new histone deposition patterns at the 

replication fork (110). On the other hand, old histones are enriched with methylation marks 

such as H3K27me3 (3). Formation of PTMs like H3K9me3 and H3K27me3 begins during 

S-phase but become fully matured beyond one cell cycle (156). Thus, these methylation 

marks have been used as proxies for old histones.

As certain PTMs can distinguish populations of old versus new histones, these modifications 

could influence interactions between histones and their chaperones, a topic that has been 

reviewed previously (12). One notable PTM-mediated interaction is between H3 acetylation 

at the 56th lysine (H3K56ac) and chaperone Caf1. In S. cerevisiae, this modification 

increases binding affinity between newly synthesized H3 and Caf1 (71). Unlike other 

histone methylations, H3K9me1 is found in both cytoplasmic and nuclear histone fractions, 

suggesting it is associated with new H3 (78). Interestingly, an HP1Į-Caf1-SetDB1 complex 

facilitates mono-methylation of H3K9 (79). This interaction suggests a replication-coupled 

mechanism to provide H3K9me1 substrate for subsequent trimethylation in pericentric 

regions, which could ensure faithful propagation of pericentric heterochromatin following 

DNA replication. Whether and how other old versus new histone-specific modifications 

influence binding dynamics with their chaperones need further studies.

2. Phenotypes associated with compromised histone chaperone function

2.1. Impaired genome integrity in Chromatin Assembly Factor 1 
mutants: Studies on histone chaperone function are motivated by the hypothesis that 

unfaithful replication-coupled histone assembly could impair epigenetic memory and 

dysregulate cell fate. Since its discovery, the role of Caf1-mediated replication-coupled 

histone assembly has been investigated in many systems (132). One of the most 

fascinating phenotypes of compromised Caf1-mediated chromatin assembly is demonstrated 

in Caenorhabditis elegans (98). In this organism, mutation of H3-encoding his-9 gene at 

the His 113 residue (H113D) disrupts (H3-H4)2 formation and subsequent Caf1-mediated 

histone assembly. In the presence of the H113D mutant histone expression or when 

Caf1 is reduced by RNAi, specification of the MI neuronal fate is lost, likely due 

to impaired asymmetric epigenetic regulation. In other systems where Caf1-mediated 

chromatin assembly has been studied, dysregulation of heterochromatin is the most common 

phenotype. In Arabidopsis thaliana, the genes that encode homologs for the two larger 

replication-specific components of Caf1 are FASCIATA1 and FASCIATA2 (FAS1 and 

FAS2) (60, 105). In A. thaliana, loss of either gene has pleiotropic effects in the shoot and 

root apical meristems. These structures host highly organized adult stem cell populations 

capable of division and growth that give rise to the plant body and root tissue, respectively. 

In fasciata mutants, the ordered cellular organization of each meristem is disrupted with a 

loss of stable stem cell population (60). Within both the shoot and root apical meristems, 

abnormal expression of cell type-specific genes WUSCHEL (shoot) and SCARECROW 
(root) was observed, suggesting random gain/loss of gene expression that deteriorated 

over time (60). These results led to the hypothesis that the FAS complex is required for 

stable propagation of epigenetic information through DNA replication-coupled chromatin 

Urban et al. Page 5

Annu Rev Genet. Author manuscript; available in PMC 2023 March 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assembly. Later studies show that without FAS, silenced genes located in heterochromatin 

are derepressed (104). Further, fas1 and fas2 mutants exhibit an increase in DNA damage 

response and chromosomal aberrations like decondensed mitotic chromatin, chromosome 

bridges, fusions, and fragments. Altogether, these results demonstrate that the Caf1 complex 

plays an essential role in genome integrity in plants (142).

Compromised heterochromatin silencing is also observed in D. melanogaster mutants of 

the largest Caf1 subunit, Caf1-p180, an essential gene for development (133). Loss of 

one copy of Caf1-p180 enhances Polycomb mutant phenotypes and disrupts localization 

of the pericentric heterochromatin modification H3K9me3 (51, 133). In addition, these 

flies have increased sensitivity to double-strand DNA breaks (DSBs) and compromised 

DNA repair. A tissue-specific role for Caf1 was investigated in D. melanogaster adult 

ovaries. RNAi-mediated reduction of Caf1-p180 in female germ cells activates the DNA 

damage checkpoint, attributed in part to an overabundance of ssDNA at the rDNA locus. 

Interestingly, germ cells with reduced Caf1-p180 form cell fusions between the female 

GSCs and the differentiating germ cells, with the latter cells displaying mixed features of 

both stem and committed cell identities (23). The authors hypothesize that these fused cells 

arise from premature differentiation that causes impaired cell abscission during cytokinesis. 

However, under-replicated regions, like that at the rDNA locus, could form ultra-fine 

DNA bridges. These structures are DNA connections between sister chromatids that are 

undetectable by DNA dyes, which may underlie the abscission defect in the female germline 

(17).

Unlike other eukaryotes, the Caf1 complex is not essential in S. cerevisiae. However, loss 

of mating-type locus and telomere silencing is observed in Caf1 mutant yeast (33, 58). 

This phenotype is also detected in the pol30 mutant that affects PCNA function (161). 

The PCNA-Caf1 interaction facilitates histone assembly onto newly synthesized DNA in 

yeast. Thus, loss of this interaction could impede faithful chromatin reassembly during DNA 

synthesis, leading to such an epigenetic memory loss phenotype.

2.2. Replisome mutations and epigenetic memory—Structure-based studies have 

been integral to characterizing direct interactions between replisome components and 

histones. These studies motivated genome editing strategies to create precise mutations 

that impair histone binding with minimal effect on overall replication progression. This 

approach has improved our understanding of in vivo replication-coupled histone assembly 

by providing a molecular perspective on histone inheritance during DNA replication. 

One such example is the identification and subsequent site-directed mutagenesis of two 

Tyr residues in MCM2 that are necessary for histone binding (50, 117). Biochemical 

experiments identified an interaction between the two smallest subunits of Polε and H3-H4 

that is conserved in humans and S. cerevisiae (POLE3-POLE4 in human and Dpb3-Dpb4 

in yeast) (7). Finally, the Pol1 subunit of Polα interacts with H3-H4 via a highly conserved 

domain, where histone binding can be abolished by mutating just two residues within this 

domain (35, 73).

In S. cerevisiae, the CRASH (Cre-reported altered states of heterochromatin) assay is an 

elegant method for detecting transient expression of silenced genes. It relies on integration 
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of the Cre recombinase sequence into the transcriptionally silent HML locus. Loss of 

silencing at the HML transiently expresses Cre, leading to site-specific recombination and 

a heritable RFP to GFP reporter switch. This assay has been used to test whether faithful 

inheritance of parental (H3-H4)2 is required to maintain the silenced state. Mutation of 

three Tyr residues to Ala in MCM2 (mcm2–3A) increases loss of the silenced state (122). 

The mcm2–3A and dpb3 double mutant has an even stronger effect. In another study, the 

CRASH assay measured silencing loss in mcm2–3A and pol1–2A2 mutant strains, where 

loss of silencing was detected in the single mutants but no enhancement was observed in the 

double mutant, suggesting that MCM2 and Pol1 function in the same pathway (73).

A role for replisome components in establishment of silenced states has also been studied. 

Here yeast cells are sorted into two populations: HMR silenced or expressed. Monitoring 

these populations until they reached an equilibrium of both states determines rates of 

silencing loss or gain. Again, the mcm2–3A and dpb3 double mutants have higher rates of 

silencing loss than the single mutants. Interestingly, dpb3 but not mcm2–3A also functions 

to establish the silenced state (122). In another study, memory of nucleosome position 

was tested in both the mcm2–3A and dpb3 mutant strains (123). For both mutants, a 

loss in nucleosome positional memory was observed. Altogether these studies indicate that 

faithful histone inheritance is mediated in part through replisome components and that this 

regulation is required to maintain genome integrity.

2.3. Replisome-mediated histone chaperoning at the replication fork—
Genomic approaches provide a molecular view on how replisome components mediate 

parental histone transfer during replication-coupled chromatin assembly (see sidebar 1). Two 

analogous methods investigate the strand bias of histone deposition during DNA replication: 

sister chromatids after replication by DNA sequencing (SCAR-seq) and enrichment and 

sequencing of protein-associated nascent DNA (eSPAN) (110, 152, 153). These were the 

first studies to demonstrate replisome-mediated strand-specific incorporation of old versus 

new histones onto distinct replicating DNA strands. In mouse ESCs, SCAR-seq revealed 

MCM2 mediates deposition of parental H3 onto the lagging strand to produce balanced 

inheritance of old H3 between leading and lagging strands. In the mcm2–2A mutant, a 

pronounced bias in parental histone deposition to the leading strand was detectable (110). In 

contrast, using eSPAN in S. cerevisiae it has been found that Polİ facilitates parental histone 

transfer to the leading strand. Studies using eSPAN in both S. cerevisiae and mouse ESCs 

showed this leading strand bias is disrupted by knocking out the dpb3-dpb4 subunits of Polε 
(73, 153).

Experiments in S. cerevisiae describe an axis of parental histone transfer to the lagging 

strand involving MCM2-Ctf4-PolĮ (38). The Ctf4 adapter protein is thought to connect 

the CMG helicase on the leading strand to PolĮ on the lagging strand. Loss of Ctf4 

phenocopies the mcm2–3A mutant, showing impaired transfer of old H3 to the lagging 

strand. Further, mutations in Ctf4 that disrupt binding to Pol1, or mutations in Pol1 that 

abolish Ctf4 binding, also compromise parental H3-H4 transfer like that of the mcm2–3A 
mutant. However, these studies did not address whether PolĮ itself also facilitates parental 

histone transfer. This was recently tested using a modified eSPAN protocol that includes 

simultaneous chromatin digestion and adapter ligation (tagmentation) mediated by protein 
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A-tagged transposase Tn5 (pA-Tn5) (14, 59). This study in mouse ESCs revealed that 

PolĮ facilitates (H3-H4)2 deposition onto lagging strands through a direct interaction. This 

interaction can be abolished via mutation of two conserved amino acids to Ala (POLA1–2A) 

(73). Here, the impact of replication complex-mediated histone transfer on mammalian 

chromatin integrity was also tested. In the POLA1–2A mutant, endogenous retroviral 

elements (ERVs), which are located in H3K9me3-enriched chromatin and typically silenced 

in mammalian cells (73), show increased expression corresponding to a decrease of 

H3K9me3. Notably, total H3K9me3 levels or expression of enzymes that regulate this PTM 

are unaffected, demonstrating for the first time in a mammalian cell type that replication 

components with inefficient histone binding negatively impact genomic integrity.

3. Mechanism and outcome of choosing symmetric versus asymmetric histone 
deposition

3.1. What factors influence this choice?—Context-specific interactions between 

histones and other proteins is a simple model explaining how histone incorporation mode 

is determined. In support of this, the mcm2–2A histone binding mutant alters histone 

deposition from a symmetric distribution between leading and lagging strands to biased 

leading strand incorporation (110). A similar outcome is found in the pol1–2A2 and 

POLA1–2A histone binding mutants (73). These results suggest MCM2 and PolĮ actively 

ensure balanced histone incorporation onto both strands. However, it is unlikely that in 

asymmetric systems, biased histone incorporation arises through mutational manipulation 

of these critical replisome factors. While the structural integrity of the replisome is critical, 

it is likely that a manipulatable and benign mechanism is involved: one that allows context-

specific biased sister chromatid histone inheritance but does not dramatically affect the 

overall replication program.

While histone chaperones mediate histone shuttling at the replication fork, upstream 

mechanisms likely regulate histone incorporation pattern. Ongoing studies now illuminate 

that replication speed contributes to histone distribution between leading and lagging 

strands, raising a possible mechanism that couples nucleosome assembly and replication 

progression. Indeed, Caf1-mediated nucleosome assembly onto the lagging strand is 

required for Okazaki fragment maturation, as nucleosomes prevent continued processivity of 

DNA polymerase delta (Polį. In the absence of Caf1 or in Caf1 DNA-binding mutants, Polį 

is not halted by newly incorporated nucleosomes, causing increased strand displacement and 

longer Okazaki fragments (88, 131). Two recent studies provide support that replication fork 

speed is regulated by new histone supply. RNAi-mediated histone reduction results in benign 

fork slowing, which can progress to DNA damage if left uncorrected. DNA replication 

progression is also halted when the transfer of new histones from Asf1 to Caf1 to DNA 

is blocked by HIRA-B peptide expression (92). Additionally, single-molecule imaging of 

replicating DNA molecules from Xenopus laevis oocyte extracts shows that the efficiency 

of parental histone recycling depends on free histone availability such that high recycling 

efficiency occurs with low to no new histone supply (44).

It has long been considered that the orientation of gene transcription with respect to DNA 

replication can either impede or facilitate fork progression. A recent study demonstrates 
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additional support that the direction of fork progression with respect to transcription 

orientation determines replication fork speed and chromatin-associated protein inheritance 

patterns. In this study, RNA Polymerase II (RNAPII) inheritance onto nascent daughter 

strands was investigated using Chromatin IP-Nascent Chromatin avidin Pulldown (ChIP-

NChaP) (162). This study identified that old histones and RNAP II are more likely to be 

inherited by the strand that was first replicated. The strand replicated second is more likely 

to inherit new histones. Hence, genes transcribed in the same direction as DNA replication 

are synthesized first, enriched for old histones, and inherit RNAP II (162). This study 

proposes a two-step model where strands are synthesized asynchronously, depending on the 

direction of transcription. Old histones out-compete new histones for reassembly onto the 

strand synthesized first. RNAP II is also recycled to the first-replicated strand. Next, new 

histones repopulate the sister that is replicated second, at which point RNAP II also shifts to 

this strand.

If DNA synthesis rate affects histone deposition, then uncoupling leading versus lagging 

strand synthesis could alter the histone incorporation pattern between sister chromatids. 

A potential condition to uncouple leading versus lagging strand synthesis is replication 

stress. In support of this, strand-specific nascent DNA sequencing shows measurable 

differences in leading versus lagging strand synthesis rates following replication stress 

(125). Using the double-click method, a recent study found support for lagging strand biased 

new histone incorporation. The double-click method involves co-translational incorporation 

of methionine surrogate azidohomoalanine (AHA) into newly synthesized histones. This 

modified amino acid can be conjugated with biotin in a pull-down assay of new histones. 

Subsequently, nascent DNA is purified for strand-specific sequencing. This method provides 

a view of new histone incorporation pattern in the context of replication orientation (164). 

Using this strategy, lagging-strand bias of new histone incorporation was found to invert 

upon treatment with the replication inhibitor hydroxyurea (HU), which uncouples helicase 

movement with Polİ activity. The authors note that the observed differences in parental 

histone strand preference between mouse ESCs (leading strand, no HU) and S. cerevisiae 
(lagging strand, with HU), may be explained by differences in HU treatment (110, 153, 164). 

Therefore, further exploration of old versus new histone incorporation patterns under normal 

conditions will address how replication speed of leading versus lagging strand contributes to 

epigenome establishment during DNA replication.

3.2. What is the outcome from different choices at the replication fork?—
How chromatin modifying complexes and other chromatin-associated factors behave during 

genome duplication have been tested in D. melanogaster embryos. Here it was found that 

components of the Trithorax (Trx) and Polycomb (Pc) group complexes remain associated 

with replicative DNA. Trx group protein Trx, as well as Pc group proteins Pc and E(z), all 

associate with PCNA at replicating loci in early embryos. Interestingly, parental histones 

containing H3K4me3 or H3K27me3 are replaced with unmethylated H3 at the fork. These 

results argue that histone modifying enzymes but not modified histones are important 

for epigenetic inheritance (109). However, early D. melanogaster embryonic cells are 

pluripotent and have a specialized cell cycle composed only of S- and M-phases, raising 

the possibility that this phenomenon is likely applicable to this unique developmental stage.
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Gene regulatory factors may leverage differences in chromatin environments on sister 

chromatids to influence cell fate. For example, it is hypothesized that the asymmetric 

cell identities in C. elegans results from replication-mediated differential nucleosome 

densities on gene loci required to specify neuronal cell fate (98). Though not formally 

tested in this system, selective inheritance of sister chromatids was implicated. Recently, 

it was discovered in the D. melanogaster male GSCs that sister chromatids with distinct 

nucleosome densities are inherited asymmetrically (116). Further, in the early stages of 

mouse ESC differentiation, accumulation of post-replication H3K27me3 is delayed. It was 

proposed that because H3K27me3 condenses chromatin, delayed H3K27me3 accumulation 

allows lineage-specific chromatin factors access to DNA (108). Thus, differences in 

nucleosome density between sister chromatids established during DNA replication could 

underlie asymmetric cell fate decisions through differential accessibility of regulators for 

transcription and other chromatin-mediated biological processes.

II. Recognition of histone asymmetry

1. Centromere: cis-asymmetry driving biased chromosomal segregation

Centromeres are epigenetically defined chromosomal regions that provide an assembly 

platform for kinetochore proteins and attachment region for spindle microtubules (Figure 

3A) (89). Centromeres ensure equal segregation of genetic material to daughter cells 

during mitosis (Figure 3B). They are critical for genome stability and normal development 

(89) as compromised centromere function could lead to chromosome segregation defects, 

genome instability, and nondisjunction, a major cause of various diseases (99). While the 

centromere has been long known, its molecular identity has only been revealed recently. 

The centromere is epigenetically defined by a H3 variant called Centromere protein A 

[CENP-A in human; centromere identifier (CID) in D. melanogaster, Histone H3 like 

centromere protein (HCP3) in C. elegans and centromeric histone H3 (CenH3) in A. 
thaliana] (11, 89, 95). For simplicity, we use CENP-A in this review, which is necessary 

and sufficient for defining the centromere and assembling the kinetochore. The huge 

kinetochore complexes are assembled on the centromere with two major parts, the inner 

kinetochore, and the outer kinetochore (Figure 3A). The inner kinetochore interacts with 

the centromere, whereas the outer kinetochore binds to microtubules ensuring faithful 

sister chromatid attachment and separation (Figure 3A–B). Centromeres also contribute 

to selective homologous chromosomal inheritance during meiosis, which will be discussed 

further.

Recent studies have revealed that centromeres are involved in diverse functions, such as (i) 

meiotic drive (ii) stem cell mitotic drive (iii) sensing and signaling, and (iv) chromosome 

scaling and shaping.

1.1. Centromeres in meiosis

1.1.1. Meiotic drive: Driving karyotype evolution: In 1957, Sandler & Novitski 

introduced the term “meiotic drive” during gametogenesis (121), whereby selfish genetic 

elements bias their transmission to gametes at a rate greater than predicted by Mendelian 

ratios (13). It is thought that meiotic drive is engaged in an evolutionary arms race where 
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the genome is under pressure to evolve mechanisms that suppress the drive and prevent the 

deleterious effects of selfish elements(145, 154).

Gametogenesis is a critical process for selfish genetic elements to achieve this “drive” (13). 

In female oogenesis, completion of the second meiotic division produces a single gamete 

(i.e., egg) and three non-gamete polar bodies, which often undergo disintegration. Female 

meiotic drive occurs when a selfish genetic element increases its likelihood of transmission 

to the egg (10, 30). This process depends on three conditions: (1) Asymmetry in cell fates, 

such as egg versus polar body, offering the opportunity to have one ‘winner’(i.e., egg) and 

three ‘losers’ (i.e., polar bodies); (2) Heterozygosity, which refers to an individual with two 

different alleles; (3) Asymmetry in cellular structure such as the meiotic spindle.

1.1.2. Centromere drive: When the selfish genetic element discussed above involves 

centromere DNA, it is called “centromere drive” (67). During karyotype evolution, 

Robertsonian fusions form metacentric chromosomes when two telocentric chromosomes 

fuse at their centromeres. In D. americana, fused metacentric chromosomes preferentially 

segregate to the egg (136). In contrast, M. musculus domesticus heterozygotes with 

Robertsonian fusions bias transmission of the two unfused telocentric chromosomes to 

the egg (30). Further study has shown that more kinetochore proteins are recruited to the 

centromere of the telocentric chromosome compared with the metacentric chromosome, 

leading to their preferential segregation to the egg (21). This suggests that biased segregation 

is due to the ability to recruit kinetochore proteins to the centromere (Figure 4A).

To understand how centromeres regulate kinetochore protein recruitment, intraspecific 

crosses were made between M. musculus domesticus strains carrying strong versus weak 

centromeres (52). In the hybrid progeny, the strong centromere recruits more kinetochore 

proteins and is preferentially segregated to the egg (Figure 4B). Importantly, the strong 

centromere contains 6–10 fold more minor satellite repeats than the weak centromere 

(Figure 4A), suggesting that the expansion of centromere repeats are partly responsible for 

recruiting more kinetochore proteins (52). It was found that the strong kinetochore interacts 

with the meiotic spindle to bias homologous chromosomal segregation (1). After the 

spindle is positioned close to the cortex, tyrosinaWHGĮ-tubulin becomes enriched toward 

the cortical side (Figure 4B). At this moment, a chromatin-based RAN activity gradient 

is established, producing cortical polarization and enrichment of active CDC42 (45, 72). 

Constitutively active or dominant negative mutations of either RAN or CDC42 abolishes 

spindle asymmetry without cortical polarization. Further, spindle asymmetry is essential for 

the strong centromere to preferentially orient towards the egg pole. These results suggest 

that the cortical CDC42 signals serve as a cue for the selfish centromere to distinguish 

the cortical pole and bias its inheritance to the egg during the first meiotic division. 

The strong centromere located toward the cortical side also has unstable microtubule 

attachments that facilitate flipping the bivalents towards the egg side (Figure 4B) (1). It was 

subsequently shown that more microtubule destabilizing factors, such as the chromosome 

passenger complex (CPC) and mitotic centromere-associated kinesin (MCAK), are recruited 

to the strong centromeres compared with the weak centromeres (Figure 4A) (2). Due 

to the unstable nature of tyrosinated microtubules compared with their de-tyrosinated 

counterparts, attachment of the strong centromere by the tyrosinated microtubules increases 
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its likelihood to be flipped toward the cortical side (107, 129). Together, these studies 

provide a comprehensive molecular and cellular view on the mechanisms of centromere 

drive involving differences in centromere DNA sequence and spindle microtubules.

1.2. Stem cell mitotic drive: driving distinct cell fates—Introduced by Ranjan et 
al., stem cell “mitotic drive” refers to a bias in centromere protein transmission that occurs 

during asymmetric stem cell division resulting in asymmetric epigenetic inheritance (115). 

Mitotic drive could enable non-random sister chromatid segregation to bias inheritance of 

specific epigenetic information to the resulting daughter cells. It is proposed that this drive 

contributes to distinct cell fate determination.

The ‘silent sister hypothesis’ (SSH) proposes that the two sister chromatids have different 

epigenetic marks, particularly at the centromeres, to segregate non-randomly during 

ACD (68). According to this hypothesis, asymmetric epigenetic inheritance may lead to 

differential gene expression in the resulting two daughter cells, such as the expression of 

stemness genes and the silencing of differentiation genes in the stem cells. Some recent 

studies support this idea: For example, asymmetric histone inheritance could be global, 

such as in D. melanogaster male GSCs and intestinal stem cells (ISCs) (Figure 1A, 5A) 

(138, 163), or local, such as in D. melanogaster female GSCs and induced mouse ESCs 

(Figure 1B, 5B) (57, 80). In addition to the canonical histones, CENP-A also segregates 

asymmetrically during the ACD of D. melanogaster male and female GSCs as discussed 

above, as well as D. melanogaster ISCs that produces an ISC and differentiating enteroblast 

(EBs) (20, 39).

1.2.1. Centromere: CENP-A asymmetry is critical for mitotic drive: Recent studies on 

non-random histone segregation during ACD of D. melanogaster male GSCs revealed that 

sister centromeres have different amounts of CENP-A in prometaphase. This makes one 

sister stronger than the other (Figure 5A, 6A) (115). Conversely, symmetrically dividing 

progenitor germ cells do not display such an asymmetry, suggesting that this is a stem 

cell and/or ACD specific phenomenon. During ACD, the strong centromeres are inherited 

by the self-renewing stem daughter cell, while the weak centromeres are inherited by the 

differentiating daughter cell gonialblast. Further, the strong centromere assembles more 

outer kinetochore component Ndc80 with an even higher degree of asymmetry compared 

to the asymmetry detected for centromere, indicating a relay mechanism from centromere 

asymmetry to kinetochore asymmetry (Figure 6A) (115). These observations gave the 

first direct evidence that sister centromeres with epigenetic differences could bias sister 

chromatid segregation.

Consistent with the male GSC results, asymmetric CENP-A between sister chromatids 

was also detected in D. melanogaster female GSCs with more CENP-A-containing sister 

chromatids inherited by the self-renewed GSCs (29). Similar to male GSCs, an asymmetric 

assembly of the inner kinetochore protein CENP-C was detected in female GSCs (15, 29). 

Further, knockdown of the CENP-A histone chaperone CAL1 disrupts CENP-A asymmetry 

in male GSCs, resulting in symmetric centromere formation and GSC loss (115). In female 

GSCs, overexpression of CENP-A and CAL1 together or CENP-A alone promotes GSC 

self-renewal while CAL1 overexpression promotes differentiation (29). Consistently, CENP-
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A asymmetry in female GSCs was lost following CENP-A and CAL1 co-overexpression. 

In addition, depletion of CENP-C in female GSCs enhances the centromere asymmetry 

and shift GSCs towards self-renewal tendency (15). These observations revealed CAL1 and 

CENP-C play important roles in asymmetric centromere assembly as well as in cell fate 

determination (15, 29, 115).

1.2.2. New CENP-A: incorporation timing matters for mitotic drive: New CENP-A 

must be incorporated during each cell cycle to maintain centromere identity following each 

cell division (89). After genome duplication, old CENP-A is diluted by half (53). However, 

unlike the canonical histones that are incorporated in a DNA replication-dependent manner, 

newly synthesized CENP-A is incorporated in a replication-independent manner, with 

different timing in different systems (126). In Hela cells, new CENP-A incorporation occurs 

in late telophase to early G1-phase (53). In D. melanogaster embryonic cells, new CENP-

A is incorporated at anaphase (124). In D. melanogaster cultured cells, new CENP-A is 

incorporated at metaphase or early G1-phase (31, 94). Recently, new CENP-A incorporation 

in male D. melanogaster GSCs was shown to occur from mid-G2 phase to early mitosis and 

between DNA replication and prophase in female GSCs (29, 115).

CENP-A levels can be significantly reduced in human cells without disrupting mitotic 

functions, such as kinetochore assembly, microtubule attachment, or faithful sister chromatid 

segregation (9). One study revealed that once kinetochore assembly is complete, CENP-A at 

the centromere region is dispensable for mitosis (49). For these reasons, it was hypothesized 

that new CENP-A incorporation functions to maintain centromere identity, which should 

happen after mitosis but before centromere duplication in S-phase. Therefore, it is unclear 

why D. melanogaster GSCs incorporate new CENP-A prior to mitosis. One possible 

explanation is that GSCs use this assembly time point to establish or enhance centromere 

asymmetry, which would ensure asymmetric kinetochore establishment and mitotic drive. 

Consistent with this speculation, knocking down CAL1 in the adult male D. melanogaster 
GSCs leads to GSC loss, since in the absence of new CENP-A incorporation symmetric 

sister centromeres form (115). Since mitotic functions are not affected when compromising 

CAL1, it is proposed that the new CENP-A incorporation timing might only be critical for 

the mitotic drive in asymmetrically dividing cells.

Recent X-ray crystallography studies show that CAL1 binds to both CENP-A and CENP-C 

simultaneously. The N-terminus of CAL1 binds to CENP-A/H4 through multiple physical 

contacts and the C-terminus of CAL1 binds to CENP-C (91, 118). CAL1 is recruited to 

chromatin through an interaction with CENP-C that is bound to old CENP-A-containing 

nucleosomes. Subsequently, CAL1 recruits a new CENP-A-H4 dimer, promoting tetramer 

formation onto DNA. In this process, CAL1 also recruits CENP-C to bind the newly formed 

nucleosome. This positive feedback loop may help establish centromere asymmetry between 

sister chromatids.

1.3. Sensing and signaling: Centromere regulates chromosome 
condensation—A recent study in yeast demonstrates that chromosomes without 

centromeres (CEN−) and non-chromosomal DNA circles (cen− DNA circles) are unable 

to condense in mitosis (64). To investigate whether centromeres instruct chromosomal 
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condensation in mitosis, the centromere on chromosome IV was flanked with loxP 
recombination sites to allow its excision and form CEN4*. Prior to excision, Chr IV 

condenses during mitosis; however, after CEN4* excision the chromosome failed to 

condense. This suggests that centromeres play a critical role in regulating chromosome 

condensation in mitosis. Furthermore, this study shows that centromeres promote 

chromosome condensation by recruiting kinases, such as Bub1 and Aurora B, which trigger 

chromosomal condensation through phosphorylation of key histone residues such as Ser121 

of H2A and Ser10 of H3, respectively. To test the potential direct role of Aurora B 

recruitment in chromosome condensation, TetR-Aurora B fusion protein was targeted to 

a single TetO array on the CEN− Chr IV. Interestingly, ectopic recruitment of Aurora B fully 

rescued both contraction and compaction defects of CEN− Chr IV. Moreover, Aurora B-TetR 

promotes condensation of both CEN+ and CEN− Chr IV, irrespective of the cell-cycle stage. 

These data suggest that the recruitment of Aurora B onto a chromosome is sufficient for 

chromosomal condensation in the absence of centromere. In addition, Bub1 kinase, which 

is also required for chromosomal condensation, phosphorylates histone H2A on S121 (H2A-

pS121). This recruits Shugoshin (Sgo1) to the pericentromeric chromatin. In PP2A rts1 
mutant cells, PP2A lacks the B’ regulatory subunit and loses interaction with Sgo1. Since 

Sgo1 directly binds to and recruits phosphatase PP2A (84), the rts1 mutant cells produce 

constitutively condensed Chr IV due to derepression of the Bub1-independent function of 

Sgo1 in condensation. It has also been shown that Sgo1 and the deacetylase Hst2 facilitate 

spreading of the condensation signal to the chromosome arms for coordinated condensation. 

These results suggest that yeast cells license chromosome condensation in a centromere 

dependent manner. Only non-chromosomal DNA containing centromeres can recruit Aurora 

B activity and condense in mitosis. This work pinpoints an intriguing possibility that the 

centromere may control organization of an entire chromosome (64).

1.4. Chromosome scaling and shaping: Centromere scale chromosome in 
accordance with cell size—During metazoan development, early embryonic cells 

decrease in size due to multiple rounds of cleavages without growth of the embryo. 

Despite this, the genome size remains the same. The maximum length of the mitotic 

chromosomes has been shown to be no more than half of the spindle length (47), 

suggesting that the mitotic chromosomes scale in response to decreased cell size and 

shorter mitotic spindle. Studies using an RNA interference screen in a C. elegans strain 

carrying an exceptionally long chromosome identified CENP-A as a candidate modulator 

of chromosome size (66). Compromising CENP-A levels resulted in shorter chromosomes 

than controls. In addition, downregulation of KNL-2, the centromere licensing factor (81), 

reduced chromatin-associated CENP-A without affecting the entire CENP-A protein levels 

and led to abnormally short chromosomes. Because CENP-A is incorporated at discrete 

domains distributed periodically along the entire length of each chromosome (134), a linear 

array is formed that contributes to the rigidity of mitotic chromosomes in C. elegans. A 

severe loss of chromatin-associated CENP-A results in collapsed and round chromosomes 

instead of rod-shaped (82, 103), whereas a partial loss produced abnormally short but still 

rod-shaped chromosomes. These results showed a linear relationship between CENP-A 

levels and chromosome length, the less CENP-A the shorter chromosomes. Further, CENP-

A incorporation is inversely correlated to germline transcription in C. elegans embryos 
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(40). If germline transcription is disrupted by depleting the Argonaut protein CSR-1 (22), 

increased CENP-A is incorporated into individual chromosomes in early embryos and 

results in increased chromosome length. In addition, reducing CSR-1 resulted in increased 

CENP-A amount at the centromeric regions. Overall, these data suggest that CENP-A-

containing nucleosomes can be modulated at the centromeric regions, as opposed to ectopic 

CENP-A deposition at the neocentromeric loci. Taken together, CENP-A could act as a ruler 

that regulates the length of chromosomes.

1.5. Centromere sequence: evolving for diverse functions of centromere—
Previous studies have shown that the centromere is composed of tandemly repeated 

DNA sequences called satellite DNA, whose sequences differ widely among species (48). 

Human centromeres are composed of alpha satellite DNA Į6DW sequences with ~171-bp 

monomers, which are repeated to span over millions of base pairs (146). Different monomer 

subtypes form higher-order repeats (HORs); for instance, subtypes of monomers a,b,c can be 

repeated as abc-abc-abc (90). Each array can contain thousands of HORs, but kinetochore 

proteins only bind to a subset of HORs on each chromosome (90). HORs evolve rapidly, 

generating a high degree of polymorphism across individuals (96). Centromeric sequences 

and active kinetochore protein-binding sites are also found at pericentromeric regions, 

including smaller αSat monomer arrays that lack HORs (127).

Due to technical limitations and the inability to assemble long, repetitive sequences 

using short DNA sequencing reads, the human genome assembly has excluded about 

10% of the sequences, most of which are at or around the highly repetitive centromere 

regions (102). The recent development of long-read sequencing and assembly methods 

have made it possible to produce the first complete human genome (102). Hence the 

composition of the human centromeric sequence on individual chromosomes has been 

deciphered (77, 97). More recently, detailed maps of previously unassembled centromeric 

and pericentromeric regions have also been studied using oligo-FISH, CRISPR-based 

experiments, and NTRprism, a newly developed versatile algorithm to discover and visualize 

the periodicity of satellite repeat (5). This study identified large- and small-scale variations 

in the organization and composition of active centromeres, which provide evidence for a 

layered expansion model of centromere evolution.

A recent study in D. melanogaster also revealed the sequence composition and organization 

of centromeres by combining long-read sequencing, chromatin immunoprecipitation for 

CENP-A, and high-resolution chromatin fiber imaging (18). In contrast to the previous 

model that the satellite repeats are the major functional components, this study revealed 

that centromeres form on islands of DNA sequences enriched in retroelements, which are 

flanked by large arrays of satellite repeats. While each centromere shows distinct size 

and arrangement of DNA elements, it has been shown that the G2/Jockey-3 retroelement 

is highly enriched in CENP-A chromatin and is the only shared element among all 

centromeres.

2. Pericentromere: a modulator of centromere function

In D. melanogaster male GSCs, phosphorylation of histone H3 at Thr 3 (H3T3P), a 

pericentromeric mitotic mark, plays a critical role in asymmetric histone inheritance (149). 
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In particular, the old histone-enriched sister chromatid inherited by the GSC has more 

H3T3P than the new histone-enriched sister chromatid inherited by the differentiating 

daughter cell. Disrupting phosphorylation of H3T3 by introducing a dominant negative 

non-phosphorylatable Ala residue at this position (H3T3A) randomized old versus new H3 

inheritance. Moreover, expression of the mutant H3T3A leads to the loss of GSCs and early 

germline tumor phenotypes, suggesting that proper histone inheritance is essential for both 

stem cell maintenance and proper differentiation of the daughter cell. These phenotypes 

could be enhanced by mutating the Haspin kinase responsible for phosphorylating Thr3 of 

H3. Consistently, another study showed that downregulation of Haspin (27) results in a 65% 

increase of CENP-A levels at centromeres and loss of CENP-A asymmetry in female GSCs 

(29). Together, these reports indicate that pericentromeric H3T3P could regulate centromere 

assembly, providing an additional mechanism that regulate asymmetric sister chromatid 

inheritance in GSCs.

3. Centrosome: establishment of trans asymmetry

The centrosome is the microtubule organization center (MTOC) in a cell. Centrosomes 

contain two centrioles and are surrounded by several pericentriolar matrix (PCM) proteins, 

which are necessary to establish the MTOC. Centrioles replicate once during interphase, 

where a daughter centriole forms in perpendicular to the mother centriole. Later, the 

two centrioles separate to produce two mature MTOCs that form a bipolar spindle (26). 

Consequently, such a replicative cycle results in an intrinsic asymmetry in centriole and 

centrosome age (54). During ACD, the centrosome shows an asymmetric inheritance pattern 

in different systems, with male D. melanogaster GSCs and M. musculus neural glial 

progenitor cells inheriting the mother centrosome (Figure 5A) (144, 151). In contrast, D. 
melanogaster female GSCs (120) and neuroblasts inherit the daughter centrosome (Figure 

5B) (25, 54). While the D. melanogaster male and female GSCs inversely inherit the mother 

versus daughter centrosomes, both male and female GSCs inherit the centrosome with a 

higher MTOC activity. However, how increased MTOC activity is established at the stem 

cell side in both male and female GSCs, independent of centrosome age, remains unknown 

(Figure 6B). Studies in D. melanogaster neuroblasts show that the mitotic kinase Polo/Plk1 

regulates differential MTOC activity through phosphorylating PCM proteins (24, 36, 101). 

The daughter centriole maintains Polo and the MTOC activity. In contrast, the mother 

centriole downregulates Polo and loses MTOC activity (55, 70, 113, 128). In addition, 

Polo-like kinase 4 (Plk4) contributes to biased MTOC activity, which regulates centriole 

duplication and triggers centriole activity (37). Interestingly, when the mother centriole 

initiates maturation and forms a second active MTOC, biased MTOC activity disappears in 

the mitotic neuroblasts.

It is unclear whether and how asymmetric inheritance of centrosomes contributes to 

asymmetric histone inheritance. Therefore, ongoing efforts are towards understanding the 

mechanism by which the mitotic machinery, in particular microtubules, recognizes sister 

centromere asymmetry to ensure non-random sister chromatid segregation. It was revealed 

that microtubule activity is temporally asymmetric in D. melanogaster male GSCs (115). 

In late G2 phase GSC, microtubules near the niche side are highly active, leading to 

a polarized nuclear envelope breakdown (NEBD) on this side at G2-M phase (Figure 

Urban et al. Page 16

Annu Rev Genet. Author manuscript; available in PMC 2023 March 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6B). Later, the centrosome located toward the differentiating daughter cell side becomes 

active in prophase and induces NEBD at prometaphase. This polarized NEBD could 

promote preferential anchoring of the earlier active microtubules at the stem cell side 

to the stronger centromere (115). A superresolution live snapshot (SRLS) method was 

developed allowing high spatial and temporal imaging on live cells to visualize highly 

dynamic cellular processes, such as microtubule-kinetochore attachment (114). SRLS of 

D. melanogaster male GSCs revealed that the stronger sister centromere is attached 

by more microtubules emanating from the mother centrosome at the stem cell side in 

prometaphase (Figure 6A–B), likely due to the higher affinity of the stronger centromere 

with microtubules. Disruption of microtubule asymmetry or sister centromere asymmetry 

results in randomized sister chromatid segregation and GSC maintenance defects. These 

results indicate that the temporal asymmetry in microtubule activity and polarized NEBD 

facilitate biased microtubule-kinetochore attachment. Unlike meiotic drive where spindle 

re-orientation occurs (Figure 4B and table 1), in mitotic drive, the stronger centromere 

is stably anchored with more microtubules from one side of the spindle (1, 115). How 

this preferential attachment between stronger centromere and microtubules is maintained 

and how the spindle assembly checkpoint acts in this context are to be studied. Similar 

results have been reported in female GSCs (29). Together, these studies demonstrate 

that non-random sister chromatid segregation in D. melanogaster GSCs is mediated by 

asymmetries in the centromere, kinetochore, and microtubules (15, 29, 115). With the 

current knowledge, stem cell mitotic drive involves (i) centromere epigenetic asymmetry, 

and (ii) mitotic machinery asymmetry, such as microtubules, and kinetochore (Figure 6B and 

table 1) (16, 147). Future studies need to investigate the underlying molecular mechanism 

involved in the mitotic drive, such as the role of spindle assembly checkpoint proteins and 

microtubule destabilizers, such as CPC and MCAK, and more importantly, how histone 

asymmetries coordinate with the centromere asymmetry to bias sister chromatid segregation.

Recent studies highlight the functional consequences of biased centrosome inheritance. 

Biased centrosome inheritance was initially reported in S. cerevisiae where the old spindle 

pole body (SPB; the yeast equivalent of centrosome) was inherited by the mother cell 

instead of the daughter cell (bud) (106). Using a genetically engineered strain that 

inverts MTOC fate, compromised distribution of protein aggregates and aged mitochondria 

accumulate, leading to reduced replicative lifespan of the buds (83). In D. melanogaster male 

GSCs, disruption of the preferential attachment between microtubules and sister centromere 

leads to randomized segregation of sister chromatids (as described above). More recently, a 

strong monoastral spindle apparatus without a centrosome was observed in the early 8-cell 

stage M. musculus embryo. This monoastral spindle regulates an ACD producing the first 

lineage specification in M. musculus embryo between trophectoderm and inner cell mass 

of the blastocyst. In addition, asymmetric inheritances of microtubules and microtubule 

regulators were detected in this ACD. Disruption of the monoastral spindle formation leads 

to an imbalance of the inner and outer cell mass as well as defective lineage specification 

(111).
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III. Execution of the asymmetric epigenome

1. Chromatin statuses: Nucleosome density differences and differential chromosomal 
compaction lead to distinct readout in the resulting daughter cells

Histones H3 and H4 carry a majority of the known PTMs that regulate many cellular 

functions, including 3D genome organization (8, 41, 56, 160). Therefore, it is conceivable 

that asymmetric H3 and H4 inheritance could regulate distinct cellular behaviors and 

properties. However, the downstream biological consequences of asymmetric histone 

inheritance were not well understood until recently. It has been demonstrated that old 

histone-enriched sister chromatids in D. melanogaster male GSCs have a higher nucleosome 

density compared to new histone-enriched sister chromatids. In addition, old histone-

enriched sister chromatids condense further and prior to the new histone-enriched sister 

chromatids (116). This differential condensation is correlated with differential histone 

H3S10 phosphorylation, a modification known to be required for chromosomal condensation 

(65, 100). In D. melanogaster male GSCs during mitosis, the Ser 10 residue of old H3 

is more phosphorylated than the Ser 10 on new H3 (116). Interestingly, these different 

chromatin features make the new histone-enriched sister chromatids more accessible to 

critical cell cycle regulators, such as the DNA replication initiation component Cdc6. 

Differential Cdc6 association promotes asynchronous cell cycle progression in the two 

resulting daughter cells: the differentiating daughter cell enters S-phase prior to the self-

renewed GSC (116). However, it is unclear whether such differences in nucleosome density 

and condensation regulate other cellular processes that are critical for cell fate, such as 

gene expression (see sidebar 2). A very recent study in D. melanogaster male GSCs 

investigated the functional impact of locus specific homologous chromosome pairing at 

the stemness gene stat92E (6), which is required for GSC establishment and maintenance 

(61, 69, 140). Using OligoPaint fluorescent in situ hybridization (FISH), the interaction 

between homologous stat92E region was found to be tightly paired in GSCs but immediately 

loosened in gonialblasts and remained unpaired in differentiating germ cells (6). This change 

in pairing state at the stat92E locus is required for the downregulation of its expression 

during germ cell differentiation. Further, mis-regulation of asymmetric histone inheritance 

by expressing the H3T3A mutant histone, or by knocking down cal1 and haspin as described 

above (115, 149), leads to aberrant homologous chromosomal interaction at the stat92E gene 

locus and its abnormal expression. These results suggest that homologous chromosomal 

pairing is an intrinsically programmed process during ACD. Importantly, changed local 

pairing status may be common to alter gene activity during stem cell differentiation, 

providing a new paradigm for how inter-chromosomal interactions regulate gene activity.

In summary, we proposed “cell cycle reprogramming” process that establishes, recognizes, 

and executes epigenetically distinct sister chromatids carrying different histones, histone 

variants, or other chromatin-associated factors, for producing distinct daughter cells. This 

process is initiated as early as in DNA replication and mitosis acts to distinguish such an 

asymmetry, with both steps occurring within the same cell. Only upon ACD, epigenetically 

distinct sister chromatids are inherited by the two daughter cells for executing different 

cellular and molecular functions: one of which is to reprogram the cell cycle along 

with differential gene expression. This hypothesis is opposed to the thought that cell 
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fate determination is controlled by extrinsic cues that occur only after cells exit mitosis. 

However, exploring this intrinsic mechanism along with extrinsic cues will be an interesting 

topic for future studies.
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Terms and Definitions List:

Asymmetric cell division
cellular division producing two genetically identical daughter cells with fates influenced by 

the information they inherit and microenvironment they reside

Replication-coupled chromatin assembly
The process whereby parental and new histones incorporate into newly synthesized DNA 

during DNA replication to form nucleosomes

Replication-dependent histones
Canonical histones H3, H4, H2A, and H2B, whose biosynthesis and incorporation into 

chromatin are linked to S-phase

Replication-independent histones
Histone variants, like CENP-A and H3.3, whose synthesis and incorporation into chromatin 

is not linked to DNA replication

Parental (old) histones
Histones synthesized during S-phase of the previous cell cycle, having experienced G2 and 

M-phase.

New histones
Histones synthesized during S-phase of the current cell cycle

Histone recycling
The process of deconstructing chromatin to facilitate parental histone transfer into newly 

synthesized DNA

Epigenetic memory
Heritable regulation of gene expression that does not alter DNA sequence but is maintained 

through successive rounds of cell division

Ultra-fine DNA bridges
Unresolved DNA entanglements connecting sister chromatids during mitotic segregation. 

They cannot be detected by typical DNA dyes

Centromere
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Epigenetically defined regions that serve as platforms for microtubule attachment to equally 

segregate genetic material

Kinetochore
A huge protein complex that assembles on the centromere, which serves to attach the spindle 

during mitosis

Meiotic drive
When a chromosomal element biases transmission to offspring during meiosis at higher 

frequencies than expected

Polar body
Haploid cells formed as byproducts during oocyte meiosis that typically are not fertilized

Robertsonian fusion
Chromosome rearrangement whereby the long arms of two telocentric chromosomes fuse 

producing one metacentric chromosome, losing the two short arms

Stem cell mitotic drive
Non-random sister chromatid segregation during stem cell division involving asymmetric 

temporal microtubule activation and centromere attachment ensuring biased epigenetic 

inheritance

Chromatin statuses
The 3D organization of chromatin can be local: gene or domain-specific; or global: 

chromatid or cell type-specific

Chromosome condensation
Varies from highly decondensed and accessible in S-phase to a highly compact and 

inaccessible state in metaphase

Nucleosome density
The distance between nucleosomes generally reflects nucleosome density, which could 

regulate chromatin state and gene expression
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Summary Points:

• Varying degrees of asymmetric histone inheritance have been observed in 

diverse systems. Some demonstrate globally distinct inheritance patterns 

while other display regionalized inheritance patterns.

• Chaperones facilitate stable propagation of epigenetic states through DNA-

replication coupled chromatin restoration. The most common phenotypes of 

impaired histone-chaperone mediate chromatin assembly are dysregulation of 

heterochromatin domains, expression of silenced genes, and impaired genome 

integrity.

• Direct interactions between histones and replisome components are required 

for parental histone recycling and may be involved in directing biased histone 

inheritance patterns onto sister chromatids.

• Factors such as availability of histones at the replication fork and replication 

speed have been demonstrated to modulate histone incorporation into new 

DNA.

• Centromere drive during meiosis involves differences in centromere DNA 

sequence and spindle asymmetry. Increased microtubule destabilizing factors 

are enriched on the stronger centromeres and cortical polarization of CDC42 

serve as a signal to selfish elements to facilitate chromosome flipping, 

increasing likelihood of orienting the selfish element toward the future egg.

• Stem cell mitotic drive: Asymmetric epigenetic inheritance may involve 

differences in sister centromere CENP-A proteins and temporally regulated 

microtubule activity, resulting in non-random sister chromatid inheritance. 

Adult stem cells inherit sister chromatids enriched with more CENP-A and 

kinetochore proteins.

• Timing of CENP-A incorporation is cell type-specific and may be critical 

for mitotic drive in asymmetrically dividing cells resulting in asymmetric 

epigenetic inheritance.

• Differences in nucleosome density produces differentially condensed sister 

chromatids during mitosis that may influence recruitment of gene regulatory 

factors to specific genomic loci during and after ACD.
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Future Issues (8):

• Is asymmetric histone inheritance a general mechanism to introduce cell 

diversity in adult tissue homeostasis and development?

• What molecular factors contribute to biased histone segregations during 

chromatin assembly and what mechanisms do they employ to manipulate 

asymmetric versus symmetric outcomes onto sister chromatids?

• How do differences in histone tails and modifications influence chaperone 

interactions and is this utilized during chromatin assembly to incorporate 

distinct populations of histones in appropriate genomic locations?

• What is the relationship between replication fork speed, leading versus 

lagging strand synthesis, and histone segregation patterns on sister 

chromatids? How does histone supply contribute to this process?

• How do asymmetries in histone patterns coordinate with centromere assembly 

to direct non-random sister chromatid inheritance?

• How do asymmetries in centrosome age contribute to asymmetric histone 

inheritance and how is asymmetric microtubule activity established 

irrespective of mother or daughter centrosome?

• How do asymmetric sister centromeres form on genetically identical sequence 

between sister chromatids in GSCs?

• How do differences in nucleosome density and chromatin condensation 

during ACD regulate distinct cellular processes critical to cell fate 

determination?
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Sidebar 1:

Protein dynamics during DNA replication

DNA replication studies use incorporation of a thymidine analog like 

ethynyl-2’-deoxyuridine (EdU) to label nascent DNA. Combined with chromatin 

immunoprecipitation (ChIP), these methods define behavior of chromatin-bound proteins 

during DNA replication. Approaches like Isolation of proteins on nascent DNA, DNA-

mediated Chromatin Pull-down, and Nascent Chromatin Capture identify proteins 

associated with replicating DNA (4, 62, 130). Through nascent DNA enrichment 

followed by protein detection, these studies defined spatial and temporal protein 

dynamics at forks, nascent, and mature chromatin. Inversely, protein enrichment with 

subsequent nascent DNA purification underlies SCAR-seq, eSPAN, and ChIP-N-ChaP 

(110, 152, 162). These methods identified strand inheritance biases in parental versus 

new histones and RNAPII. Using super-resolution microscopy, the chromatin fiber 

method corroborated genomic findings by visualizing proteins at a single replication 

fork in cells derived from a multicellular organism(148). Altogether, genomic methods 

provide insight into the replication proteome and histone dynamics. However, these 

approaches have yet to be applied in tissue due to low cell number, cell heterogeneity, 

and limited knowledge of replication origins. Tagmentation and low-input strand-specific 

DNA sequencing approaches make these studies amenable for small cell populations(74). 

Thus, characterizing protein dynamics in tissue during DNA replication, particularly 

throughout development and disease progression, is on the horizon.
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Sidebar 2:

Visualizing chromatin accessibility with new technologies

The recent development of a transposase-based technique to visualize chromatin 

accessibility allows us to understand chromatin dynamics during development. Recently, 

an assay of transposase-accessible chromatin with visualization (ATAC- see) has been 

developed to directly image the accessible epigenome in situ, followed by deep 

sequencing to reveal the molecular identity of the accessible regions(19). ATAC-see 

has revealed cell-type-specific spatial organization of the accessible genome and cell-

cycle dependent chromatin accessibility. More recently, a three-dimensional assay 

for transposase-accessible chromatin-photoactivated localization microscopy (3D ATAC-

PALM) has been developed to image the accessible genome at a nanometer scale in 
situ(150). This method combines ATAC-see, PALM superresolution imaging, and lattice 

light-sheet microscopy. The study using 3D ATAC-PALM combined with genomic data 

showed that spatially segregated accessible chromatin domains (ACDs) enclose active 

chromatin and transcribed genes. In the future, combining imaging-based techniques 

with epigenomics would provide a general and scalable approach to decipher the 

spatiotemporal architecture of chromatin for gene regulation.
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Figure 1. Modes of asymmetric histone inheritance:
(A) Global asymmetric histone inheritance presents as segregation of predominantly old 

or new histone-enriched sisters to daughter cells. (B) In contrast, local histone inheritance 

patterns are large-scale domains distinctly enriched for old or new histones.
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Figure 2. Replication-coupled chromatin assembly and restoration:
Histone chaperones and replisome components orchestrate disassembly of parental 

chromatin ahead of the replication fork. Concurrently, parental histones are shuttled behind 

the fork while new histones are recruited to stimulate chromatin restoration on newly 

synthesized DNA.
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Figure 3. Centromere structure:
(A) Schematic of centromere, kinetochore, and microtubule in somatic cells. (B) The 

canonical function of the centromere during symmetric cell division (SCD).
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Figure 4. Meiotic drive in mice:
Mechanisms of centromere drive. (A) Stronger centromeres have more minor satellite 

repeats and build larger kinetochores that recruit more destabilizers than weaker 

centromeres. (B) The cortical positioning of the spindle induces microtubule tyrosination, 

leading to directional flipping until the stronger centromeres are preferentially oriented 

towards the egg side.
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Figure 5. Asymmetric histone inheritance (global vs local):
(A) Representation of the global asymmetric inheritance of histone H3 and H4 in D. 
melanogaster male GSC and ISC. (B) Representation of the local asymmetric inheritance 

of histone H3 and H4 in D. melanogaster female GSC and induced mouse ESCs.
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Figure 6. Mitotic drive in D. melanogaster GSCs:
Mechanisms of the mitotic drive. (A) Stronger centromeres build larger kinetochores that 

bind more microtubules compared with weaker centromeres. (B) Sister chromatids with 

asymmetric histone epigenome in male GSCs. A temporal asymmetry of microtubules 

activity, NEBD, and CENP-A epigenetic asymmetry tightly coordinate to ensure non-

random segregation.
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Table 1.

Comparison of mitotic and meiotic drive.

Driving Factors Meiotic Drive Mitotic Drive

Chromosomal feature Occurs between homologous chromosomes Occurs between sister chromatids

Centromere feature Asymmetric centromere sequence length Symmetric centromere sequence length

Reason for centromere 
asymmetry

Due to more number of minor satellite repeats at 
centromere

Due to asymmetric level of CENP-A on 
sister-centromere

Type of selfish elements Genetic: Satellite repeats and heterochromatin repeats Epigenetic: CENP-A

Structural asymmetries Post-translational modification asymmetry in microtubules Temporal and quantitative asymmetry in 
microtubules

Cell division Meiosis Mitosis

Centromere orientation 
mechanisms

Uses destabilizers to flip and reorient centromeres, e.g 
MCAK and CPC

Remain elusive

Non-centromeric region involved Heterochromatin containing repeats act as a 
neocentromere, e.g knob domain in Maize

Remain elusive

Frequency of occurrence Occasionally when mouse lines with distinct centromere 
size breed

Almost always when stem cell undergoes 
ACD

Biological significance Karyotype evolution Cell fate determination and tissue 
homeostasis
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