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Abstract 
Multicellular organisms employ intricate gene regulatory networks (GRNs) to orchestrate cell 
fate decisions, yet the precise regulatory mechanisms that govern transcription factors (TFs) 
within these networks remain exceptionally complex. A long-standing question in this field 
pertains to how these intricate interactions synergistically contribute to decision-making 
processes. To gain a comprehensive understanding of the role of regulatory logic in cell fate 
determinations, we developed a logical model of GRNs and examined its behavior under two 
distinct driving forces—one governed by stochastic noise and the other by deterministic 
signaling. Under noise-driven conditions, we identified a correlation between fate biasing, 
regulatory logic, and noise profile dynamics. In the signal-driven mode, we established a 
connection between regulatory logic and the trade-off between accuracy and progression 
speed, revealing distinct reprogramming trajectories influenced by specific logical motifs. 
Through differentiation studies, we characterized a unique priming stage that is dependent on 
regulatory logic, employing decision landscapes for analysis. Finally, we applied our findings to 
elucidate three biological cases: hematopoiesis, embryogenesis, and transdifferentiation. 
Orthogonally to classical expression profile analysis, we leveraged noise pattern recognition to 
construct GRNs corresponding to fate transitions. Our research presents a generalizable 
framework for downstream investigations of fate determination and offers a practical approach 
for the taxonomy of cell fate decisions. 
 
Keywords: Protein Aggregation, Heat Shock Proteins, Molecular Chaperones, Asymmetric Cell 
Division, Proteostasis, Replicative Aging 

© Under CC BY-NC-ND 4.0 International License | Longevity Horizon, 1(2). ISSN: 3088-4063 

https://mailto:jtkemaladze@longevity.ge/
https://doi.org/10.5281/zenodo.15052436
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://longevity.ge/index.php/longhoriz


 

Introduction 
Induction is commonly defined as an effect that arises in response to an external influence. 
Thus, when a factor present in the cellular microenvironment or surrounding the nucleus 
induces differentiation in a cell to some extent, this differentiation is attributed to induction. 
 
Differentiation, except for the earliest stages of embryonic development, is typically considered 
a consequence of induction—that is, the emergence of specific cellular effects under the 
influence of the surrounding microenvironment. These effects, mediated through the cytoplasm, 
lead to the expression of various genes in cells that are competent to respond to transcription 
factors (inducers). 
 
To determine the types of inducers capable of initiating differentiation, it is necessary to 
investigate environmental factors that can modulate gene expression within a cell in a way that 
prompts the synthesis of novel proteins. A demonstrative example was discovered through 
experiments on bacteria, which, unlike eukaryotes, do not undergo differentiation. These 
experiments illustrated how an external inducer can suppress the activity of one gene while 
simultaneously activating another. Since this suppression-activation process is reversible, it is 
classified as modulation rather than differentiation. 
 
Bacteria produce both constitutive and inducible enzymes. Constitutive enzymes participate in 
fundamental metabolic processes and their gene expression does not require environmental 
cues. In contrast, inducible enzymes are synthesized in very small, trace amounts. For example, 
Escherichia coli primarily metabolizes glucose. However, in the absence of glucose, the 
bacterium can utilize lactose after converting it into glucose. This conversion necessitates the 
enzyme β-galactosidase, which is present only in minimal amounts. When a high concentration 
of lactose becomes available in the environment, the synthesis of β-galactosidase is 
significantly upregulated. The influence of the substrate on gene activation is indirect, occurring 
through a complex system of suppressor genes and operator genes. Regardless of how 
intricate the activation or deactivation mechanisms of specific genes may be in either 
prokaryotic or eukaryotic cells, including those of multicellular organisms, modulation should not 
be mistaken for irreversible differentiation. The term "differentiation" should no longer be applied 
to modulation, as true differentiation is typically irreversible in normal cells and is associated 
with structural changes in genetic material. Such changes may only be reversible in sibling cells. 

Asymmetric Division and Differentiation 
Asymmetric cell division (ACD) represents a highly conserved mechanism that has evolved to 
generate cellular diversity. The fundamental principle of ACD is the establishment of distinct 
fates among daughter cells (sibling cells) through mitosis-associated mechanisms. Asymmetric 
fate determination can be influenced by external signaling cues received by the cell. 
Alternatively, asymmetric inheritance of intrinsic fate determinants—such as specific proteins or 
RNAs—can directly drive differential cell fate outcomes. The latter mechanism was first 
demonstrated over a century ago by Edwin Conklin, who observed that during the early 
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cleavage stages of Ascidiacea embryos, yellow cytoplasm was asymmetrically partitioned to 
specify muscle cell fate (Conklin, 1905). 
 
Beyond macromolecules, organelles such as centrosomes, midbodies, mitochondria, the 
endoplasmic reticulum (ER), and lysosomes have been reported to undergo asymmetric 
inheritance. Interestingly, the asymmetric distribution of organelles appears to be the norm 
rather than the exception, yet its precise role in establishing differential cell fates remains 
unclear in many cases. 

Asymmetry and Selective Inheritance of RNAs and Proteins by Sibling Cells 
Cell fate decisions can be influenced by the asymmetric distribution of molecular determinants, 
such as RNA species or proteins. For instance, messenger RNAs (mRNAs) segregated into one 
sibling cell can rapidly translate into proteins that drive distinct cellular behaviors. Alternatively, 
regulatory RNAs and proteins can modulate gene expression, protein localization, and cellular 
function. Often, polarized distribution precedes asymmetric segregation. 
 
One of the earliest recorded examples of asymmetric RNA localization involved actin isoforms in 
early Styela plicata embryos, identified via in situ hybridization (Jeffery et al., 1983). More 
recently, a high-resolution fluorescent in situ hybridization (FISH) analysis of mRNA dynamics 
during early Drosophila melanogaster development revealed that 71% of genes expressed in 
this time window exhibit distinct subcellular localization patterns. Notably, many of these genes 
show polarized distribution, primarily localizing to either the apical or basal cortex of the cell 
(Lécuyer et al., 2007). Subcellular localization of various RNA species, including mRNAs, long 
non-coding RNAs, and circular RNAs, has also been identified using a combination of cell 
fractionation and RNA sequencing in human and Drosophila cells (Bouvrette et al., 2017). 
Although this study did not explicitly analyze polarized RNA distribution, it clearly demonstrated 
that most RNAs are localized to specific cellular compartments. 
 
A compelling example of how asymmetric RNA localization drives cell fate determination was 
demonstrated in spiral cleavage. In Ilyanassa obsoleta, mRNAs of developmental patterning 
genes Eve, DPP, and Tld localize to centrosomes during early cleavage cycles and 
subsequently segregate into one daughter cell during division (Lambert and Nagy, 2002). 
Centrosomal RNA localization appears to be a dominant mechanism for embryonic patterning in 
this system, as similar observations have been made for multiple other mRNAs (Kingsley et al., 
2007). These RNAs exhibit two distinct intracellular movements: initial attraction to interphase 
centrosomes, likely via minus-end-directed transport, followed by cortical relocalization into a 
region inherited exclusively by one daughter cell. Microtubule integrity is essential for 
centrosomal RNA accumulation, whereas actin filaments mediate subsequent cortical 
relocalization (Lambert and Nagy, 2002). 
 
Further mechanistic and functional insights into polarized RNA distribution and segregation 
have emerged from studies of asymmetrically dividing Drosophila neural stem cells, known as 
neuroblasts. Neuroblasts divide asymmetrically, yielding a self-renewing neuroblast and a 
differentiating ganglion mother cell (GMC) (Gallaud et al., 2017). The mRNA of the transcription 

© Under CC BY-NC-ND 4.0 International License | Longevity Horizon, 1(2). ISSN: 3088-4063 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://longevity.ge/index.php/longhoriz


 

factor Prospero (Pros; Prox1 in vertebrates) localizes apically during interphase before shifting 
to the basal cortex in mitosis (Schuldt et al., 1998). This localization is mediated by Inscuteable 
(Insc) and the RNA-binding protein Staufen (STAU1/2 in vertebrates), which binds the Prospero 
3′ untranslated region (Li et al., 1997). These findings highlight the fundamental importance of 
RNA and protein asymmetry in cell fate determination across multiple biological systems. 
 
Other types of RNA also exhibit highly specific subcellular localization patterns and perform 
distinct functions within different cellular compartments. For example, extensive research has 
revealed that the long non-coding RNA cherub exhibits a strikingly asymmetric distribution 
within mitotic larval neuroblasts, where it localizes predominantly to the basal cortex and 
segregates asymmetrically into the immature neuronal progenitor cell (Landskron et al., 2018). 
This specific localization of cherub is critically dependent on the RNA-binding protein Staufen, 
which facilitates its basal positioning. Furthermore, cherub establishes an intricate molecular 
interplay between Staufen and another RNA-binding protein, Syncrip (Syp; known as 
heterogeneous nuclear ribonucleoprotein R, or HNRNPR, in humans). Interestingly, despite its 
well-defined asymmetric segregation, cherub is not required for normal asymmetric cell division 
(ACD) or standard developmental processes. However, it plays a pivotal role in tumor 
progression within mutant neural tissue carrying brain tumor mutations ( brat ; homologous to 
Trim2, Trim3, and Trim32 in vertebrates). Specifically, cherub interferes with the normal 
temporal progression of neuroblast divisions, allowing tumor cells to evade differentiation 
constraints and sustain indefinite proliferation. 
 
Long non-coding RNAs are also instrumental in the establishment of cell fate during early 
mammalian embryogenesis. In murine embryos, the long non-coding RNA lincGET (Gm45011) 
has been found to display a transient yet highly asymmetric expression pattern during the 
critical two- to four-cell transition stage of pre-implantation development (Wang et al., 2018). 
Functionally, lincGET physically interacts with coactivator-associated arginine methyltransferase 
1 (CARM1), directing its nuclear localization. This molecular interaction ultimately biases 
blastomeres toward an inner cell mass (ICM) fate by promoting the activation of ICM-specific 
genes. Previous models suggested that lineage segregation occurs at later developmental 
stages and was closely linked to the expression of the transcription factor CDX2, whose mRNA 
transcripts localize apically at the eight-cell stage and are inherited asymmetrically, effectively 
distinguishing pluripotent cells from differentiating ones (Skamagki et al., 2013). 
 
These examples underscore the critical role of RNA localization in establishing cellular 
asymmetries, providing a mechanistic basis for the asymmetric segregation of specific 
transcripts. However, many mechanistic aspects of RNA localization dynamics, as well as the 
precise cellular and developmental functions of localized RNA species, remain to be elucidated. 
Beyond RNA, the polarized distribution of proteins and their asymmetric segregation have been 
extensively studied in Drosophila neuroblasts and C. elegans embryos (Loyer and Januschke, 
2020). 
 
One of the earliest and most extensively characterized protein families regulating asymmetric 
cell division is the partitioning-defective (PAR) polarity proteins. Initially discovered in C. elegans 
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as key determinants of zygotic polarization—forming two opposing protein domains within the 
embryo (Kemphues et al., 1988)—PAR proteins are now recognized as evolutionarily conserved 
regulators of apical-basal polarity in diverse organisms (Boxem and Heuvel, 2019). In 
Drosophila neuroblasts, apical-basal polarity is orchestrated by the PAR complex, consisting of 
Par-3 (BAZ), PAR-6, and atypical protein kinase C (aPKC), which collectively form an apical 
polarity cap. Notably, aPKC localization at the apical cortex is initiated during early prophase, 
where it first appears as discrete cortical foci, gradually expanding and coalescing into a 
crescent-shaped domain by metaphase before dispersing back into smaller cortical patches 
during telophase (Oon and Prehoda, 2019). The precise mechanism governing the initial 
recruitment of aPKC to the apical hemisphere remains unresolved, though subsequent crescent 
formation is dependent on cortical flow dynamics. A similar mechanism has been proposed for 
Par-3. 
 
A recent study uncovered a novel interaction between the second PDZ domain of Par-3 and a 
highly conserved PDZ-binding motif (PBM) in aPKC (Holly et al., 2020). Par-3 is phosphorylated 
by the complete PAR complex, and this phosphorylation event induces the dissociation of 
Par-3's phosphorylation site from the aPKC kinase domain while preserving the Par-3 
PDZ2-aPKC PBM interaction. This represents the first direct Par-3-aPKC interaction 
demonstrated to be essential for the cortical recruitment and polarization of aPKC in 
neuroblasts. 
 
PAR complex activity is crucial for the proper localization of basal cell fate determinants such as 
Miranda and Numb, which segregate specifically into the ganglion mother cell (GMC) to direct 
neuronal differentiation. Miranda initially localizes to the apical interphase centrosome in 
embryonic neuroblasts (Mollinari et al., 2002) but adopts a uniform cortical distribution during 
interphase in larval neuroblasts (Sousa-Nunes et al., 2009). During metaphase, Miranda 
undergoes a dramatic shift, forming a basal cortical crescent (Matsuzaki et al., 1998). This basal 
localization is induced by aPKC-mediated phosphorylation, which actively excludes Miranda 
from the apical cortex (Atwood and Prehoda, 2009) and is further stabilized by the actomyosin 
cytoskeleton (Hannaford et al., 2018). Additionally, Miranda's phosphorylation state and 
subcellular localization are modulated by protein phosphatase 4 and its associated cofactors, 
including phosphotyrosyl phosphatase activator (PTPA) (Zhang et al., 2015). Functionally, 
Miranda serves as a cargo protein, transporting translational inhibitors such as Brat and 
Prospero (Pros). Within GMCs, Prospero represses genes associated with 
self-renewal—including stem cell fate and cell cycle regulators—while simultaneously activating 
terminal differentiation programs (Choksi et al., 2006). 
 
Intriguingly, multiple RNA transcripts and their corresponding protein products exhibit 
coordinated localization within Drosophila neuroblasts. However, it remains unclear whether the 
asymmetric positioning of mRNA correlates with localized protein translation, necessitating 
further investigation into the functional significance of RNA localization in this context. 
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Cytoskeleton asymmetry 
Centrosomal mRNA localization suggests molecular and/or structural asymmetries between 
centrosomes within the same cell. A striking example of this phenomenon occurs in Drosophila 
neuroblasts, where centrosomes exhibit distinct microtubule-organizing center (MTOC) activity 
profiles, particularly during interphase. Centrosomes comprise two centrioles encased within a 
pericentriolar matrix (PCM), which is essential for MTOC function. During each cell cycle, 
centrioles undergo replication, whereby a “daughter” centriole forms orthogonally adjacent to the 
older “mother” centriole. As the cell cycle progresses, the centrioles disengage, forming two 
mature MTOCs that establish the bipolar mitotic spindle (Conduit et al., 2015). This replication 
cycle inherently introduces an age asymmetry between centrioles, which has been corroborated 
by molecular markers (Jakobsen et al., 2011; Januschke et al., 2011). In neuroblasts, the 
daughter centriole-containing centrosome maintains active microtubule nucleation throughout 
interphase, whereas the mother centriole-containing centrosome suppresses MTOC activity 
upon neuroblast entry into interphase. This differential MTOC activity helps align the mitotic 
spindle along the neuroblast’s apical-basal polarity axis, as the active MTOC remains anchored 
to the apical cortex. The mother centriole-containing centrosome is inactivated through PCM 
shedding, leading to its displacement from the apical cortex. By prophase, both centrosomes 
reaccumulate PCM components and regain microtubule nucleation capacity (Lerit and Rusan, 
2013). This stereotyped MTOC behavior results in biased centrosome segregation, where the 
apical centrosome, containing the younger daughter centriole, is retained in the self-renewing 
neuroblast, while the mother centriole is inherited by the differentiating GMC. 
 
Similar biased centrosome inheritance patterns have been observed in Drosophila germline 
stem cells (Salzmann et al., 2014), mouse neural stem cells (Wang et al., 2009), and budding 
yeast (Pereira et al., 2001). 
 
In male germline stem cells (GSCs) of Drosophila, the differential activity of the 
microtubule-organizing center (MTOC) is strongly associated with the maturity of the 
centrosome. Specifically, the older centrosome, which contains the maternal centriole, maintains 
the pericentriolar material (PCM) and MTOC activity, ensuring that it remains anchored near the 
stem cell niche (Yamashita et al., 2007). This asymmetric behavior of the centrosome plays a 
critical role in the maintenance of stem cell identity and division orientation. However, in 
Drosophila neuroblasts, cortical signaling pathways, particularly those mediated through the 
polarity protein Partner of inscuteable (Pins; known as LGN (Gpsm2) and AGS3 (Gpsm1) in 
vertebrates), significantly influence the asymmetric regulation of MTOC activity (Rebollo et al., 
2007). 
 
Similarly, in yeast, studies have shown that spatial signaling mechanisms, rather than the kinetic 
process of spindle pole body (SPB) maturation, are responsible for controlling the asymmetry in 
astral microtubule organization between pre-existing and newly formed SPBs (Lengefeld et al., 
2017). The precise mechanisms by which such spatial signals exert control over differential 
MTOC activity remain unclear. However, research on Drosophila neuroblasts suggests that 
MTOC asymmetry can be regulated by the mitotic kinase Polo (Plk1 in vertebrates). Polo has 
been found to phosphorylate various PCM proteins, an essential step for sustaining MTOC 
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activity (Feng et al., 2017). Furthermore, the maintenance of Polo/Plk1 at the daughter centriole 
is crucial for ensuring the integrity of PCM and its associated MTOC function (Conduit and Raff, 
2010). 
 
While the apically positioned daughter centriole retains Polo/Plk1, thereby preserving MTOC 
activity, the maternal centriole acts oppositely by suppressing Polo/Plk1 and depleting its 
associated PCM components, resulting in the loss of MTOC activity. Consequently, this causes 
the maternal centriole to detach from the apical cortex of the neuroblast (Ramdas Nair et al., 
2016). Interestingly, Polo-like kinase 4 (Plk4; also referred to as SAK), a pivotal regulator of 
centriole duplication, has also been implicated in establishing centriole asymmetry and the 
associated differential MTOC activity. Plk4 phosphorylates Spd-2, a process that triggers 
basal-like centriole behavior (Gambarotto et al., 2019). Notably, this asymmetric MTOC activity 
in neuroblasts is transient and disappears during mitosis, when the centrosome containing the 
maternal centriole initiates maturation, thereby re-establishing a second functional MTOC. 
 
In yeast, the differential dynamics of microtubule growth have been attributed to the kinesin 
Kip2, which is selectively recruited to the older SPB (Chen et al., 2019). Kip2 plays a crucial role 
in preventing microtubule catastrophe and promoting microtubule extension (Hibbel et al., 
2015). Phosphorylation of Kip2 is critical in ensuring that microtubules do not bind randomly, 
initially restricting its activity to the minus-end. Thus, the recruitment of Kip2, which is regulated 
by Bub2 and Bfa (Bfa1), may account for the generation of longer astral microtubules emanating 
from the older SPB, owing to Kip2’s ability to prevent microtubule catastrophe and support their 
elongation. 
 
As MTOCs are fundamental to the formation of bipolar spindles, the asymmetric activity of 
MTOCs may also contribute to spindle asymmetry, which could have significant implications for 
the shape and size of sibling cells. The kinesin Klp10A, which acts as a 
microtubule-depolymerizing enzyme, is specifically localized to the centrosome of male GSCs in 
Drosophila. Loss of Klp10A results in abnormal elongation of the maternal centrosome in GSCs, 
leading to an abnormally large MTOC and an associated half-spindle, which, in turn, gives rise 
to an asymmetric mitotic spindle. Ultimately, this results in the division of GSCs into daughter 
cells of unequal size (Chen et al., 2016). Thus, Klp10A actively counteracts spindle asymmetry 
by preventing unequal formation of sibling cells. 
 
Mutations in cell polarity proteins can also affect spindle asymmetry (Cai et al., 2003), though 
the underlying molecular mechanisms remain largely unexplored. Evidence for the role of 
centrosomal proteins in maintaining spindle symmetry has also been observed in human cells. 
For instance, the centrosomal coiled-coil domain-containing protein 61 (CCDC61) is essential 
for spindle assembly and chromosome alignment in cultured human cells; depletion of CCDC61 
results in a loss of internal symmetry within spindle-associated microtubule tracks (Bärenz et al., 
2018). 
 
Spindle morphology must also be tightly regulated in acentrosomal cells, such as oocytes. In 
Drosophila oocytes, acentrosomal spindles are generally symmetrical, but loss of the kinesin-5 
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motor protein (Klp61F) leads to asymmetric bipolar spindles, where one half of the spindle 
contains a greater density of microtubules (Radford et al., 2016). Although the precise role of 
kinesin-5 in preventing asymmetric spindle formation remains unclear, simultaneous depletion of 
kinesin-6 (Subito) alongside Klp61F exacerbates the asymmetric spindle phenotype, suggesting 
that both kinesin-5 and kinesin-6 contribute to spindle symmetry in Drosophila oocytes. 
 
Spindle asymmetry has been identified as a crucial regulator of Notch signaling in 
asymmetrically dividing sensory organ precursor (SOP) cells in Drosophila. In this system, 
Klp10A and its antagonist Patronin establish spindle asymmetry, which, in turn, directs the 
polarized mobility of endosomes, thereby mediating biased transport of Sara-containing 
endosomes into one sibling cell (Derivery et al., 2015). This polarized trafficking of Sara 
endosomes is an essential mechanism for facilitating asymmetric Notch/Delta signaling during 
SOP division in Drosophila (Coumailleau et al., 2009). Spindle asymmetry has also been 
proposed as a mechanism for biased chromosome segregation during meiosis, commonly 
referred to as meiotic drive (Kursel and Malik, 2018). This phenomenon has been demonstrated 
in mouse oocytes, which utilize CDC42 signaling from the cell cortex to regulate tubulin 
tyrosination, thereby establishing spindle asymmetry and promoting non-Mendelian segregation 
of bivalents (Akera et al., 2017). 
 
What is the connection between spindle asymmetry and sibling cell size asymmetry? Studies on 
mutant Drosophila GSCs lacking Klp10A demonstrate that enhanced MTOC activity at the stem 
cell centrosome leads to asymmetric spindle formation and, consequently, the generation of 
daughter cells of unequal size, despite the fact that GSCs typically divide symmetrically in terms 
of size. Likewise, loss of the Drosophila polarity protein Pins, which influences MTOC activity 
during interphase and spindle asymmetry during mitosis (Yu et al., 2000), causes neuroblasts to 
divide into equal-sized daughter cells (Cabernard et al., 2010). However, whether size 
asymmetry is exclusively determined by spindle asymmetry remains uncertain. 
 
Recent studies indicate that cortical signaling pathways can override intrinsic spindle 
asymmetry. For instance, Drosophila neuroblasts lacking Protein kinase N (Pkn; Pkn1-3 in 
vertebrates) exhibit transient defects in sibling cell size asymmetry during mitosis. Unlike 
wild-type neuroblasts, which generate a large apical neuroblast and a small ganglion mother cell 
(GMC), pkn mutant neuroblasts initially show a reduced apical domain and an expanded basal 
cortex in early anaphase (Tsankova et al., 2017). This transient inversion of asymmetry appears 
to be linked to altered localization of non-muscle myosin II (myosin). Further studies are 
required to fully understand these complex mechanisms. 
 
A fundamental principle emerging from these studies is that cells employ multiple distinct 
mechanisms to establish asymmetry in the size of sibling cells (Roubinet and Cabernard, 2014). 
As previously mentioned, both centrosome-dependent and centrosome-independent 
mechanisms can result in asymmetric mitotic spindles, which in turn displace the cleavage 
furrow toward one side of the cell cortex. This displacement of the mitotic spindle under these 
conditions leads to physical asymmetric cell division (ACD) (Sallé et al., 2018). Similarly, in sea 
urchin embryos, ACD occurs to generate micromeres—small organizer cells that provide 
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inductive signals to neighboring cells crucial for gastrulation—at the vegetal poles of embryos 
during the transition from the 8-cell stage to the 16-cell stage. Micromeres are smaller than their 
macromere sibling cells and inherit the RNA helicase protein Vasa (Juliano et al., 2006). The 
polarity factor AGS is both necessary and sufficient for establishing this physical and molecular 
ACD. The AGS of sea urchins contains three GoLoco motifs, whereas the AGS of sea stars 
lacks GoLoco motif #1. Recent findings demonstrate that the expression of sea urchin AGS in 
sea star embryos is sufficient to induce physical ACDs (Poon et al., 2019). Additionally, a 
primary cortical force-generation mechanism responsible for such cortical pulling forces is 
evolutionarily conserved and comprises the Dynein-Dynactin complex, NuMA (Lin5 in C. 
elegans; Mud in Drosophila), and the Gαi complex (GOA-1, GPA-16 in C. elegans; Gαi in 
Drosophila) (Kiyomitsu, 2019). Cell shape, adhesion geometry, intercellular junctions, and 
mechanical tension are additional factors that dictate spindle orientation and positioning (van 
Leen et al., 2020). Lastly, as observed in Drosophila and C. elegans neuroblasts, measurable 
dynamic changes in the cell cortex during anaphase can induce asymmetry in sibling cell sizes. 
Intriguingly, recent studies in the developing chordate Ciona have revealed that different 
chordate blastomeres employ a combination of polarized mitotic spindle displacement, maternal 
cell shape, and post-anaphase mechanisms across various rounds of cell division to establish 
unequal sibling cell sizes (Winkley et al., 2019). 
 
Another poorly described mechanism for generating sibling cells of unequal size is employed by 
many mollusks and certain species of annelid worms (Chen et al., 2006). These invertebrates 
generate two sibling cells of distinct sizes by forming and reintegrating a polar lobe. Polar lobes, 
also known as antipolar or yolk lobes, are transient vegetal protrusions that form during the first 
and second embryonic divisions, sequestering vegetal cytoplasm, which is subsequently 
inherited by CD and D blastomeres (Morgan, 1933). Most studies on polar lobe formation and 
resorption have been conducted in the snail I. obsoleta, revealing that both actin and myosin are 
essential for polar lobe formation and resorption (Hejnol and Pfannenstiel, 1998). Research 
using two closely related scallop species, Chlamys hastada and C. rubida, demonstrated that 
the region of the cell cortex designated for polar lobe sequestration is marked by enrichment of 
the Arp2/3 complex. Moreover, inhibition of Arp2/3 disrupts polar lobe formation and cytoplasmic 
partitioning into sibling cells, suggesting that Arp2/3 plays a functional role in specifying the 
cortical region that will be sequestered into the polar lobe (Toledo-Jacobo et al., 2019). The 
molecular mechanisms underpinning polar lobe formation remain largely unknown, but classical 
microsurgical experiments have shown that polar lobes play a pivotal role in cell fate 
determination (Render, 1989). 
 
Much more could be learned about ACD by studying unconventional or emerging model 
systems such as snails and scallops; however, the current lack of molecular tools for 
investigating these species remains a limiting factor in understanding these processes. 

Centrosome, Histone, and Chromosome Segregation Asymmetry 
Epigenetic mechanisms (related to the cell nucleus) play a crucial role in specifying cell fate by 
modifying chromatin structure and regulating gene expression. Studies have demonstrated that 
during asymmetric division of male germline stem cells (GSCs) in Drosophila, pre-existing 
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canonical histones H3 and H4 are preferentially retained by the stem cell, whereas newly 
synthesized H3 and H4 are inherited by the differentiating daughter cell, known as the gonial 
blast (Wooten et al., 2019). In contrast, H2A and H2B are symmetrically distributed. Loss of 
H3T3P phosphorylation disrupts asymmetric H3 inheritance, leading to stem cell loss and the 
formation of early-stage germline tumors (Xie et al., 2015). 
 
Spindle asymmetry and centromeric modifications bias chromatid segregation. In male GSCs of 
Drosophila, the mother centrosome generates an active microtubule-organizing center (MTOC) 
before the daughter centrosome. Asymmetry in nuclear envelope breakdown subsequently 
allows microtubules from the mother centrosome to attach to sister chromatids containing larger 
kinetochores. Sister centromeres are differentially enriched in proteins involved in centromere 
specification and kinetochore function. This results in preferential recognition and attachment of 
microtubules to asymmetric sister kinetochores and centromeres, ensuring that epigenetically 
distinct sister chromatids are asymmetrically partitioned in male GSCs (MT, microtubules). 
 
Another form of epigenetic modification occurs at centromeres, which, along with kinetochore 
proteins, form microtubule attachment sites essential for accurate chromosome segregation. 
Centromeric chromatin lacks a specific DNA sequence but is epigenetically defined by the 
histone H3 variant CENP-A (CID in flies) (Allshire and Karpen, 2008). In Drosophila intestinal 
stem cells, previously synthesized CENP-A is preferentially retained by the stem cell, whereas 
differentiating progenitor cells are enriched with newly assembled CENP-A (García del Arco et 
al., 2018). The mechanisms and functional consequences of this biased CENP-A segregation 
remain to be elucidated. Similarly, CENP-A has been found to be asymmetrically enriched on 
the sister chromatid segregating into GSCs in male Drosophila testes. How this epigenetic 
modification influences chromatid segregation and potentially cell fate decisions remains an 
open question. Data, primarily from Drosophila GSC studies, suggest that the kinetochore 
protein Ndc80 is also asymmetrically localized, correlating with CENP-A enrichment. As 
mentioned earlier, the nuclear envelope specifically ruptures first on the presumptive GSC side, 
creating an opening for microtubules from the more active mother centrosome to penetrate and 
attach to chromatids exhibiting higher concentrations of Ndc80. This may, in turn, lead to biased 
chromatid segregation. This mechanism closely resembles the process observed in mouse 
oocytes, which also exhibit asymmetric microtubule attachment to kinetochore complexes, 
thereby biasing chromosome segregation (Akera et al., 2019). This "meiotic drive" in oocytes is 
determined by centromeric differences between homologous chromosomes, whereas "mitotic 
drive" occurs between genetically identical sister chromatids. Since sister centromeres are 
theoretically identical in sequence, CENP-A must be asymmetrically assembled via an 
as-yet-unknown mechanism (Wooten et al., 2019b), necessitating further research to uncover 
the molecular underpinnings of this event. 

Asymmetric separation of protein aggregates and organelles 
Protein aggregates arise when hydrophobic regions of multiple unfolded polypeptides adhere to 
one another, forming stable or semi-stable complexes. This phenomenon occurs when proteins 
lose their native conformation due to external stress factors, such as elevated temperatures, 
oxidative stress, or aging-related cellular deterioration. A crucial cellular mechanism for 
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mitigating these potentially harmful protein interactions involves the activity of small heat shock 
proteins (sHsp), which function as the first line of defense against irreversible protein 
aggregation. These molecular chaperones play a protective role by stabilizing misfolded or 
partially denatured proteins and preventing them from forming insoluble toxic aggregates. 
 
For instance, when cells experience a heat shock, proteins that have lost their proper 
three-dimensional structure expose previously buried hydrophobic regions, which can lead to 
aberrant intermolecular interactions. Such interactions frequently result in the formation of 
cytotoxic, insoluble protein aggregates that disrupt normal cellular function. The association of 
small heat shock proteins with these unfolded or misfolded protein substrates serves to prevent 
their uncontrolled aggregation and accumulation. Additionally, this interaction facilitates the 
subsequent refolding and functional restoration of these proteins through the action of 
ATP-dependent chaperones, such as Hsp104p, which plays a pivotal role in protein 
disaggregation and reactivation (Liberek et al., 2008). 
 
A particularly effective strategy for minimizing the accumulation of protein aggregates within a 
cellular population is asymmetric division, a process observed in certain unicellular organisms. A 
prime example of this occurs in budding yeast, where dividing cells restrict protein aggregates to 
the aging mother cell, ensuring that the newly formed daughter cell remains rejuvenated and 
free from toxic aggregates. This segregation mechanism contributes to the maintenance of 
cellular fitness across generations. 
 
Hsp26p, a small heat shock chaperone, is specifically involved in the regulation of proteostasis 
and is known to associate with various aggregation-prone proteins (Cashikar et al., 2005). 
Under optimal growth conditions, the expression of Hsp26p remains low; however, it is 
dramatically upregulated in response to oxidative stress, heat shock, or nutrient 
depletion—conditions that drive cells into a stationary phase (Franzmann et al., 2008). Hsp26p 
belongs to a specialized class of proteins known as long-lived asymmetrically retained proteins 
(LARP), which have the ability to form distinct cytoplasmic foci that can be visualized 
microscopically. These Hsp26p-containing foci emerge when cells enter the stationary phase or 
following exposure to heat stress. Notably, these localized clusters, which may be directly 
associated with protein aggregates, are retained almost exclusively within the mother cells upon 
re-entry into the proliferative state or following recovery to normal physiological temperatures 
(Thayer et al., 2014). 
 
This intricate system of protein quality control highlights the essential role of molecular 
chaperones in cellular homeostasis and demonstrates how asymmetric inheritance of damaged 
or aggregated proteins serves as a crucial mechanism for maintaining the viability and longevity 
of progeny cells. 
 
The restriction of protein aggregates by an aging mother cell is a complex and tightly regulated 
process that necessitates the involvement of genes responsible for generating cellular 
asymmetry (AGG). These genes orchestrate the uneven inheritance of aggregated proteins, 
ensuring that damaged or misfolded proteins are retained in the mother cell while daughter cells 
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inherit a proteome of higher quality. A recent genome-wide screening for AGG candidates in 
yeast has highlighted the role of vesicular trafficking, membrane fusion, and myosin-dependent 
vacuole inheritance in this asymmetric process. 
 
For instance, it has been demonstrated that the vacuole inheritance adapter protein Vac17 and 
the endocytic vesicle-associated dynamin-like protein Vps1 regulate asymmetry and replicative 
lifespan through Myo2-dependent effects on endocytosis and spatial protein quality control (Hill 
et al., 2016). Furthermore, asymmetric segregation of protein aggregates in yeast may also be 
facilitated through compartmentalization of the endoplasmic reticulum (ER). Specifically, protein 
deposit precursors, which consist of misfolded proteins and aggregation seeds, are captured by 
the ER membrane-associated chaperone Ydj1. Subsequently, an ER lateral diffusion barrier—a 
specialized ER membrane domain located at the bud neck that demarcates the maternal ER 
from that of the bud (Clay et al., 2014)—further promotes asymmetric partitioning of aggregates 
(Saarikangas et al., 2017). 
 
The asymmetric segregation of damaged proteins is not confined to yeast but is involved in 
various crucial biological processes, including neuroprotection in multicellular organisms and the 
rejuvenation of newborn microbial cells either during successive divisions or in response to 
environmental stress recovery (Moore and Jessberger, 2017). Notably, ER diffusion barriers 
have also been shown to facilitate the asymmetric segregation of damaged proteins between 
the daughter cells of mammalian neural stem cells (Moore et al., 2015). 
 
Mitochondria, the powerhouses of the cell, are essential for ATP production and cellular energy 
metabolism. Their precise segregation is crucial for maintaining cellular health and ensuring the 
proper fate of sibling cells (Mishra and Chan, 2014). In yeast, the distribution of mitochondria to 
the buds is tightly regulated, whereas the amount of mitochondria retained in the mother cell 
progressively declines with age (Rafelski et al., 2012). It is hypothesized that older, less 
functional mitochondria are preferentially retained in the mother cell, while buds receive highly 
functional organelles (Pernice et al., 2016). The anterograde (bud-directed) transport of 
mitochondria is mediated by Myo2 (Chernyakov et al., 2013). A recent genetic screen has 
uncovered an unexpected interaction between myo2 and genes required for mitochondrial 
fusion; when Myo2 transport capacity is constrained, mitochondria must be in a fused state to 
ensure an adequate mitochondrial supply to the bud. Conversely, fused mitochondria support 
the retention of a critical mitochondrial population in the mother cell when bud-directed transport 
is enhanced (Böckler et al., 2017). Intriguingly, mechanisms that govern the sequestration of 
damaged cytosolic proteins and aggregates in the mother cell may also contribute to biased 
mitochondrial inheritance (Zhou et al., 2014). Based on these findings, it has been proposed 
that minimal Myo2 activity is required for mitochondrial retention in the mother cell and for 
aggregate capture, thereby securing aggregate sequestration. In contrast, heightened Myo2 
activity promotes the transport of mitochondria-associated aggregates to the bud, disrupting 
aggregate retention. Thus, finely tuned Myo2-dependent mitochondrial transport is essential for 
confining cytosolic protein aggregates within the mother cell. 
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Figure 1. Selective inheritance of newly formed structures and organelles during the transfer of the old 
maternal centriole to the sibling that maintains stem-like potential 

 

 
Evidence linking asymmetric mitochondrial inheritance to stemness has also emerged. Human 
mammary epithelial stem-like cells (SLCs) inherit fewer old mitochondria and maintain stem cell 
properties, as reflected in their capacity to form mammospheres (Katajisto et al., 2015). Stem 
cells often sequester mitochondria containing aged proteins into distinct subcellular domains 
through a mechanism involving the dynamin-related protein Drp1, a key mediator of 
mitochondrial fission and autophagy (Mao et al., 2013). Disrupting mitochondrial fission impairs 
both age-associated subcellular localization and mitochondrial segregation, leading to the loss 
of stemness in daughter cells. Notably, SLCs exhibit an elevated mitophagy-to-autophagy ratio, 
suggesting that mitochondrial quality is critical for SLC identity and for asymmetric mitochondrial 
inheritance. This implies that any perturbation compromising mitochondrial quality control 
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mechanisms would either act as a signal prompting SLCs to halt asymmetric mitochondrial 
segregation or, alternatively, overwhelm their ability to efficiently partition aged mitochondria. 
Remarkably, the stem cell sibling that retains the parental stem-like potential selectively inherits 
all newly synthesized molecules, structures, and organelles—yet, at the same time, it 
exclusively inherits the old maternal centriole. 
 
A Drp1-dependent mechanism has also been observed in activated lymphocytes, which utilize 
asymmetric cell division (ACD) to coordinate differentiation and self-renewal (Adams et al., 
2016). Here, uneven elimination of aged mitochondria dictates differential sibling cell fates: 
daughter cells that purge more mitochondria undergo self-renewal, whereas sibling cells that 
retain more mitochondria proceed toward differentiation. Correspondingly, genetic and 
pharmacological inhibition of Drp1 enhances differentiation and elevates mitochondrial and 
cellular reactive oxygen species (ROS) levels. Cells exhibiting higher mitochondrial ROS 
accumulation exhibit impaired clearance of aged mitochondria. Conversely, ROS scavenging via 
N-acetyl-L-cysteine (NAC) enhances mitochondrial clearance and promotes self-renewal. 
Confocal microscopy has revealed that the subcellular distribution of aged mitochondria is 
largely symmetrical during metaphase and early telophase. However, as cytokinesis progresses, 
mitochondrial abundance frequently becomes skewed between sibling cells. In summary, ROS 
signaling plays a pivotal role in facilitating the removal of aged mitochondria in differentiated 
daughter cells. 
 
Mitochondrial asymmetry is also evident during meiosis I in mice, where the majority of 
mitochondria are retained in the oocyte rather than the polar body, which ultimately degenerates 
(Dalton and Carroll, 2013). This asymmetric mitochondrial distribution is crucial, as oocytes do 
not replicate mitochondria until fertilization. Moreover, blocking glycolysis before the blastocyst 
stage renders mitochondria the sole ATP source during early embryonic development 
(Dumollard et al., 2007). Biased mitochondrial partitioning during meiosis involves meiotic 
spindle mechanisms and spindle displacement. Initially, mitochondria accumulate around the 
spindle but are then transported toward the oocyte side along microtubules in a kinesin- and 
dynein-dependent manner. Subsequently, the meiotic spindle migrates toward the cortex during 
polar body extrusion in meiosis I (Ledan et al., 2001). This spindle migration process 
necessitates the actin cytoskeleton; in its absence, mitochondria remain symmetrically 
distributed (Mogessie et al., 2018). 
 
Similarly, lysosomes segregate asymmetrically in dividing keratinocytes, concentrating near the 
centrosomal side of the nucleus just before mitosis and subsequently partitioning preferentially 
into one daughter cell (Lång et al., 2018). Keratinocytes enriched with lysosomes exhibit higher 
colony turnover rates, a hallmark of human keratinocyte stemness (Nanba et al., 2016), and 
give rise to colonies expressing the stem cell marker cytokeratin 15 (K15; KRT15). 
 
Hematopoietic stem cells (HSCs) also exhibit biased segregation of the cellular degradation 
machinery, including lysosomes, autophagosomes, and mitophagosomes, during asymmetric 
divisions (Loeffler et al., 2019). Furthermore, asymmetric segregation of Numb, a Notch 
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signaling inhibitor (Kovall et al., 2017), has been reported in HSCs, influencing metabolic 
activation and differentiation potential in daughter cells. 
 
Since the initial description of asymmetric cell division (ACD) in 1905, significant progress has 
been made in uncovering the molecular and cellular mechanisms underlying this process. 
However, numerous fundamental questions remain unresolved, particularly regarding the role of 
size asymmetry between daughter cells in determining cell fate decisions and the precise 
mechanisms through which this occurs. Furthermore, the contribution of both intrinsic and 
extrinsic mechanical forces to cell polarization and the biased segregation of macromolecules is 
an area that remains largely unexplored. Of particular interest is the paradox of the inheritance 
of the oldest centriole by the daughter cell that retains the stemness potential of the parental 
cell—a phenomenon that demands further detailed investigation. 

Is Irreversible Differentiation Regulated by an 
Intrinsic Signal or an Extrinsic Factor? 
Waddington's epigenetic landscape remains one of the most profound conceptual frameworks 
for understanding cell lineage determination and the differentiation of progeny cells (Waddington 
CH, 1957). Over the past several decades, this insightful metaphor has guided researchers in 
formulating diverse models of cell fate decision-making (MacArthur, 2023). By integrating 
various quantitative models and analyzing the multitude of factors that influence fate 
determination, scientists have progressively refined and expanded upon Waddington’s 
landscape (Shakiba et al., 2022). Nevertheless, a critical unresolved question remains: is the 
landscape static and predetermined, or is it dynamically influenced by intrinsic noise or extrinsic 
signaling factors (Stanoev, A., & Koseska, A., 2022)? 
 
On one hand, some researchers argue that cells exist within a stationary epigenetic landscape, 
where fate decisions occur via discrete transitions between distinct valleys (Desai et al., 2021), 
driven by a phenomenon known as "regulated noise" in gene expression (Guillemin, A., & 
Stumpf, M. P. H., 2021). This perspective suggests that stochastic fluctuations in gene 
expression play a dominant role in cell fate commitment. Conversely, other studies support the 
idea that the epigenetic landscape is not fixed but dynamically reshaped during cell fate 
transitions. In this model, modifications to the landscape itself orchestrate fate changes (Hota et 
al., 2022) and are primarily controlled by external signaling inputs. 
 
Within the framework of noise-driven regulation, shifts in cell fate decisions are largely dictated 
by the spontaneous heterogeneity of gene expression within a given cell population (Wheat et 
al., 2020). Consequently, the initial cellular state significantly influences the trajectory of fate 
determination. For instance, Chang et al. (Chang et al., 2008) demonstrated that hematopoietic 
stem cells (HSCs) exhibit an inherent and stable heterogeneity in the expression levels of 
Scal-1, also known as Ly-6 (Van De Rijn et al., 1989). Notably, discrete populations 
characterized by different levels of Scal-1 expression display distinct predispositions toward 
specific lineage commitments. 
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In contrast, within the framework of signal-driven regulation, cell fate is dictated primarily by 
extrinsic factors, including cytokines, chemical cues, mechanical forces, and genetic regulatory 
elements, all of which dynamically remodel the epigenetic landscape. In this case, the influence 
of the initial cellular state on fate decisions is relatively negligible. Given the ability to modulate 
signaling pathways experimentally, the signal-driven model has been extensively utilized in cell 
fate engineering (Del Vecchio et al., 2017). This has led to the development of in vitro induction 
systems centered around the generation of induced pluripotent stem cells (iPSCs) for the 
production of specific, desired cell types (Ng et al., 2021). Collectively, these driving forces 
provide a foundational framework for decoding the mechanisms governing fate decisions and 
understanding key aspects of organismal development (Simon et al., 2018). By dissecting the 
interplay between noise-driven and signal-driven regulatory mechanisms, researchers can 
refine their understanding of cell differentiation processes in vivo, oncogenic transformation, and 
the reprogramming potential of cells in vitro. 
 
Nevertheless, the fundamental forces that govern the fate decisions of daughter cells during 
asymmetric division and differentiation remain elusive. The centriole-based differentiation theory 
proposes a direct link between differentiation inducers and centrioles—suggesting that 
irreversible differentiation is not primarily governed by nuclear cues but rather by cytoplasmic, 
intracellular signaling mechanisms that dictate fate commitment. Further investigation is 
required to elucidate the precise mechanisms by which centrioles influence these critical 
processes. 
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