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Abstract

Planarians present a unique cellular paradox: their proliferative stem cells (neoblasts)
completely lack centrioles, while their post-mitotic, differentiated cells possess them. This review
investigates the mechanisms and biological significance of this inverse correlation. We
synthesize evidence demonstrating that neoblasts employ a robust, evolutionarily conserved
acentrosomal pathway for spindle assembly, reliant on chromatin-mediated nucleation via
RanGTP and motor protein-driven self-organization. This adaptation potentially confers
advantages including enforced asymmetric division, metabolic economy, and a significantly
reduced risk of centrosome amplification-driven genomic instability, which may underpin the
planarians' extensive regenerative capabilities and resistance to tumors. Conversely, the
quiescence of centriole-bearing somatic cells is not caused by the organelles themselves but is
a consequence of terminal differentiation. These cells epigenetically silence the cell cycle
machinery and repurpose centrioles as basal bodies for ciliogenesis. The presence of centrioles
is thus a marker, not a driver, of the differentiated state. This system represents a profound
uncoupling of the mitotic apparatus from the centriole, offering novel insights into stem cell
biology, alternative modes of cell division, and providing conceptual frameworks for regenerative
medicine and cancer research.
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Introduction: The Planarian as a Unique Model for
Regeneration and Stem Cell Biology

The quest to understand the fundamental principles of tissue regeneration and stem cell biology
has led researchers to explore a diverse array of model organisms. Among these, planarians
(free-living flatworms of the order Tricladida) stand out due to their phenomenal regenerative
capabilities, which have fascinated scientists for centuries (Reddien, 2018). A single fragment of
the planarian body, representing as little as 1/279th of the original organism, can regenerate a
complete, perfectly proportioned animal within a matter of weeks (Newmark & Sanchez
Alvarado, 2002). This remarkable process is not driven by a limited wound-healing response but
by the activation of a ubiquitous and potent population of adult somatic stem cells, known
collectively as neoblasts (Wagner et al., 2011). The molecular and cellular machinery
underpinning planarian regeneration offers profound insights into the control of cell proliferation,
differentiation, and patterning, making them a powerful model for biomedical research (Gentile
et al., 2011).

The species Schmidtea mediterranea, in particular, has emerged as a premier model system
due to its diploid chromosomes and the development of robust genetic tools, including RNA
interference (RNAI) and next-generation sequencing methodologies (Reddien et al., 2005;
Zayas et al., 2005). The regenerative prowess of S. mediterranea is entirely dependent on
neoblasts. These cells are the only proliferative cells in the adult planarian body and are
responsible for both homeostatic tissue turnover and the massive blastema formation required
for regeneration (van Wolfswinkel et al., 2014). Ablation of neoblasts, for instance through
irradiation, completely abolishes regeneration and leads to the eventual death of the animal,
unequivocally demonstrating their status as the engine of renewal (Elliott & Sanchez Alvarado,
2013).

A deep paradox lies at the heart of the planarian stem cell system, presenting a fascinating
challenge to conventional cell biological dogma. Neoblasts, which are mitotically active and
must faithfully segregate their genome during every division, remarkably lack centrioles
(Azimzadeh et al., 2012). In the vast majority of animal cells, centrioles are essential
microtubule-organizing centers (MTOCSs) that form the core of the centrosome and are crucial
for assembling the bipolar mitotic spindle, ensuring accurate chromosome segregation (Conduit
et al., 2015). The absence of these canonical organelles in the primary stem cell of such a
complex organism is, therefore, both striking and counterintuitive. Studies have confirmed that
neoblasts undergo an acentrosomal mitosis, assembling their mitotic spindles via a mechanism
that likely relies on chromatin-mediated microtubule nucleation and stabilization by motor
proteins (Mller-Reichert et al., 2022). This places planarian neoblasts in a rare category of cells
capable of robust, acentriolar cell division, a feat typically associated with the female meiosis of
many animals and the early embryonic divisions of some species (Dumont & Desai, 2012).

This stands in stark contrast to the other cell types within the planarian body. Differentiated cells,
such as neurons, pharyngeal cells, and the ciliated cells of the ventral epidermis, possess fully
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formed centrioles, which in these post-mitotic cells function primarily as basal bodies to nucleate
cilia (Rink et al., 2009; Gonzalez-Sastre et al., 2017). Despite housing the very organelles
considered quintessential for cell division, these differentiated cells are entirely incapable of
proliferation. They exist in a permanent state of quiescence (GO phase), and their centrioles are
never recruited to organize a mitotic spindle (Pearson & Sanchez Alvarado, 2010). This creates
a clear and puzzling inverse correlation: the cells without centrioles (neoblasts) are proliferative,
while the cells with centrioles (somatic cells) are post-mitotic.

This fundamental dichotomy raises critical questions about the regulation of the cell cycle and
the very role of centrioles in stem cell biology. Why have planarian stem cells evolutionarily
discarded a structure so central to cell division in other metazoans? Does the absence of
centrioles confer a specific advantage to neoblasts, perhaps related to their stemness, their
mode of division (symmetric vs. asymmetric), or the prevention of aberrant proliferation?
Conversely, does the presence of a centriole in a differentiated cell act merely as a passive
marker of a terminal state, or could it play a more active role in enforcing post-mitotic arrest by
repressing cell cycle re-entry?

The primary goal of this article is to investigate this cellular paradox. We will synthesize current
evidence to explore the molecular and cellular mechanisms that enable acentriolar neoblasts to
successfully proliferate with high fidelity. Furthermore, we will examine the potential reasons
why the presence of centrioles in differentiated planarian cells correlates with, and may even
contribute to, their irreversible exit from the cell cycle. Resolving this paradox is not only
essential for a complete understanding of planarian biology but also provides broader insights
into alternative mechanisms of cell division and the intricate relationship between cellular
architecture and cell fate determination.

Centrioles and the Mitotic Spindle: The Canonical
Pathway of Mitosis

The faithful transmission of genetic material during cell division is a fundamental process in
eukaryotic life, orchestrated by a complex macromolecular machine known as the mitotic
spindle. For over a century, the centrosome, a organelle comprised of a pair of centrioles
surrounded by pericentriolar material (PCM), has been established as the primary
microtubule-organizing center (MTOC) responsible for assembling this spindle in animal cells
(Conduit et al., 2015). The centrioles themselves, nine-fold symmetric barrel-shaped structures,
act as the foundational core that recruits the PCM, a protein-dense matrix that nucleates and
anchors microtubules (Woodruff et al., 2014). The function of centrioles, therefore, extends
beyond mere structural elements; they are the central architects of the cytoskeletal landscape
during mitosis.

The canonical pathway of mitotic spindle assembly is a centrosome-centric process. During

interphase, the centrosome duplicates, and the two resultant centrosomes migrate to opposite
poles of the nuclear envelope as mitosis commences (Nigg & Holland, 2018). Following nuclear
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envelope breakdown, each centrosome nucleates a radial array of dynamic microtubules,
forming an aster. These microtubules explore the cytoplasm, and through a combination of
motor protein activity and microtubule-microtubule interactions, they self-organize into a bipolar,
fusiform mitotic spindle (Prosser & Pelletier, 2017). The kinetochores on chromosomes capture
microtubules from both poles, establishing bi-orientation and tension, which is the prerequisite
for the anaphase separation of sister chromatids (Musacchio & Desai, 2017). The centrosomes,
positioned at the spindle poles, provide structural stability and ensure the geometric fidelity of
this process, guaranteeing that chromosome segregation is both accurate and symmetric.

The presence of centrioles as the organizing core of centrosomes is considered the gold
standard for ensuring orderly and precise mitosis across most metazoan cell types. Their role is
so critical that their dysfunction is intimately linked to severe cellular pathologies. Numerical or
structural aberrations in centrioles can lead to the formation of multipolar spindles, merotelic
attachments (where a single kinetochore is attached to both poles), and subsequent mitotic
delays or errors in chromosome segregation (Godinho & Pellman, 2014). This genomic
instability, manifesting as aneuploidy (an abnormal number of chromosomes), is a hallmark of
cancer cells and a driving force in tumorigenesis (Levine & Holland, 2018). Furthermore,
mutations in genes encoding centrosomal proteins are associated with a spectrum of human
diseases, collectively known as "centrosomopathies," which include microcephaly, ciliopathies,
and certain cancers (Nigg & Raff, 2009). The evidence is overwhelming: in the vast majority of
documented cases, proper centriole function is non-negotiable for error-free cell division.

This established dogma, however, is powerfully challenged by the existence of planarian
neoblasts. These cells represent a profound exception to the rule, demonstrating that precise
and prolific mitosis can occur via an alternative, acentriolar pathway. Neoblasts completely lack
centrioles, as confirmed ultrastructurally and by the absence of key centriolar markers
(Azimzadeh et al., 2012). This observation immediately poses a fundamental problem: how do
these cells assemble a functional bipolar spindle without the central organizers that are deemed
essential? The neoblast system forces a re-evaluation of the absolute requirement for centrioles
in mitosis and suggests that alternative, evolutionarily conserved mechanisms of spindle
assembly can be sufficient, and perhaps even preferentially employed, in certain stem cell
contexts.

The planarian paradox thus creates a clear dichotomy that sits at the intersection of cell biology
and stem cell research. On one hand, we have the canonical model, where centriole-based
spindle assembly is the norm, and its failure leads to disease. On the other hand, we have
planarian neoblasts, which proliferate successfully for the lifetime of the animal using a
non-canonical pathway, all while their differentiated progeny, which possess centrioles, are
permanently barred from division. This stark contrast moves the scientific inquiry from a simple
observation of an exception to a series of mechanistic questions: What molecular pathways
substitute for the centrosomal function in neoblasts? Is the acentrosomal mode of division more
prone to error, and if not, what safeguards ensure its fidelity? And ultimately, does the absence
of centrioles confer a specific biological advantage to the neoblast state, potentially relating to
its stemness or its role in regeneration? Addressing these questions is crucial to understanding
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the full spectrum of mechanisms that eukaryotic cells employ to accomplish the critical task of
division.

Cellular Heterogeneity in Planarians: Neoblasts vs.
Differentiated Cells

The planarian body plan, while seemingly simple, is a complex mosaic of cell types that exhibit
a stark functional dichotomy. This cellular heterogeneity is fundamental to understanding the
organism's regenerative capabilities and is central to the paradox of centriole-bearing and
centriole-lacking cells. The adult planarian soma is composed of two broad, functionally
antagonistic categories: a single population of pluripotent, proliferative stem cells (neoblasts)
and a diverse array of terminally differentiated, post-mitotic cells. This chapter will define these
populations based on their morphological characteristics, molecular markers, and most
importantly, their relationship with the centriole and the cell cycle.

Neoblasts: The Acentriolar Proliferative Engine

Neoblasts are the cornerstone of planarian biology. They are small (~5-10 ym in diameter),
undifferentiated cells characterized by a high nuclear-to-cytoplasmic ratio, a large, ovoid nucleus
with diffuse chromatin, and scant cytoplasm that is rich in ribosomes (Cowles et al., 2013; Zhu
et al., 2015). This morphology is classically associated with stem and progenitor cells across
metazoans, reflecting a state primed for gene expression and protein synthesis in service of
proliferation and differentiation.

The definitive molecular signature of planarian neoblasts is the expression of genes from the
piwi family. Piwi genes encode Argonaute-family proteins that are strongly conserved markers
for germline and somatic stem cells in many organisms (Juliano et al., 2011). In Schmidtea
mediterranea, the protein product of the gene *smedwi-1* (Schmidtea mediterranea piwi-1) is
the most widely used marker for identifying neoblasts (Reddien et al., 2005). Immunostaining
with anti-Smedwi-1 antibodies reveals a vast population of small, scattered cells throughout the
parenchyma, excluding the organ structures and the region anterior to the photoreceptors. The
expression of piwi genes is not merely correlative; it is functionally essential for neoblast
maintenance and regeneration, as RNAi-mediated knockdown of *smedwi-1* leads to the loss
of neoblasts, failure to regenerate, and animal death (Reddien et al., 2005).

The most remarkable and defining ultrastructural feature of neoblasts, in the context of this
study, is their complete lack of centrioles. This was conclusively demonstrated through
transmission electron microscopy (TEM), which failed to identify any centriolar structures in
these cells despite their active division (Azimzadeh et al., 2012). This morphological evidence is
strongly supported by molecular data: neoblasts show no expression of core centriolar
components. For instance, y-tubulin, a critical protein found in the pericentriolar material
required for microtubule nucleation in centrosomes, is not localized to discrete puncta in dividing
neoblasts, unlike in canonical centrosome-driven mitosis (Azimzadeh et al., 2012). Furthermore,
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transcriptomic analyses of FACS-sorted neoblasts show low or absent expression of mRNAs
encoding other centriole components like SAS-4/CPAP, SAS-6, and PLK4 (Labbe et al., 2012;
Wagner et al., 2012). Thus, neoblasts are not merely cells that can sometimes divide without
centrioles; they are fundamentally acentriolar cells that have evolutionarily lost the entire
machinery for centriole biogenesis.

Differentiated Cells: The Centriolar Post-Mitotic Tissues

In stark contrast to the neoblasts, all other cells in the planarian body are terminally
differentiated and form the functional tissues and organs of the animal. This includes a wide
variety of cell types such as neurons (of which there are over 30 subtypes), multiciliated cells of
the protonephridia and epidermis, secretory cells of the intestine, muscle cells, and various
types of gland cells (Witchley et al., 2013; Plass et al., 2018). These cells are defined by their
specialized morphology, which is tailored to their function—neurons extend long axons,
epidermal cells develop numerous cilia, and gut cells form a branched lumen.

Critically, these differentiated cells possess fully formed, canonical centrioles. In ciliated cell
types, such as the epidermal cells that cover the entire ventral surface of the animal, centrioles
are present in large numbers as basal bodies, which nucleate the assembly of motile cilia
essential for locomotion (Rink et al., 2009; Gonzalez-Sastre et al., 2017). Even in non-ciliated
cell types like neurons, centrioles are present, though their function may be related to
microtubule organization or other, less understood roles (Ahmad & Baas, 1995). The presence
of centrioles in these cells is easily demonstrable through immunofluorescence staining for
markers like y-tubulin or centrin, which reveal clear, punctate signals at the base of cilia in
epidermal cells (Azimzadeh et al., 2012).

The defining functional characteristic of these centriole-bearing cells is their absolute and
permanent exit from the cell cycle. They reside in a state of deep quiescence (GO phase) and
never re-enter the mitotic cycle (Pearson & Sanchez Alvarado, 2010). This post-mitotic state is
enforced by robust molecular mechanisms. Differentiated cells downregulate the expression of
core cell cycle regulators, such as cyclins and cyclin-dependent kinases (CDKs), and activate
pathways that maintain terminal differentiation (Onal et al., 2012). Attempts to force cell cycle
re-entry in these cells, for example through oncogene expression, are typically unsuccessful
and often lead to cell death rather than division, a safeguard that is crucial for the stability of a
long-lived organism (Pearson & Sanchez Alvarado, 2010).

This clear cellular dichotomy establishes the central paradox: the proliferative unit of the
planarian is defined by the absence of the organelle traditionally required for proliferation (the
centriole), while the non-dividing somatic tissues are defined by its presence. This inverse
relationship suggests that the presence or absence of a centriole is not a random occurrence
but is intrinsically linked to the cellular identity and proliferative fate of the cell. Understanding
how neoblasts achieve division without centrioles and why the possession of a centriole is
synonymous with a post-mitotic state in planarians is key to unraveling this unique biological
strategy.
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The Mechanism of Acentriolar Division in Neoblasts

The absence of centrioles in planarian neoblasts necessitates an alternative, non-canonical
pathway for assembling the mitotic spindle. This acentrosomal mechanism must fulfill the same
critical functions as its centrosomal counterpart: it must efficiently nucleate microtubules,
organize them into a bipolar array, and facilitate the correct attachment and segregation of
chromosomes. Research over the past decade has begun to unravel the molecular players and
physical principles that govern this remarkable process in neoblasts, revealing a strategy that is
both sophisticated and evolutionarily ancient.

The Acentrosomal Pathway of Spindle Assembly

Neoblasts entirely bypass the centrosome-dependent pathway for initiating spindle formation.
Instead of relying on predefined MTOCs at discrete poles, they employ a decentralized
mechanism where spindle assembly is driven by the chromosomes themselves and the
self-organizing properties of microtubules and associated motor proteins (Miller-Reichert et al.,
2022). This strategy is not a peculiarity of planarians but represents one of the two fundamental
modes of spindle formation in eukaryotes, the other being the centrosomal pathway (Dumont &
Desai, 2012). In the absence of centrioles, the cytoplasm of the dividing neoblast becomes the
stage for a search-and-capture process that is initiated from multiple sites within the cell.

The Central Role of Chromosomes: The RanGTP Pathway

The primary nucleating signal for acentrosomal spindle assembly emanates from the
chromosomes. A key regulator in this process is the small GTPase Ran. Around the
chromosomes, the guanine nucleotide exchange factor RCC1, which is bound to chromatin,
generates a high local concentration of Ran in its GTP-bound form (RanGTP) (Clarke & Zhang,
2008). This RanGTP gradient acts as a spatial cue that propagates the influence of the
chromosomes into the surrounding cytoplasm. RanGTP promotes the release and activation of
specific spindle assembly factors (SAFs) from importin proteins that keep them inactive during
interphase (Caudron et al., 2005). These activated SAFs include proteins that stabilize
microtubules, nucleate new microtubules, and regulate motor protein activity. Consequently, this
RanGTP-dependent mechanism leads to the intensive nucleation of new microtubules directly in
the vicinity of the chromosomes, effectively creating a microtubule cloud that ensheathes the
condensing chromatin (Meunier & Vernos, 2012). This chromatin-mediated nucleation is a
cornerstone of acentrosomal spindle assembly and is believed to be the primary mechanism
initiating spindle formation in neoblasts.

Self-Organization of Microtubules and Motor Protein Activity

The initial cloud of randomly oriented microtubules generated around the chromosomes is
inherently unstable and must be structured into a stable, bipolar spindle. This organization is
achieved through the coordinated action of motor proteins, which crosslink and slide
microtubules relative to one another. Two classes of motor proteins are particularly crucial:
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plus-end-directed homotetrameric kinesins (e.g., kinesin-5/Eg5) and minus-end-directed
cytoplasmic dynein (Burbank et al., 2007; Tanenbaum et al., 2008).

Kinesin-5 motors, which crosslink adjacent microtubules and push them apart, are essential for
establishing and maintaining spindle bipolarity. Inhibition of kinesin-5 in acentrosomal systems
often leads to the collapse of the bipolar spindle into a monopolar array (Mountain et al., 1999).
Conversely, cytoplasmic dynein plays a critical role in focusing the minus ends of microtubules
to form spindle poles. Dynein, often in complex with its cofactors dynactin and NuMA, can tether
the minus ends of microtubules and pull them together, effectively clustering them into defined
poles even in the absence of centrosomes (Merdes et al., 1996; Gaglio et al., 1996). The
antagonistic forces generated by these opposing motors—kinesins pushing microtubules apart
and dynein pulling their minus ends together—create a tension that drives the self-organization
of the initially disordered microtubule network into a classic bipolar, fusiform spindle apparatus
(Walczak et al., 1998). This motor-driven sorting mechanism is so robust that it can form bipolar
spindles around DNA-coated beads in Xenopus egg extracts, which lack centrioles,
demonstrating the sufficiency of chromatin and motor proteins for this process (Heald et al.,
1996).

Evolutionary Conservation and Robustness

The acentrosomal mechanism of spindle assembly employed by planarian neoblasts is not an
evolutionary novelty but a deeply conserved pathway utilized across diverse eukaryotic
lineages. It is the predominant mode of spindle formation in the female meiosis of most animal
species, including humans, where oocytes arrest in metaphase |l for extended periods without
the aid of canonical centrosomes (Schuh & Ellenberg, 2007). The oocytes of the fruit fly
Drosophila melanogaster represent a classic and well-studied model for acentrosomal spindle
assembly, relying entirely on the RanGTP pathway and motor-driven self-organization (McKim &
Hawley, 1995). Furthermore, higher plants, which naturally lack centrioles entirely, form bipolar
spindles through mechanisms strikingly similar to those described for neoblasts, utilizing
chromatin-mediated nucleation and microtubule reorganization into bipolar arrays (Petrovska et
al., 2014).

This widespread phylogenetic conservation underscores the robustness and fidelity of the
acentrosomal pathway. It is a ancient and reliable system that was likely the primordial method
of cell division before the evolution of centrioles and centrosomes. The fact that planarian
neoblasts, as well as the early embryonic cells of many mammals, utilize this pathway suggests
that it may be particularly advantageous in certain stem cell contexts. Its reliability negates the
notion that acentriolar division is inherently error-prone; on the contrary, in the specific cellular
environment of the neoblast, it is a highly precise and controlled process. The reactivation of
this ancient, conserved machinery in planarian stem cells may therefore be a key adaptation
that permits their prolific and sustained proliferation throughout the animal's life, free from the
constraints of centriole duplication and the risks of centrosome amplification.
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Advantages of Acentriolar Division for Stem Cells

The acentriolar nature of planarian neoblasts, once considered a curious anomaly, may in fact
represent a sophisticated evolutionary adaptation that confers specific advantages to the stem
cell system. The absence of centrioles is not merely a passive loss but could be an active
strategy that optimizes neoblast function for their critical roles in maintenance and regeneration.
This chapter explores the potential selective benefits of acentrosomal division, including the
enforcement of asymmetric cell fate outcomes, metabolic economy, and the suppression of
oncogenic transformation.

Preventing Improper Division: Enforcing Asymmetry

A fundamental requirement for maintaining a stable pool of adult stem cells is the precise
regulation of division symmetry. While symmetric divisions (which produce two identical stem
cells or two differentiated cells) are necessary for expanding the population during growth or
regeneration, asymmetric cell division (ACD) is crucial for self-renewal, where one stem cell
gives rise to one stem cell and one differentiated progeny (Knoblich, 2010). In many canonical
stem cell systems, the centrosome plays a direct role in ACD. The mother centriole, often
retained in the stem cell daughter, is associated with specific fate determinants and its
asymmetric segregation is a key mechanism for generating daughter cells with different
identities (Yamashita et al., 2007).

The absence of centrioles in neoblasts may therefore be a mechanism to circumvent the
default, centrosome-influenced pathways of division and impose a distinct, potentially more
robust, mechanism for ensuring asymmetric outcomes. Without centrioles, the neoblast must
rely on alternative polarity cues, such as cortical polarity complexes and the asymmetric
segregation of mRNA and protein determinants, to dictate cell fate (Gonczy, 2008). It is
plausible that the acentriolar state forces the cell to utilize these alternative pathways, which
might be less prone to errors that could lead to expansion of the stem cell pool and potential
tumorigenesis. In essence, by removing the centrosome—a potent organizer of division
symmetry—from the equation, the planarian may have evolved a system where the decision to
divide symmetrically or asymmetrically is more tightly coupled to extrinsic signals from the niche
and intrinsic polarity networks that are less error-prone than centriole-based mechanisms
(Morrison & Kimble, 2006). This could be particularly important in a organism like a planarian,
where the stem cell population is vast and must be meticulously controlled.

Energetic Economy: Optimizing Resources for Proliferation

The biogenesis and maintenance of centrioles is a metabolically expensive process. It requires
the coordinated synthesis of numerous proteins, their correct assembly into a complex structure,
and the faithful duplication of that structure once per cell cycle (Nigg & Holland, 2018). This
consumes energy (ATP), building blocks (amino acids), and transcriptional/translational
capacity. For a cell like the neoblast, which must be poised to rapidly proliferate in response to
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injury or during normal homeostasis, minimizing unnecessary energetic overhead could provide
a significant selective advantage.

By eliminating centrioles, neoblasts free up cellular resources that can be reallocated to core
functions essential for their stemness and proliferative capacity. These resources can be
directed towards the massive transcriptional activity required to maintain pluripotency (as
evidenced by their large, active nucleus), the rapid translation of proteins needed for cell cycle
progression, and the synthesis of nucleotides for DNA replication (Shcherbik et al., 2016). This
metabolic efficiency is not just a theoretical benefit; cancer cells, for instance, often rewire their
metabolism to support their high proliferative demand (Vander Heiden et al., 2009). For
neoblasts, operating under the constant constraint of resource allocation within the organism,
the loss of centrioles could be a key part of a metabolic strategy that optimizes them for their
function as a constant, on-demand source of new cells, allowing for a faster response to
environmental cues like wounding.

Reducing Oncogenic Potential: Enhancing Fidelity and Control

Perhaps the most significant advantage of acentriolar division is the potential to reduce
oncogenic risk. In most animal cells, centrosome amplification—the acquisition of more than two
centrosomes—is a common feature of cancers and a potent driver of chromosomal instability
(CIN). Supernumerary centrosomes can lead to multipolar spindles, merotelic kinetochore
attachments, and aneuploidy, all of which fuel tumor evolution (Godinho & Pellman, 2014). The
very process of centriole duplication is a node of vulnerability; dysregulation of key regulators
like PLK4 can easily lead to centriole overduplication (Basto et al., 2008).

Neoblasts are effectively immune to this entire class of oncogenic defects. They cannot undergo
centrosome amplification because they lack the template and the core machinery to make
centrioles in the first place. Their acentrosomal spindle assembly pathway, reliant on chromatin
and motor-driven self-organization, may be inherently more robust and less susceptible to the
formation of unstable multipolar configurations. The spindle bipolarity is an emergent property of
the system rather than being dictated by the number of pre-existing organelles (Muller-Reichert
et al., 2022). This could provide a crucial safeguard for a long-lived organism like a planarian,
whose somatic cells are post-mitotic and whose entire regenerative capacity depends on the
genomic integrity of its neoblasts over its potentially indefinite lifespan. The absence of
centrioles may thus be a tumor-suppressor mechanism, a way to eliminate a major source of
genomic instability from the proliferative compartment of the animal (Levine & Holland, 2018).
The fact that planarians appear to be highly resistant to spontaneous tumor formation, despite
their massive and lifelong proliferative potential, lends credence to the idea that their unique
stem cell biology, including acentriolar division, is inherently protective (Pearson & Sanchez
Alvarado, 2010).

In conclusion, the lack of centrioles in neoblasts is unlikely to be a mere evolutionary relic.

Instead, it appears to be a adaptive trait that positively contributes to their function by promoting
asymmetric division, conserving energy, and most importantly, providing a powerful barrier
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against genomic instability and cancer. This unique adaptation highlights how fundamental
cellular processes can be remodeled in specific contexts to optimize fitness and ensure
long-term tissue homeostasis.

Why Differentiated Cells with Centrioles Do Not
Divide

The inverse correlation in planarians—where proliferative cells lack centrioles and
centriole-bearing cells are post-mitotic—demands an explanation for the quiescence of the
differentiated compartment. The presence of a centriole, the organelle canonically required for
division, in these non-dividing cells is a profound paradox. The evidence strongly suggests that
the centriole is not the cause of this cell cycle exit but rather a consequence of it. The terminal
differentiation program itself imposes a deep and multifaceted block on proliferation, rendering

the centrioles functionally redundant for mitosis and repurposing them for alternative cellular
functions.

Epigenetic Reprogramming and Cell Cycle Silencing

The journey from a pluripotent neoblast to a terminally differentiated cell involves a radical
rewiring of the gene expression landscape, governed largely by epigenetic mechanisms. This
reprogramming permanently silences the vast machinery required for cell cycle progression and
DNA replication. Differentiated cells downregulate the core regulators of the cell cycle, including
cyclins and cyclin-dependent kinases (CDKs), which are essential for driving the cell through its
phases (G1, S, G2, M) (Malumbres & Barbacid, 2009). For instance, the expression of mitotic
cyclins (e.g., Cyclin B) and S-phase promoting factors is extinguished.

This silencing is enforced through stable epigenetic marks. Histone modifications, such as the
repressive trimethylation of histone H3 on lysine 27 (H3K27me3), are deposited on the
promoters of cell cycle and proliferation-related genes, locking them in a transcriptionally
inactive state (Onal et al.,, 2012). Additionally, the retinoblastoma (Rb) tumor suppressor
pathway, a key guardian of the G1/S checkpoint, is likely activated and maintained in a
hypophosphorylated state in differentiated cells. Active Rb binds and inhibits transcription
factors like E2F, which are necessary for the expression of S-phase genes (e.g., DNA
polymerase, replication origin factors), thus effectively blocking any attempt to initiate DNA
replication (Burkhart & Sage, 2008). This epigenetic and regulatory lockdown ensures that the
molecular engine of the cell cycle is completely disassembled, making re-entry into the cycle
virtually impossible.
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Centrioles as a Marker of Differentiation, Not a Cause of
Quiescence

The acquisition of centrioles in differentiated planarian cells is best understood not as the
reason they cannot divide, but as a hallmark of their terminal state. These cells synthesize
centrioles de novo to serve specialized, post-mitotic functions, most notably as basal bodies for
ciliogenesis. The planarian epidermis, for example, is a densely ciliated epithelium that
facilitates locomotion through the coordinated beating of cilia, all nucleated by centriole-derived
basal bodies (Rink et al.,, 2009; Gonzalez-Sastre et al.,, 2017). Similarly, cells of the
protonephridial system (the planarian kidney) use cilia for generating fluid flow.

The molecular pathways that drive terminal differentiation also activate the program for centriole
biogenesis and cilia formation. The transcription factor FoxJ1, a master regulator of motile
ciliogenesis, is expressed in these differentiated ciliated cells and upregulates genes necessary
for centriole duplication and ciliary assembly (Vladar & Brody, 2013). Therefore, the centriole is
a product of the differentiation process itself. It is a piece of specialized cellular equipment
acquired for a specific job, much like a neuron acquires synaptic vesicles or a muscle cell
acquires myofibrils. Its presence is a signature that the cell has committed to a complex,
functional role within the organism's soma, a role that is incompatible with the disruptive process
of mitosis.

Irreversible Exit from the Cell Cycle and Centriole Repurposing

Differentiated planarian cells enter a state of deep and likely irreversible quiescence (G0). Their
centrioles are never recruited to function as MTOCs for spindle assembly because the entire
mitotic program is epigenetically disabled. The centrioles are molecularly "asleep" in their
capacity to nucleate microtubules for mitosis. Instead, they are fully dedicated to their role in
anchoring and organizing the axonemal microtubules of the cilium.

This post-mitotic state is fiercely protected by robust tumor suppressor mechanisms. The
planarian homolog of the p53 protein, a key guardian of genomic integrity and a potent cell cycle
inhibitor, is expressed in differentiated tissues and is thought to play a crucial role in maintaining
this quiescence (Pearson & Sanchez Alvarado, 2010). p53 can arrest the cell cycle in response
to stress and DNA damage, and its sustained activity in differentiated cells provides a powerful
barrier against any aberrant attempt to re-enter the cell cycle, which would be catastrophic for
tissue function.

Attempts to experimentally force these cells to divide would likely fail or induce apoptosis. Even
if one could theoretically reactivate the cell cycle machinery, the centrioles in these cells have
been repurposed and may not be immediately competent to form a mitotic centrosome. They
are stably anchored at the cell membrane as basal bodies, and their associated pericentriolar
material (PCM) is configured for ciliogenesis, not for the massive microtubule nucleation
required for mitosis (Vertii et al., 2016). Dismantling this ciliary apparatus to convert a basal
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body back into a centrosome is a complex process that is not part of the planarian differentiated
cell's program.

In conclusion, the centrioles in differentiated planarian cells are passengers, not drivers, of the
post-mitotic state. Their presence is a consequence of a terminal differentiation program that
epigenetically silences the cell cycle and simultaneously activates pathways for building
specialized structures like cilia. The irreversible exit from the cell cycle is enforced by powerful
tumor suppressor networks like p53. Thus, the planarian body is elegantly organized into two
discrete compartments: one dedicated to proliferation (acentriolar neoblasts) and one dedicated
to function (centriolar somatic cells), with the differentiation process acting as a strict one-way
valve between them.

Comparison with Other Biological Systems

The planarian strategy of acentriolar stem cell division is not an isolated biological curiosity.
Rather, it represents a specific implementation of a broader, evolutionarily conserved
phenomenon. Placing the planarian neoblast system in a comparative context with other
biological models—ranging from early mammalian development to cancer pathology and other
stem cell types—reveals fundamental principles about the regulation of cell division, the
functionality of acentrosomal pathways, and the potential advantages of sidestepping centriole
dependency in certain contexts.

Early Mammalian Embryogenesis: A Transient Phase of
Acentrosomal Division

The most striking parallel to planarian neoblast division is found in the very beginning of
mammalian life. The early cleavages of the zygote and blastomeres in mice, humans, and other
mammals occur in the absence of canonical centrioles (Courtois et al., 2012). The sperm
contributes a centriole, but it is degraded after fertilization. The oocyte is naturally acentriolar,
and as a result, the first several cell divisions rely entirely on acentrosomal mechanisms to form
bipolar spindles (Schuh & Ellenberg, 2007). These early embryonic spindles are assembled
through mechanisms highly reminiscent of those in planarian neoblasts: microtubules are
nucleated around chromosomes via the RanGTP pathway and are then organized into bipolar
arrays by the action of motor proteins like kinesin-5 and dynein (Holubcova et al., 2015).

Centrioles only appear de novo later in development, around the time of blastocyst formation,
coinciding with a major transcriptional activation event known as the maternal-to-zygotic
transition (MZT) and the onset of cellular differentiation (Loncarek & Khodjakov, 2009). This
developmental timeline is profoundly instructive. It demonstrates that acentrosomal spindle
assembly is a robust and precise enough mechanism to support the critical initial divisions that
form an organism. Furthermore, it establishes a clear correlation: the pluripotent, rapidly dividing
cells of the early embryo are acentriolar, while the appearance of centrioles is coupled with the
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onset of differentiation. This echoes the planarian paradigm exactly, suggesting that the
absence of centrioles may be a conserved feature of certain potent, plastic proliferative states.

Cancer Cells: Centrosome Amplification as a Source of Instability

A revealing counterpoint to the stable acentriolar division of neoblasts is the situation in many
cancer cells. A hallmark of numerous carcinomas, sarcomas, and hematological malignancies is
centrosome amplification—the presence of more than two centrosomes (Godinho & Pellman,
2014). This aberration occurs due to defects in the strict regulatory cycle that controls centriole
duplication, often driven by oncogene activation or tumor suppressor inactivation (Nigg &
Holland, 2018).

Supernumerary centrosomes are a potent driver of chromosomal instability (CIN). They can
organize multipolar spindles that lead to catastrophic mitotic errors, or they can cluster into
pseudo-bipolar spindles that nevertheless foster merotelic kinetochore attachments (where a
single kinetochore is attached to microtubules from both poles) (Ganem et al., 2009). These
erroneous attachments lag behind in anaphase, leading to DNA breakage and
whole-chromosome mis-segregation, thus fueling tumor heterogeneity and evolution (Levine &
Holland, 2018).

The contrast with planarian neoblasts is stark. Neoblasts have evolutionarily jettisoned the
entire centriole duplication machinery, eliminating the very possibility of centrosome
amplification. Their acentrosomal pathway, reliant on chromatin and self-organization, is
inherently constrained to form a bipolar array. This suggests that one of the significant
advantages of acentriolar division is the avoidance of a major source of genomic instability. The
neoblast system demonstrates that prolific proliferation can be decoupled from the risk of
centrosome-driven CIN, a decoupling that cancer cells, with their dysregulated centriole cycles,
disastrously fail to achieve.

Drosophila Male Germline Stem Cells: A Shared Stem Cell
Strategy

Further evidence that acentriolar division may be a specialized feature of certain stem cell
niches comes from the model organism Drosophila melanogaster. The male germline stem cells
(GSCs) in the Drosophila testis, which are responsible for sustained spermatogenesis, also
divide without centrioles (Yamashita et al., 2007). In this system, the mother centriole is
asymmetrically inherited by the differentiating goniablast cell during each stem cell division. The
stem cell daughter is left without a centriole and must therefore undergo acentrosomal mitosis to
proliferate.

This mechanism ensures that the stem cell property is associated with the acentriolar state,
while the acquisition of a centriole is a marker of commitment to differentiation—a principle that
directly mirrors the planarian system. The Drosophila male GSC niche provides a clear example
where the asymmetric segregation of a centriole is used to enforce asymmetric cell fate, and the
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stem cell relies on acentrosomal mechanisms for its self-renewing divisions (Venkei &
Yamashita, 2018). This convergent evolution between a fly and a flatworm strongly implies that
acentriolar division is not a random loss but a adaptive trait that may be particularly
advantageous in maintaining specific types of stem cell populations. It may facilitate the precise
asymmetric segregation of fate determinants or, as in planarians, reduce the metabolic cost and
oncogenic risk associated with maintaining the centriole duplication cycle.

In summary, the planarian neoblast system is a key piece in a broader puzzle of acentrosomal
life. It shares a developmental strategy with the earliest stages of mammalian life, represents a
stable alternative to the centrosome-driven chaos of cancer, and exhibits a convergent
evolutionary solution with the stem cells of the Drosophila male germline. These comparisons
affirm that acentriolar division is a widespread, robust, and controlled biological phenomenon,
and its employment in planarian neoblasts is a key adaptation for their lifelong regenerative
capacity.

Consequences and Biological Significance

The unique cellular dichotomy observed in planarians—acentriolar, proliferative neoblasts
versus centriolar, post-mitotic somatic cells—is not merely a biological oddity. It represents a
profound evolutionary adaptation with significant implications for our understanding of stem cell
biology, regeneration, and the fundamental principles of cell cycle control. The biological
significance of this system extends from the organismal level, explaining the remarkable
regenerative capacity of planarians, to the conceptual level, offering new paradigms for
biomedical research.

Regenerative Potential and Long-Term Genomic Stability

The ability to undergo acentriolar division is likely a fundamental property that underpins the
long-term maintenance of a potent stem cell pool in planarians. The neoblast population must
persist and function flawlessly throughout the animal's life, which is essentially indefinite under
ideal conditions (Reddien, 2018). This presents a formidable challenge: how to sustain massive
proliferative potential over a lifetime without succumbing to the genomic instability that typically
accompanies high rates of cell division.

The avoidance of centrioles provides a elegant solution to this challenge. As discussed, the
acentrosomal pathway of spindle assembly is inherently resistant to the formation of multipolar
spindles, a major source of chromosomal instability (CIN) and a hallmark of many cancers
(Godinho & Pellman, 2014). By eliminating the centriole duplication cycle, neoblasts effectively
bypass the risk of centrosome amplification, a potent driver of aneuploidy (Levine & Holland,
2018). This may be a key reason why planarians, despite their immense regenerative activity,
exhibit extreme resistance to spontaneous tumor formation (Pearson & Sanchez Alvarado,
2010). The neoblast system demonstrates that high proliferative capacity and genomic stability
are not mutually exclusive; they can be synergistically achieved through the evolutionary loss of
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a potentially error-prone organelle. This strategy allows for the maintenance of a large,
perpetually active stem cell population that is both highly potent and remarkably secure, forming
the cellular basis for their legendary regenerative capabilities.

Evolutionary Plasticity and the Diversification of Regenerative
Strategies

The adoption of acentrosomal division likely provided a significant evolutionary advantage,
enabling the diversification and refinement of regenerative mechanisms in planarians and
similar organisms. The centriole is a complex organelle whose duplication, maturation, and
function are governed by a tightly regulated and costly genetic program (Nigg & Holland, 2018).
Freeing stem cells from these constraints may have provided greater evolutionary plasticity.

Without the need to coordinate spindle assembly with the centriole cycle, neoblasts could
potentially respond more rapidly to regenerative cues. The signaling pathways activating
proliferation could directly engage the core cell cycle and acentrosomal spindle assembly
machinery without an intermediary organellar duplication step, potentially speeding up the initial
response to injury (Wenemoser & Reddien, 2010). Furthermore, the molecular resources saved
by not synthesizing centriolar components could be reallocated to other functions, such as the
expression of a vast repertoire of genes that maintain pluripotency and enable differentiation
into any cell type (Labbe et al., 2012). This evolutionary flexibility might have been a
prerequisite for the development of such a powerful and comprehensive regenerative system,
allowing stem cell biology to be optimized for function over strict adherence to a canonical
mitotic mechanism.

Directions for Medicine: Insights for Regenerative Medicine and
Oncology

The lessons from planarian neoblasts offer fertile ground for translational research in two
seemingly opposed fields: regenerative medicine and oncology. Understanding the mechanisms
of acentriolar division could provide new strategies for controlling stem cell behavior in
therapeutic contexts.

In regenerative medicine, a primary goal is to control the proliferation and differentiation of stem
cells for tissue repair. The planarian model suggests that promoting a transient, acentrosomal
state in human stem or progenitor cells might be a way to expand these populations in vitro or in
vivo while minimizing the risk of genomic instability and transformation (lismaa et al., 2018).
Identifying the key regulators that allow neoblasts to divide faithfully without centrioles could
reveal novel targets for enhancing the safety and efficacy of stem cell-based therapies.

Conversely, in oncology, the goal is often to inhibit proliferation. Many aggressive cancers rely

on centrosome amplification for their survival and evolution (Godinho & Pellman, 2014). The
planarian system highlights the viability of a proliferation pathway that does not depend on
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centrioles. This raises a provocative question: could forcing cancer cells with extra centrosomes
to revert to an acentrosomal mode of division be a therapeutic strategy? Such a switch could
potentially mitigate the chromosomal instability that drives tumor aggression and drug
resistance. Alternatively, the vulnerabilities of cancer cells with supernumerary centrosomes
could be exploited; these cells are dependent on specific mechanisms, such as centrosome
clustering, to survive mitosis. Targeted therapies against proteins like HSET (a kinesin involved
in clustering) are already being explored to specifically kill cancer cells with amplified
centrosomes by inducing lethal multipolar divisions (Kwon et al., 2008). The planarian paradox,
by throwing the problems of centrosome amplification into sharp relief, helps validate this entire
approach to targeted cancer therapy.

In conclusion, the biological significance of the planarian system extends far beyond the
organism itself. It provides a powerful example of how evolution can rewire fundamental cellular
processes to achieve remarkable organismal feats like whole-body regeneration. It challenges
the dogma that centrioles are indispensable for mitosis and instead presents acentrosomal
division as a stable, advantageous strategy for specific cellular contexts. Finally, it offers a fresh
perspective and novel conceptual frameworks for addressing some of the most pressing
challenges in human medicine, from regenerating damaged tissues to eliminating cancerous
growths.

Conclusion and Future Perspectives

The investigation into the planarian cellular paradox reveals a sophisticated biological system
where the conventional rules of cell division are elegantly subverted to meet the unique
demands of whole-body regeneration and lifelong homeostasis. The findings synthesized in this
review demonstrate that the acentriolar nature of neoblasts is not a developmental deficiency
but a refined evolutionary adaptation, while the quiescence of centriole-bearing somatic cells is
a consequence of terminal differentiation, not organelle possession.

Summary of Findings

The central conclusion of this analysis is that the planarian system represents a profound
uncoupling of the mitotic apparatus from the centriole. Neoblasts, the drivers of planarian
immortality, have evolutionarily lost their centrioles and instead utilize a robust, acentrosomal
pathway for spindle assembly (Azimzadeh et al., 2012). This mechanism, reliant on
chromatin-mediated nucleation via the RanGTP pathway and motor protein-driven
self-organization, is both highly efficient and accurate (Muller-Reichert et al., 2022). This
adaptation likely confers significant advantages, including a reduced risk of centrosome
amplification-driven genomic instability, metabolic economy, and potentially a more facile
execution of asymmetric cell divisions (Godinho & Pellman, 2014; Nigg & Holland, 2018).

Conversely, the post-mitotic state of differentiated cells is not caused by their centrioles but is a
hallmark of their terminal identity. These cells acquire centrioles de novo to serve as basal
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bodies for cilia, essential structures for planarian locomotion and osmoregulation (Rink et al.,
2009). Their exit from the cell cycle is enforced by deep epigenetic reprogramming that silences
core cell cycle genes and is maintained by powerful tumor suppressor networks like the p53
pathway (Onal et al., 2012; Pearson & Sanchez Alvarado, 2010). The presence of centrioles is
thus a correlate, not a cause, of their differentiated status.

Unresolved Questions and Future Research Directions

Despite significant advances, the planarian system presents numerous compelling questions
that warrant further investigation.

First, what is the complete genetic repertoire controlling the acentrosomal switch in neoblasts?
While the broad mechanisms (RanGTP, motor proteins) are known from other models, the
specific genes that enable neoblasts to permanently forgo centriole biogenesis and perfect this
mode of division remain largely unidentified. Are there specific "acentriolar" factors yet to be
discovered? High-resolution single-cell RNA sequencing (scRNA-seq) of neoblasts at different
cell cycle stages could provide a complete transcriptomic profile, revealing uniquely expressed
genes that are essential for acentrosomal spindle assembly (Plass et al., 2018). Subsequent
functional RNA interference (RNAI) screens targeting these candidates could identify key
regulators whose loss disrupts mitotic fidelity in neoblasts but not in canonical cells.

Second, how is the high fidelity of chromosome segregation achieved without centrioles? The
precision of the process must be extraordinary to prevent the accumulation of mutations over
the planarian's indefinite lifespan. Advanced live-cell imaging using transgenic planarians
expressing fluorescent tags for tubulin, kinetochores, and chromosomes will be crucial for
visualizing spindle dynamics and chromosome movements in real-time in vivo (Muller-Reichert
et al., 2022). This could reveal potential compensatory mechanisms or novel checkpoint
controls that ensure accuracy in the absence of centrosomes.

Third, are there signals from the differentiated tissue environment that actively reinforce the
post-mitotic state? While intrinsic epigenetic blocks are key, it is plausible that the surrounding
somatic tissue secretes factors that help maintain quiescence. Investigating the crosstalk
between neoblasts and their niche, and between differentiated cells themselves, could reveal
paracrine signals that suppress any latent potential for proliferation in centriole-bearing cells,
providing an additional layer of security against aberrant division.

Finally, a broader question persists: is the loss of centrioles a prerequisite for the evolution of
such extreme regenerative capacity? Comparative studies with other highly regenerative
organisms (e.g., acoels, hydra, and certain vertebrates like axolotls) could determine if
acentriolar division in adult stem cells is a convergent evolutionary strategy or a unique
invention of the planarian lineage.

© Under CC BY-NC-ND 4.0 International License | Longevity Horizon, 1(3). ISSN: 3088-4063 18



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

Concluding Remarks

The planarian, a humble flatworm, continues to offer profound insights into fundamental cell
biology. Its violation of the long-held rule that animal cell division requires centrioles has forced a
reevaluation of mitotic mechanisms and highlighted the remarkable plasticity of eukaryotic cells.
The neoblast system demonstrates that proliferation and genomic stability can be enhanced by
the evolutionary loss of a complex organelle. It provides a powerful natural example of how a
stem cell population can be optimized for function, safety, and longevity. The continued study of
this paradox will not only illuminate the intricacies of planarian biology but will also provide
fundamental insights with the potential to inform new strategies in regenerative medicine and
cancer therapy, proving that some of the most advanced biological solutions can be found in the
most ancient of creatures.
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