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Abstract

Asyrmmetric division of stem cells plays a fundamental
role in maintaining tissue homeostasis by ensuring a .
delicate  balance  between  self-renewal and Introduction
differentiation. Within this process, the centrosome
and its components, including centrioles, exhibit both
functional and structural asymmetry.

Centrosomes/centrioles are not essential for cell division
(Khodjakov et al., 2000), and it has been demonstrated that
an entire organism (fruit fly) can develop without functional
The mother and daughter centrioles are inherited in a
stereotypical manner, influencing the fate of sibling
cells, The mother centriole, possessing a higher
microtubule-organizing capacity, often remains in the
stem cell, while the daughter centriole is transmitted to

centrosomes/centrioles (Basto et al., 2006). Despite these
observations, a substantial body of evidence supports the
notion that centrosomes play a crucial role, primarily due to
their ability to organize microtubules and cilia (Conduit et
R I SRR ORenY, al., 2015). Indeed, abnormalities in centrosome number
and function are associated with severe human diseases,

This mechanism has been observed in germline stem including ciliopathies and cancer (Nigg, E. A., & Raff, J. W,,

cells of Drosophila and radial glial cells in mammals. 2009).
However, in Drosophila neuroblasts, an opposite
strategy is maintained: the daughter centriole remains
in the stem cell, whereas the mother centriole is
passed on to the progenitor cells.

One of the most critical functions of the centrosome is its
involvement in asymmetric cell divisions. Asymmetric
divisions are achieved by cellular polarization relative to
fate determinants in conjunction with spindle orientation
(Sunchu, B., & Cabernard, C., 2020). As the primary
microtubule-organizing center (MTOC) during interphase

These differences may be linked to the regulation of
cell fate, aging, and tissue longevity. A deeper
understanding of the role of centricles in these

processes could pave the way for new approaches in
regenerative medicine and anti-aging therapies,

and mitosis, the centrosome can exert significant influence
over cell polarity and spindle orientation.
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Within a given cell, centrosomes/centrioles inherently
exhibit asymmetry, with one centrosome/centriole
always being older (the mother centriole) than the
other (the daughter centriole). These structures differ
in MTOC activity, with various types of stem cells
exhibiting stereotypical inheritance of the older
mother centriole. This has led to the hypothesis that
the centrosome may regulate asymmetric cell
divisions by directing cell polarization and potentially
carrying critical information that influences the fate of
sibling cells.

Asymmetry in Duplication

The centrosome serves as the MTOC in animal cells,
and its number per cell is tightly regulated through a
precise duplication cycle. Conceptually, centrosome
duplication during the cell cycle is similar to DNA
replication. A pair of centrioles resides at the core of
the centrosome, duplicating by using pre-existing
centrioles as templates (Fu et al., 2015). Similar to
DNA, centrioles duplicate once per cell cycle in a
semiconservative manner: the centriole pair
dissociates before the G1-S transition, with each
centriole acting as a template for a new centriole
(Nigg et al.,, 2018). This process results in two
centrosomes, each containing one template centriole
and one newly formed centriole.

In the early G1 phase, cells contain a single
centrosome comprising two orthogonally aligned
centrioles surrounded by pericentriolar material
(PCM). The mother centriole, which served as a
template in the previous cycle, can be distinguished
from the daughter centriole by its distal and subdistal
appendages. Before the G1-S transition, the tight
association between the mother and daughter
centrioles is loosened (centriole disengagement), but
they remain connected by a fibrous linker. During the
G1-S transition, each centriole initiates the formation
of new daughter centrioles. The previous daughter
centriole matures into a mother centriole but is not
yet fully competent to acquire appendages. New
daughter centrioles elongate by the end of the G2
phase, and the two centrosomes (each containing a
mother and a daughter centriole) separate before
mitotic entry. During mitosis, the mother and
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daughter centrosomes organize the mitotic spindle
and are distributed into two daughter cells.

The semiconservative nature of centriole duplication
generates internal asymmetries in two key ways. First,
within each centrosome, one centriole (the template,
or mother centriole) is older than the other (the
newly duplicated daughter centriole), establishing an
age-related asymmetry. Second, once the cell contains
two centrosomes (i.e., two pairs of centrioles)
following duplication, the mother centrioles in each
centrosome differ in age, as one was a template in the
previous cell cycle. The differing ages of these mother
centrioles render the centrosomes distinct: the
centrosome containing the older mother centriole is
referred to as the mother centrosome, whereas the
one with the younger mother centriole is termed the
daughter centrosome.

Mother and daughter centrioles can be distinguished
by their ultrastructure, function, and molecular
composition. In mammalian cells, only the mother
centriole possesses distal and subdistal appendages
and can function as a basal body for cilia formation,
whereas the daughter centriole lacks these structures
(Kumar, D., & Reiter, J., 2021). Subdistal appendages
develop as centrioles mature and serve as key sites for
microtubule anchoring. Since it takes more than one
cell cycle for the mother centriole to acquire
appendages and fully mature, the mother
centrosome, containing the older mother centriole,
typically exhibits higher MTOC activity than the
daughter centrosome, which contains the newly
matured centriole. This creates a functional
asymmetry between mother and daughter
centrosomes. Several proteins, such as Ninein (Nin),
Cepl64, and outer dense fiber protein 2 (ODF2),
localize to the mother centriole, whereas Centrobin
(Cnb) is exclusive to the daughter centriole (Lange, B.
M., & Gull, K., 1995), generating molecular differences
between the two structures. While centrioles in
species like Drosophila and C. elegans lack the
appendages found in mammalian cells, mother
centrosomes in these organisms still exhibit higher
MTOC activity than daughter centrosomes, suggesting
a maturation process that gradually enhances
microtubule-nucleating capacity.
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Asymmetric Inheritance

These structural and molecular asymmetries between
mother and daughter centrioles/centrosomes have
attracted significant research interest. However, the
functional implications of these asymmetries remain
largely enigmatic. Over the past two decades,
centrosome asymmetry has been documented in
asymmetric stem cell divisions, suggesting a potential
role in stem cell function.

Asymmetric stem cell division, observed in numerous
stem cell systems, generates one self-renewing stem
cell and one differentiating cell, which is crucial for
tissue homeostasis. This mechanism preserves the
stem cell pool while producing differentiated cells to
compensate for continuous cell loss (Venkei, Z. G., &
Yamashita, Y. M., 2018). The first instance of
asymmetric centrosome inheritance in stem cells was
documented in male Drosophila germline stem cells
(GSCs) (Yamashita et al., 2007). GSCs are attached to
hub cells, which provide signaling ligands to maintain
stem cell identity (Losick et al., 2011). Through
repeated cell cycles, the stereotypical behavior of
centrosomes ensures the retention of the original
mother centriole in the stem cell lineage.

Drosophila neuroblasts (NB), unlike male Drosophila
germline stem cells (GSCs) and radial glial progenitor
cells in mice, exhibit a distinct pattern of
centrosome/centriole  inheritance, preferentially
retaining the daughter centrosome/centriole during
asymmetric division (Januschke et al., 2011). As NB
cells undergo polarization, they establish distinct
cortical domains with specific molecular
compositions: the apical cortex is enriched in polarity
proteins that regulate spindle orientation, while the
basal domain accumulates factors responsible for
directing differentiation (Gallaud, E., Pham, T., &
Cabernard, C., 2017). The precise positioning and
orientation of the mitotic spindle in NB is controlled
by the coordinated action of protein complexes,
including Par-3 (Baz)/Par-6/aPKC and Pins/Gai/Mud,
which localize to the apical cortex. Meanwhile, fate
determinants such as Prospero (Pros), Numb, and
Miranda (Mira) are asymmetrically distributed to the
basal cortex and are subsequently segregated into the
ganglion mother cell (GMC), the progenitor
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responsible for generating differentiated neurons and
glia (Homem, C. C., & Knoblich, J. A., 2012).

During this process, the daughter centrosome retains
robust microtubule-organizing center (MTOC) activity
and remains closely associated with the apical cortex,
while the mother centrosome sheds its pericentriolar
material (PCM) and exhibits reduced MTOC activity
during interphase (Rusan, N. M., & Peifer, M., 2007).
Later in the cell cycle, the mother
centrosome/centriole migrates towards the basal side,
reactivating its MTOC function just prior to mitosis. In
addition to NB, female Drosophila GSCs also
selectively retain the daughter centrosome/centriole
rather than the mother centrosome during
asymmetric division (Salzmann et al., 2014).

It is noteworthy that spindle pole bodies (SPBs), the
yeast equivalent of centrosomes, exhibit a
stereotypical inheritance pattern wherein the mother
SPB is consistently retained in the budding cell
(Pereira et al.,, 2001). This suggests that the
differential inheritance of centrosomal structures is a
broadly conserved phenomenon across both
unicellular and multicellular organisms. However, the
observation that certain types of stem cells inherit the
mother centrosome while others preferentially retain
the daughter centrosome implies that centrosome age
is correlated with irreversible differentiation rather
than stemness per se. According to the Centriole
Theory of Differentiation, inducers of irreversible
differentiation are associated with centrioles or SPBs
in acentriolar cells, such as oocytes and blastomeres
of multicellular organisms. The release of these
inducers in one of the sibling cells following
asymmetric division is likely dependent on extrinsic
factors, such as the cellular microenvironment.

Interestingly, in cases where centrioles are selectively
eliminated from one of the sibling cells (e.g., female
Drosophila GSCs, but not their male counterparts), the
daughter centriole is preferentially inherited. The
Centriole Theory of Aging proposes the existence of
two potential systems for the accumulation of the
oldest centrosomes/centrioles (and, consequently,
entropy, dysfunction, and aging): (1) the accumulation
of aged (mother) centrioles in highly differentiated
cells, or (2) the retention of mother centrioles in stem
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cells. The case of Drosophila GSCs suggests that both

mechanisms may be operative within an organism,
depending on the context of differentiation and
asymmetric division. Furthermore, it is conceivable
that these two systems may alternate, although it is
more likely that the predominant mechanism involves
the retention of aged centrioles in the sibling cell that
preserves stemness, akin to SPB inheritance in yeast.

Cell Differentiation and Asymmetric
Centrosome Inheritance

The directed asymmetric segregation of
centrosomes/centrioles appears to be a widespread
phenomenon. However, it remains unclear whether
asymmetric centrosome inheritance actively drives
asymmetric stem cell division and, if so, by what
mechanisms. It is evident that asymmetrically
regulated MTOC activity can influence the proper
orientation of the mitotic spindle. For example, in
male Drosophila GSCs, the mother centrosome
exhibits higher MTOC activity and remains stably
anchored to adhesion junctions formed between the
hub and the GSC. This ensures that the spindle pole
remains tethered to the hub, thereby enforcing a
perpendicular spindle orientation during mitosis. In
this context, the retention of the mother centrosome
in stem cells may serve a purely mechanical function,
acting as a stabilizing factor rather than playing a
direct role in fate determination.

However, the significantly more intricate mechanisms
of asymmetric centrosome inheritance in Drosophila
NB (which inherit the daughter centrosome/centriole)
suggest a more complex narrative. As previously
mentioned, NB preferentially retain the daughter
centrosome, which acquires heightened MTOC
activity, while the mother centrosome loses PCM,
becoming temporarily

inactive. Multiple regulatory pathways contribute to
the establishment of centrosome asymmetry in
Drosophila neuroblasts. The enhanced MTOC activity
of the daughter centrosome is facilitated by the
recruitment of Cnb and Polo during mitosis, thereby
priming centrosomal asymmetry for the subsequent
interphase (Gallaud et al., 2020). Concurrently, the
suppression of the mother centrosome's MTOC

activity results in its release from the apical cortex,
ultimately leading to its inheritance by the
differentiating cell. The downregulation of MTOC
activity in the mother centrosome requires
Bld10/Cep135 and Plp; mutations in these genes
result in the retention of two active centrosomes,
leading to randomized centrosome inheritance (Singh
et al., 2014). The intricate interplay of these molecular
mechanisms suggests that the asymmetric inheritance
of centrosomes is not solely dictated by the need for
spindle anchoring but may also play a fundamental
role in cell fate determination.

Association with Fate Determinants

Asymmetric centrosome inheritance may be linked to
the segregation of hypothetical inhibitors of
irreversible differentiation, as postulated by the
Centriole Theory of Differentiation. Although such
inhibitors remain unidentified, it is well established
that cell fate determinants are non-randomly
distributed within the cell.

For instance, fate-determining mRNAs are associated
with one centrosome during embryonic divisions in
mollusks, guiding binary fate decisions (Lambert, J. D.,
& Nagy, L. M., 2002). During early cleavage cycles,
specific mRNAs (loDpp, loEve, and loTld) associate
with one of the two centrosomes and are segregated
exclusively into one daughter cell. The
centrosome-mediated asymmetric localization of
these mRNAs facilitates embryonic patterning in
mollusks. However, it remains unclear how this
association relates to centrosome/centriole age. In
avian neuronal progenitors, the Notch pathway
regulator Mindbomb1 (Mib1) localizes asymmetrically
relative to daughter centrioles, leading to its selective
segregation into prospective neurons during mitosis
(Tozer et al.,, 2017). Disrupting this asymmetric
localization results in symmetric divisions and
decreased neurogenesis, indicating that fate
determinant segregation (e.g., Mibl) is achieved
through association with centrosomes.

Differential Signal Reception via the
Primary Cilium
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Centrosomal asymmetry may also influence cell fate

through differences in primary cilium assembly
between mother and daughter centrioles. Following
mitosis in cultured NIH 3T3 mouse fibroblasts, the cell
inheriting the mother centrosome extends a primary
cilium earlier than its sibling and consequently
exhibits transiently heightened sensitivity to Sonic
Hedgehog (Shh) signaling (Anderson, C. T., & Stearns,
T, 2009). In radial glial progenitors, the mother
centrosome partially retains its primary cilium through
mitosis, serving as a template for rapid cilium
reassembly post-mitosis (Paridaen et al., 2013). This
differential cilium dynamics results in asymmetric Shh
signal accumulation, influencing stemness
maintenance. However, the question remains: how
does this mechanism operate in asymmetric divisions
where the stem-like sibling inherits the newer
daughter centrosome?

These findings reveal a mechanism by which subtle
differences between sibling cells, such as centrosome
age, can be amplified to mediate distinct cell fates.
However, centrosomal asymmetry alone s
insufficient—additional factors must initiate
irreversible differentiation.

Asymmetry in the Accumulation of Aged
Molecules and Cellular Structures

One of the most striking manifestations of asymmetric
cell division is the biased segregation of so-called
"aging factors" (entropy-inducing components), which
include aggregates such as aggresomes and
extrachromosomal DNA. This phenomenon allows
certain cell populations, particularly stem cells, to
avoid or significantly delay the aging process.

An aggresome, a large accumulation of damaged or
misfolded proteins, is typically associated with a single
centrosome during cell division, leading to its
asymmetrical inheritance. This physical interaction
between the aggresome and the centrosome during
mitosis results in one daughter cell inheriting the
aggresome, while the other remains free from it
(Moore et al.,, 2015). Observations in human
embryonic stem cells have demonstrated that
aggresomes are preferentially passed on to the
non-stem cell sibling (Fuentealba et al., 2008).

However, these studies did not conclusively determine
whether the aggresome is consistently linked to either
the mother or daughter centrosome.

Similarly,  extrachromosomal DNA, such as
extrachromosomal rDNA circles (ERCs) generated via
intrachromatid recombination of repetitive DNA
sequences (such as rDNA repeats), segregates
asymmetrically into mother cells during yeast cell
division (Shcheprova et al., 2008). The accumulation
of ERCs has been correlated with replicative aging
(Ganley, A. R., & Kobayashi, T., 2014), and their
asymmetric segregation ensures the preservation of
the replicative potential of daughter cells. The age of
the spindle pole body (SPB) is a key determinant in
this process, indicating that centrosomes and SPBs
play a crucial role in orchestrating the asymmetric
inheritance of aging-related factors (Manzano-Lépez
et al.,, 2019). Foreign DNA, introduced via plasmid
transfection, also  segregates  asymmetrically,
predominantly associating with daughter centrosomes
(Wang et al., 2016), suggesting that asymmetric
segregation of extrachromosomal DNA is an
evolutionarily conserved protective mechanism for
cellular longevity.

Although the functional significance of its inheritance
remains unclear, the midbody—a structure persisting
after cytokinesis and composed of remnants of the
contractile ring and central spindle microtubules
(Dionne et al.,, 2015)—is also subject to asymmetric
distribution. Since the midbody cannot be equally
divided, it is inherited by only one of the two daughter
cells. While the midbody itself is not physically linked
to centrosomes, strong correlations between midbody
inheritance and centrosomal age have been
documented. In Hela cells, the midbody was found to
be inherited by the daughter cell that also received
the mother centrosome (Gromley et al.,, 2005).
Interestingly, a connection between midbody
inheritance and cell fate has been observed: both
stem cells and cancer cells tend to accumulate
midbodies, whereas differentiating cells actively
release them (Ettinger et al.,, 2011). In Drosophila
male and female germline stem cells (GSCs), the
midbody was consistently inherited by the daughter
cells containing a centrosome—stem cells in the
female germline and differentiating cells in the male
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germline. Additionally, lysosomes were observed to
concentrate near a specific centrosome in
keratinocytes, preferentially segregating into the
daughter cell that later formed colonies expressing
the stem cell marker KRT15 (Lang et al., 2018). While
the precise functional role of asymmetric segregation
of these cellular organelles and components remains
to be fully elucidated, centrosomes and centrioles
frequently exhibit a regulatory influence over their
distribution. Given their structural and positional
centrality, centrosomes and centrioles appear to serve
as key organizers in directing the asymmetric
inheritance of multiple organelles and cellular
components. This suggests that centrosomes and
centrioles may exert a profound influence on cell fate
by coordinating diverse intracellular processes.

Proteins of the Centrosome

Although there is an increasing number of examples
demonstrating the asymmetric behavior of mother
and daughter centrosomes during the division of stem
cells, direct evidence proving that such asymmetries
contribute to the asymmetric fate of the cells remains
absent. This can be attributed primarily to the
challenges encountered in disrupting centrosomal
asymmetry without affecting other functions of the
centrosomes. To specifically target the asymmetry of
centrosomes, it is likely that genes or factors involved
in regulating this asymmetry alone would be required.
Once such factors are identified, it may become
possible to selectively disturb centrosomal asymmetry
in stem cells and study the consequences of this
disruption. In recent years, a number of centrosomal
proteins have been identified that exhibit enrichment
in the centrosomes of stem cells. While none of these
findings have provided a direct answer to the question
regarding the "functional significance of centrosomal
asymmetry," these studies have further supported the
notion that centrosomal asymmetry is likely a critical
aspect of asymmetric stem cell division. Future
investigations into the functions of these proteins
could provide a deeper understanding of the role of
centrosomal asymmetry in the asymmetric divisions
of stem cells.
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Figure 1. Direct visualization of the ninefold
symmetry at the C-terminus of Asl and the rings at

the C-terminus of Sas6 (Tian et al., 2021)
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(A) D.Mel-2 cells constitutively expressing Asl-GFP

were immunostained with GFP booster Atto488
(green) and antibodies against the N-terminus of Asl
(Asl-N; marker for the mother centriole, red) and
analyzed using 3D-SIM. The GFP signal at the
C-terminus of Asl was identified as a ring in zone II,
while the Asl-N signal was located in zone lll. The left
panel shows the entire cell, with the dashed line
indicating the cell boundary, and the arrow marks the
centrosome, which is enlarged in the right panels.
Scale bar for the cell, 5 um; for the enlarged
centrosome, 200 nm. Wide-field deconvolution,
deconvolution of raw 3D-SIM data; 3D-SIM,
reconstruction of  the same raw  data
(super-resolution). (B) D.Mel-2 cells constitutively
expressing Asl-GFP were immunostained with GFP
booster Atto647N (green) and antibodies against
Asl-N (red) and analyzed by STED microscopy. Note
that the GFP signal at the C-terminus of Asl was
resolved into ninefold symmetric densities both in the
raw data (STED) and in the deconvolved image (STED
Deconv.). The left panel shows the entire cell, with the
dashed line indicating the cell boundary, and the
arrow marks the centrosome, which is enlarged in the
right panels. Scale bar for the cell, 5 um; for the
enlarged centrosome, 200 nm. (C) D.Mel-2 cells
constitutively expressing Sas6-GFP were treated as in
A. The GFP signal at the C-terminus of Sas6 was
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identified as a dot in zone | using 3D-SIM. The left
panel shows the entire cell, with the dashed line

indicating the cell boundary, and the arrow marks the
centrosome, which is enlarged in the right panels.
Scale bar for the cell, 5 um; for the enlarged
centrosome, 200 nm. (D) D.Mel-2 cells constitutively
expressing Sas6-GFP were treated as in B. The GFP
signal at the C-terminus of Sas6 was resolved into a
ring using STED microscopy. The left panel shows the
entire cell, with the dashed line indicating the cell
boundary, and the arrow marks the centrosome,
which is enlarged in the right panels. Scale bar for the
cell, 5 um; for the enlarged centrosome, 200 nm.

Figure 2. Pulsed STED laser and detection with
temporal synchronization provide improved
resolution (Tian et al., 2021)

A Confocal STED
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(A) Comparison of confocal and STED raw images of
40-nm red fluorescent nanoparticles. The STED image
was acquired using a pulsed STED laser at a
wavelength  of 775 nm. Arrows indicate a
representative nanoparticle, and its STED profile is
shown on the right. The average full width at half
maximum (FWHM) was measured as 35 + 7 nm, with
n = 33. Scale bar, 500 nm. (B) D.Mel-2 cells
constitutively expressing Asl-GFP were

immunostained with GFP booster Atto488, GFP
booster Atto647N, or primary antibodies against the
N-terminus of Asl (Anti-Asl-N) and secondary
antibodies conjugated with Alexa Fluor 568. Note that
the pulsed STED laser at 775 nm (targeting Atto647N)
provides better resolution than the two other laser
lines at 592 nm (targeting Atto488) and 660 nm
(targeting Alexa Fluor 568). Scale bar, 200 nm. (C)
D.Mel-2 cells constitutively expressing GFP-Asl or
Asl-GFP were immunostained with GFP antibodies and
secondary antibodies conjugated with Abberior STAR
RED. Both the N- and C-termini of Asl were organized
into nine discrete signals, resolved by the pulsed STED
laser at 775 nm. Scale bar, 200 nm.

Figure 3. Representative STED images of centriole
proteins (Tian et al., 2021)

A Asl-GFP: B Sas6-GFP: C Anal-GFP
STED STED STED STED
Decony
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o~
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STED STED
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b -~
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H GFP-Ana3:
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1 Rodd4-GFP:
- .
K AnaZ-GFP: L GFP-Ana2:

(A-L) D.Mel-2 cells constitutively expressing the

G Anal-GFP:

J GFP-Redd

indicated GFP-tagged proteins were immunostained
with GFP booster Atto647N and antibodies against the
N-terminus of Asl (mother centriole marker, not
shown) and analyzed using STED microscopy. Raw
data are shown in the left panels, and deconvolved
images are shown in the right panels. Scale bars, 200
nm.
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Figure 4. The N-terminus of Sasé6 is resolved as a dot

using STED microscopy (Tian et al., 2021)

GFP-SasB cell line: STED DSEEEEV_

GFP-Booster AttoB47N

Anti-Asl-N | Alexa Fluor 568 4 : 5 }

Merge
(GFP-Sa56 + Asl-N)

D.Mel-2 cells constitutively expressing GFP-Sas6 were
immunostained with GFP booster Atto647N (green)
and antibodies against the N-terminus of Asl
(Anti-Asl-N; mother centriole marker, red). The
N-terminus of Sas6 was resolved as a dot in both raw
and deconvolved STED images. Scale bar, 200 nm.

Figure 5. The Cep135—-Anal-Asl axes are organized
into ninefold symmetry and overlap with Sas6 (Tian

et al., 2021)
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(A and B) D.Mel-2 cells constitutively expressing Anal
(A) or Cepl135 (B), tagged with GFP, were
immunostained with GFP booster Atto647N (green)
and antibodies against the N-terminus of Asl (Asl-N;
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mother centriole marker, red) and analyzed using
STED microscopy. Scale bars, 200 nm. (C) Diagrams
showing the relative positions of Sas6, Cep135, Anal,
and Asl within a single centriole. The letter "r"
indicates the average distance between the end of the
protein (each tagged with GFP and stained with GFP
booster Atto647N) and the center of the centriole. (D)
Angular distributions of intensities from peak to peak
for the toroids of Asl-GFP, Anal-GFP, and GFP-Cep135.
The upper panels show data from a single centriole
for illustration. The 360° of the centriole are evenly
divided into 256 angles, and the intensities in each
sector (dashed triangle; radial intensities) were
measured and plotted. The distance between adjacent
peaks was determined, corresponding to the angular
value. Scale bar, 200 nm. The lower panel represents
aggregate data; from left to right, n = 53, 33, and 42
peaks. The average angle + SD (error bars) and
p-values are shown under each graph; a two-tailed,
one-sample t-test was performed with a null
hypothesis angle = 40°. Note that the angular
distributions align with the ninefold symmetry
corresponding to the 40° angle. (E) D.Mel-2 cells
constitutively expressing Anal-GFP, GFP-Anal, or
GFP-Cep135 were treated using the U-ExM protocol,
immunostained with Asl antibodies (mother centriole
marker, not shown) and GFP antibodies, and analyzed
using 3D-SIM. Note that the centrioles were physically
expanded by 4-4.5 times. The ninefold symmetry of
Anal-GFP could be resolved either by deconvolution
or by reconstructing the raw 3D-SIM data (Wide-field
Deconv. and 3D-SIM, respectively), while the
symmetry of GFP-Anal and GFP-Cep135 could only be
resolved in the reconstructed images. Scale bar, 500
nm.

Figure 6. The C-terminus of Anal colocalizes with the

microtubule wall (Tian et al., 2021)
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D.Mel-2 cells constitutively expressing GFP-Anal or
Anal-GFP were treated with colchicine to
depolymerize the  cytoplasmic  microtubules,
immunostained with GFP booster Atto488 (green) and
antibodies against acetylated tubulin (Ac-tub, red),
and analyzed using STED microscopy. Note that the
acetylated tubulin signal colocalizes with Anal-GFP
and is significantly displaced outward compared to
the GFP-Anal signal. Scale bar, 200 nm.

Figure 7. The Cep135-Anal-Asl axes extend beyond

the microtubule blades (Tian et al., 2021)
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(A and B) D.Mel-2 cells constitutively expressing
Anal-GFP (A) and Asl-GFP (B) were treated with
colchicine to depolymerize the cytoplasmic
microtubules, processed using the U-ExM protocol,
immunostained with GFP antibodies (green) and
acetylated tubulin antibodies (Ac-tub, red), and
visualized using 3D-SIM. Reconstructed 3D-SIM
images were used to analyze the data. Toroid signals
were converted to polar coordinates (polar
transformation, upper bar for green channel, lower
bar for red); intensity profiles were constructed, and
the x-coordinate of each green peak was compared
with the coordinate of the corresponding red peak
using a paired two-tailed Student's t-test (hypothesis:
Xgreen peak = Xred peak, with n indicating the
number of peak pairs). Both p-values were <0.0001,
indicating that the ninefold symmetry of Anal-GFP
and Asl-GFP does not match the symmetry of Ac-tub.
Peak intensities were also indicated in the raw toroids
(white lines for red signals and arrow tips for green),
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and on the right, intensity profiles were fitted to
sinusoids. Scale bars, 500 nm. (C-F) D.Mel-2 cells
constitutively expressing the indicated GFP-tagged
protein were treated with the U-ExM protocol,
immunostained with GFP antibodies (green) and the
N-terminus of Asl (Asl-N, recognizing amino acids
1-300, red), and Vvisualized using 3D-SIM.
Deconvolved images were used for analyzing larger
diameter proteins (Asl-N, Anal-GFP, and Asl-GFP), and
reconstructed 3D-SIM images were used for proteins
with smaller diameters (GFP-Anal and GFP-Cep135).
Note that the ninefold distributions of Anal-GFP,
Asl-GFP, GFP-Anal, and GFP-Cep135 are well aligned
with the N-terminus of Asl along the radial axes. Scale
bars, 500 nm.

Figure 8. Antibody validation (Tian et al., 2021)
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(A and B) D.Mel-2 cells were depleted of GFP
(control), endogenous Asl, or Cep97, and whole-cell

lysates were analyzed by Western blotting using
anti-Asl antibodies (detecting 1-300 amino acids; A)
or anti-Cep97 antibodies (detecting 670-806 amino
acids; B). Tubulin was used as a loading control. *,
nonspecific bands.

Figure 9. Decoration of Sas6—Cep135 axes by Ana2,
Ana3, and Rcd4 (Tian et al., 2021)
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(A—C) D.Mel-2 cells, constitutively expressing Ana3 (A),
Rcd4 (B), or Ana2 (C), labeled with GFP, were
immunostained with the GFP booster Atto647N
(green) and anti-Asl N-terminal antibodies (Asl-N;
mother centriole marker, red) and analyzed by STED
microscopy. Columns, 200 nm. (D) Average radial
distances of various centriole protein domains. The
horizontal low-to-high column shows the range of
radii, while the vertical line indicates the mean value.
The average radius = SD is shown next to each
column. **** P < 0.0001 (unpaired, two-tailed
Student’s t-test); ***, P < 0.001; **, P <0.01; n.s., not
significant. From bottom to top, n =12, 20, 12, 20, 14,
23, 19, 19, 22, 16, 21, and 17 centrioles, respectively.
(E) D.Mel-2 cells, constitutively expressing Ana3-GFP
or Rcd4-GFP, were processed using the U-ExM
protocol, immunostained with GFP antibodies (green)
and Asl-N antibodies (detecting 1-300 amino acids,
red), and visualized by 3D-SIM. Deconvolution images
were used for analyzing Asl-N and reconstructed
3D-SIM images for Ana3-GFP and Rcd4-GFP. Note that
the ninefold distribution of Ana3-GFP and Rcd4-GFP
does not match the distribution of Asl-N. Columns,
500 nm.

Figure 10. Ana3 and Rcd4 are distal and partially
overlap with Sas6 (Tian et al., 2021)
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(A and B) D.Mel-2 cells, constitutively expressing
Ana3-GFP (A) or Rcd4-GFP (B), were immunostained
with the GFP booster Atto488 (green) and antibodies
against Sas6 (proximal marker, red) and Cep97 (distal
marker, blue). 3D-SIM images showed that Ana3 and
Rcd4 largely overlap with Sas6, with their peak
intensity shifted toward the distal side of Sas6.
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Arrowheads indicate centrioles that were enlarged
and measured. Fluorescence intensity along the
dashed line drawn on each enlarged image was
plotted as a function of distance along the
proximal-distal axis. Bars on left panels, 500 nm; for
enlarged images, 200 nm. (C and D) Drosophila testes,
constitutively expressing Ana3-GFP (C) or Rcd4-GFP
(D), were immunostained with GFP booster Atto488
(green) and antibodies against Sas6 (proximal marker,
red), Cep97 (distal marker, blue), and Asl (far red
channel). 3D-SIM images showed the extended
distribution of Sas6 along the centriole longitudinal
axis, with Sas6 partially overlapping with Ana3 and
Rcd4. Arrowheads indicate centrioles that were
enlarged and measured. Fluorescence intensity along
the dashed line drawn on each enlarged image was
plotted as a function of distance along the
proximal-distal axis. Bars on left panels, 500 nm; for
enlarged images, 200 nm.

Figure 11. Ana3 is recruited to the centriole after
Sas6 and before Rcd4 and Cep135 (Tian et al., 2021)
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(A) D.Mel-2 cells, constitutively expressing Ana3-GFP,
were immunostained with GFP booster Atto488
(green), antibodies against Sas6 (red), and Asl (as a
mother centriole marker, blue) and DAPI (DNA
staining, not shown). 3D-SIM images showed that 15%
(n = 78) of interphase centrosomes have Sas6 signals
in both the mother and daughter centrioles, while
Ana3 is located only in the mother centriole,
indicating that Ana3 is recruited to the daughter
centriole later than Sas6. M, mother centriole; D,
daughter centriole. Bar, 500 nm. (B-D) D.Mel-2 cells,
constitutively expressing Ana3-GFP (B) or Rcd4-GFP (C
and D), were transfected with the indicated
mRFP-tagged proteins (red) and immunostained with
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GFP booster Atto488 (green), anti-Dplp (as a mother
centriole marker, blue), and DAPI (not shown). 3D-SIM
images showed that Ana3 is recruited to the daughter
centriole before Cep135 (B; 18% of interphase
centrosomes, n = 60) and Rcd4 (C; 14% of interphase
centrosomes, n = 79). Also note the concurrent
appearance of Rcd4 and Cepl35 in the daughter
centriole (D); no apparent hierarchy between these
two proteins was observed (n = 95). Columns, 500 nm.

Figure 12. Ana3 and Rcd4 are required for the
conversion of a centriole into a centrosome, but not

for the initial centriole duplication (Tian et al., 2021)
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(A) D.Mel-2 cells were depleted of GST (control),
endogenous Ana3, or Rcd4 and immunostained for
Sas6 (green), Dplp (mother centriole marker, red), and
DNA (not shown). Images of cells with a single Dplp
signal indicated a disruption in centriole duplication.
Nearly all interphase centrosomes contain Sasé6 at the
site of daughter centriole formation in control and
depleted cells. n indicates the total number of
centrosomes from three independent experiments.
Line, 500 nm. (B-D) D.Mel-2 cells were depleted of
GST, endogenous Ana3, or Rcd4 and immunostained
to detect the indicated proteins and histone H3 Ser10
phosphorylation (mitotic marker, not shown). Almost
all metaphase centrosomes have Cep135 (B), Anal
(C), and Asl (D) in the daughter centrioles in control
cells, while in cells depleted of Ana3 or Rcd4, most
show the absence of these three proteins in the
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daughter centrioles. n indicates the total number of
centrosomes from three independent experiments.
Columns, 500 nm. (E) Quantitative assessment of
protein recruitment to daughter centrioles in A-D.
Error bars indicate SD. ****, P < 0.0001 (unpaired,
two-tailed Student’s t-test); n.s., not significant. (F and
G) D.Mel-2 cells, constitutively expressing Ana3-GFP
(F) or Rcd4-GFP (G), were depleted of the indicated
protein. Localization of Ana3 and Rcd4 depends on
depletion of each other, Cep135, but not Anal or Asl.
n indicates the total number of centrosomes from
three independent experiments. Columns, 500 nm.
(H) Quantitative assessment of protein recruitment to
daughter centrioles in F and G. Error bars indicate SD.
*¥*k*¥* P < 0.0001 (unpaired, two-tailed Student’s
t-test); n.s., not significant.

Figure 13. Diagram illustrating the lateral

organization of the centriole scaffold (Tian et al.,
2021)
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Cep135, Anal, and Asl are organized in a ninefold
symmetry, aligned with each other. Together with
Sas6, they form nine radial axes extending from the
centriole microtubule wall between the microtubule
blades. Ana2, Ana3, and Rcd4 represent a group of
compact proteins that likely support these radial axes,
with Ana3 and Rcd4 also organized in a ninefold
symmetry that does not correspond to the
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aforementioned axes. Arrows indicate the hierarchy of
these proteins. Ana3 is recruited to the centriole
before Rcd4 and Cep135, whereas all three proteins
are interdependent for their centriole localization.

Kip10A

Klp10A is a microtubule-depolymerizing kinesin from
the kinesin-13 family (Rogers et al.,, 2004) that was
identified as the first centrosomal protein specific to
stem cells (Chen et al., 2016). It is localized to the
centrosomes of stem cells but not in the centrosomes
of differentiating germ cells in the male germline of
Drosophila. Depletion of KIp10A led to an abnormally
elongated mother centrosome, without affecting
other centrosomes (the daughter centrosome in GSCs
and any centrosomes in differentiating cells),
revealing a unique regulation imposed on the mother
centrosome in GSCs. The elongated mother
centrosome and normal daughter centrosome in GSCs
led to aberrant asymmetry during GSC division,
namely a mitotic spindle with a large and small
half-spindle, resulting in asymmetric daughter cell
sizes (larger GSC and smaller differentiating
gonoblasts (GB). Small GBs often die, possibly due to
insufficient cellular content for viability. While these
results do not uncover the significance of centrosomal
asymmetry, they suggest that centrosomal asymmetry
may arise due to a complex balance between forces
that generate centrosomal asymmetry and forces
opposing it. The elongation of the mother centrosome
upon Klp10A depletion suggests the existence of a
mechanism that continuously elongates the mother
centrosome, thus implying a unique mechanism
imposed on the mother centrosome, unless it is
counteracted by KIp10A. The exact mechanism that
KIp10A counters remains unclear.

Almsla

The Almsla gene, a homolog of the Drosophila gene
that causes the human Alstrom ciliopathy syndrome
(Alvarez-Satta et al., 2015), has been identified as a
specific GSC Klp10A interactor (Chen, C., & Yamashita,
Y. M., 2020). It was found that Almsla is a
pan-maternal centriole protein, but it also exhibits
additional localization in the daughter centriole,
particularly within the maternal centrosome of male
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GSCs in Drosophila. Remarkably, when Almsla was
depleted, GSCs failed to duplicate their centrioles,
leading to the loss of centrosomes in their entire
progeny, while the initial maternal centriole in the
GSC continued to elongate. Another striking feature of
Almsla’s function is that it is required for centriole
duplication only in asymmetrically dividing GSCs, but
not in symmetrically dividing GSCs. Almsla likely
facilitates centriole duplication through its interaction
with Sak, a Drosophila homolog of the Plk4 kinase,
which is a key regulator of centriole duplication
(Gonczy, P, & Hatzopoulos, G. N., 2019). These
findings again highlight the unique characteristics of
the maternal centrosome in GSCs. However, the
guestion remains unresolved as to why the
centrosomes of stem cells are asymmetric and distinct
from those in non-stem cells.

Ninein

Ninein is localized to the maternal centriole and plays
a role in its asymmetry. Mutations in Nin lead to
Seckel syndrome in humans. It has been shown that in
mouse radial glial progenitor cells, Nin is abundant in
the maternal centrosome and is inherited by the
radial glial progenitor cells during their asymmetric
division. Moreover, Nin is essential for the
stereotypical inheritance of the maternal centrosome
by these progenitor cells. In Drosophila, it has also
been found that Nin is enriched in maternal
centrosomes in neuroblasts (NBs) and male GSCs.
Depletion of Nin does not significantly affect the
divisions or fates of stem cells in Drosophila, leaving
the significance of its localization unclear.

While Nin is consistently associated with the maternal
centrosome in these cell types, it seemingly does not
correlate with cell fate or MTOC
(microtubule-organizing center) activity. Maternal
centrosomes enriched in Nin are inherited by stem
cells in both mouse radial glial progenitors and male
GSCs in Drosophila, whereas they are inherited by
differentiating daughter cells during Drosophila NB
division. Similarly, while maternal centrosomes
enriched in Nin have reliable MTOC activity in mouse
radial glial progenitors and male GSCs in Drosophila,
they suppress MTOC activity in NBs of Drosophila.
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Thus, it remains unclear how Nin might contribute to
the asymmetric divisions of stem cells.

Conclusion

Asymmetric division of stem cells is a fundamental
process for tissue homeostasis, and it is a reliable yet
complex event that requires multiple levels of
regulation.

Although there are individual examples of
fate-determining factors associated with centrosomes,
there is still no comprehensive understanding of how
centrosomes, in general, can facilitate asymmetric cell
division. The asymmetric behavior of both maternal
and daughter centrosomes might be utilized to
regulate asymmetric cell division and support the
distinct needs of various stem cells during
development and differentiation. In most cases of
asymmetric division, the old molecules and the new
centriole are inherited by one sibling cell, which
embarks on the path of differentiation, while the new
molecules and the old centriole are inherited by the
other sibling cell, which maintains stemness.
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