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The centrosome and asymmetric cell division
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Asymmetric stem cell division is a mechanism widely
employed by the cell to maintain tissue homeostasis, resulting
in the production of one stem cell and one differentiating cell.
However, asymmetric cell division is not limited to stem cells and
is widely observed even in unicellular organisms as well as in cells
that make up highly complex tissues. In asymmetric cell division,
cells must organize their intracellular components along the axis
of asymmetry (sometimes in the context of extracellular architec-
ture). Recent studies have described cell asymmetry in many cell
types and in many cases such asymmetry involves the centrosome
(or spindle pole body in yeast) as the center of cytoskeleton orga-
nization. In this review, I summarize recent discoveries in cellular
polarity that lead to an asymmetric outcome, with a focus on
centrosome function.

Introduction

The centrosome is the major microtubule-organizing center
(MTOC) within a eukaryotic cell and plays fundamental roles
in organizing the cytoskeletal network and the mitotic spindle,
and in coordinating the cell cycle.l'4 Furthermore, problems with
the centrosome have been implicated in cancer, as many cancer
cells show an increase in centrosome number, although it remains
debatable if a numerical increase in centrosomes in cancer cells is a
result or a cause of tumorigenesis.

The centrosome is composed of a pair of centrioles and the
surrounding pericentriolar material (PCM). Since centrioles require
more than one cell cycle to mature, they have “age difference,” such
that individual centrioles have different ages based on how many
cell cycles they have endured (Fig. 1). Similarly, centrosomes can
be distinguished based on the age of their centrioles. Mother
centrosomes contain one centriole that is more than one cell cycle
old, and another that was assembled during the current cell cycle.
Daughter centrosomes contain one centriole that was assembled in
the previous cell cycle and one that was assembled in the current
cell cycle. Functionally, older, more mature centrioles develop
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a structure called the subdistal appendages, which is a major
microtubule-anchoring site within the centrosome.>” Therefore,
mother centrosomes typically have a greater capacity for microtu-
bule anchoring.

Recent progress in centrosome biology has revealed striking
functional asymmetry between mother and daughter centrosomes,
implying that centrosome asymmetry goes beyond differences in
microtubule anchoring activity. Here, I first review the asymmetry
between mother and daughter centrosomes at the cellular level,
then describe such asymmetry in developmental contexts. Finally,
I discuss examples of asymmetry observed during cell division,
which is potentially governed by the centrosome.

Centrosome Asymmetry

The centrosome is a subcellular organelle that has its own dupli-
cation cycle that is synchronized with the DNA replication cycle: it
duplicates at the G,/S transition, being regulated by the same set
of Cdk-cyclins as DNA replication.! Due to this duplication cycle
and the fact that centrosome maturation takes more than one cell
cycle, two centrosomes (the mother and the daughter) are not the
same. In general, the mother centrosome is more able to anchor
microtubules than the daughter centrosome, due to at least in part
to the subdistal appendages. Recent discoveries in cell biology have
suggested several cellular asymmetries, establishment of which
involves centrosome asymmetry.

Cell biology of centrosome asymmetry. Mother and daughter
centrosomes/centrioles show different characteristics during the
cell cycle and cell division. For instance, mother and daughter
centrioles have different motility within the cell, where in
G, cells, the mother centriole is typically less motile than the
daughter, presumably because of microtubules that the mother
anchors.® Piel et al. further demonstrated that mother centrioles
move very close to the midbody, right before the abscission.”
Abscission, or the final stage of cytokinesis, occurs only from one
side, where secretory vesicles carrying membrane/protein compo-
nents required for abscission are carried only from the daughter
centrosome-containing cell, leaving a midbody ring in the cell
with the mother centrosome (Fig. 2A). As a result of such asym-
metric inheritance of the midbody ring, some HeLa cells contain
multiple remnant rings.!’ Recently, Pohl et al. demonstrated
that these ring remnants are typically digested by autophagy in

normal cells, such that normal cells do not have multiple rings.11
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Figure 1. Centriole and centrosome duplication cycle. In G phase of the cell cycle, cells have a single centrosome containing one mother centriole
and one daughter centriole. The mother centriole (red) can be distinguished from the daughter (yellow) because of its “subdistal appendages”. At G,/S
transition, two centrioles are separated from each other (disengagement) and start nucleating daughter centrioles (green). Now the daughter centriole
becomes the mother for the first time in her life, but it has not yet mature enough to have the subdistal appendages. Growth of new centrioles (green)
lasts S and G, phase, and at some point two pairs of centrioles separate from each other, becoming two centrosomes. Here, the centrosome containing
the older mother centriole (red) is the mother centrosome and the other containing the younger mother centriole (yellow) is the daughter centrosome.
Then, toward the end of the cell cycle (or even sometimes in the next round of cell cycle), the younger mother centriole (yellow) becomes fully matured
by developing the subdistal appendages.

As such, possession of multiple ring remnants might be a feature  such as cell cycle regulators that drive cells into undesired cell
of abnormal (ex. cancerous) cells. Elaborate mechanisms to  cycle arrest or proliferation, or cell fate determinants (see below
remove midbody rings in normal cells suggest its importance in  for details).

the maintenance of cellular homeostasis. It is also possible that Developmental biology of centrosome asymmetry. Recently,
the midbody ring is associated with unwanted cellular material,  the asymmetric behavior of mother and daughter centrosomes was
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Figure 2. Centrosome segregation during asymmetric cell division. (A) Abscission of Hela cell cytokinesis occurs asymmetrically from the side that con-
tains the daughter centrosome, leaving a midbody ring in the cell with the mother centrosome. (B) Drosophila male germ line stem cells (GSCs) divide
asymmetrically under the influence of signaling from the hub cells. The mother centrosome is always inherited by the stem cell. (C) Budding yeast segre-
gate the mother SPB to the bud. Extrachromosmal ribosomal DNA circles (ERCs) are segregated specifically to the nucleus of the mother cell, resetting

the aging clock of the daughter (bud) cell.

described in the context of developmental biology.!>13 We have
demonstrated that, in Drosophila male germ line stem cells (GSCs)
always divide asymmetrically, where the mother centrosome is
always inherited by the stem cell, and the daughter centrosome by
the differentiating cell (Fig. 2B).14 During interphase of GSCs, the
mother centrosome stays close to the apical side of the stem cell,
where GSCs attach to hub cells, which are the major component
of the stem cell niche. The daughter centrosome migrates to the
opposite side of the GSCs. Such stereotypical behavior of the
mother and daughter centrosomes prepares spindle orientation,
which is perpendicular toward the hub. Since hub cells secrete
a key signaling ligand (called Upd) that activates the JAK-STAT
pathway within the GSC and specifies stem cell identity, the
perpendicularly oriented mitotic spindle places one daughter cell
inside and the other outside the range of the Upd secretion. In
this manner, the outcome of GSC division becomes asymmetric.15
At the EM level, the mother centrosome always firmly associates
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with astral microtubules, which connect the centrosome to the
hub-GSC interface, while the daughter is associated with only a
few astral microtubules.!* A lack of substantial anchoring of the
daughter centrosome by microtubules may explain why it is motile.
Details of the daughter centrosome motility remain to be identi-
fied, but it is possible that an actin-based motor, such as myosin, is
responsible for this movement as shown in cultured cell.'° It also
remains to be determined if the mother or daughter centrosome
is associated with any factors such as fate determinants. Indeed,
during early embryogenesis of the mollusk, fate-determining
mRNA is associated with only one centrosome during division.!”
In Drosophila larval neuroblasts, one centrosome is associated with
a robust array of microtubules, while the other remains dormant
until immediately prior to mitosis by being stripped of any detect-
able PCM.!819 Drosophila neuroblasts divide asymmetrically by
segregating cortically-associated fate determinants,?” and it would
be interesting to examine if the segregation/polarization of such
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fate determinants is somehow correlated with the differences
between mother and daughter centrosomes.

Cells may have additional layers of regulation that
ensure asymmetric cell division: not only is spindle precisely
oriented/aligned to ensure the asymmetric stem cell divisions,
such orientation/alignment might be carefully monitored to
back up the accuracy of the process. Recently, we proposed
that Drosophila male GSCs might have the checkpoint
that monitors the correct positioning of the centrosomes
(Fig. 3); GSCs that do not have correct centrosome posi-
tioning (i.e., neither of the two centrosomes are juxtaposed
to the hub) do not commit to mitosis.?! Live observation
revealed that GSCs with misoriented centrosomes stay in G,
for a prolonged time period, and as soon as the centrosomes
orientation is corrected, they proceed to mitosis. Interestingly,
the frequency of such “misoriented” (and thus delayed in cell
cycle) GSC populations increases with age, explaining at
least in part why spermatogenesis declines with age.?! The
accumulation of misoriented GSCs with age is not due to
general disintegration of GSCs due to organismal aging, since
misoriented GSCs are still capable of cell division, generating
differentiating progeny. Furthermore, we have shown that

l —— Checkpoint

Misoriented spindle
=symmetric stem cell division
(inhibited by the checkpoint)

Oriented spindle
=asymmetric stem cell division

misoriented GSCs originate (at least in part) from dedif-
ferentiation of partially differentiated spermatogonia.?! We
speculate that dedifferentiated GSCs either cannot re-establish
the anchoring of the centrosome to the hub-GSC junction or
take long time to do so. As long as dedifferentiated GSCs are
misoriented (i.e., forever or a very long time), these cells activate
the orientation checkpoint, thus being delayed/arrested in the cell
cycle, producing less progeny. However, it should be noted that
dedifferentiation still helps maintaining the number of GSCs with
age, thus producing more sperms, the end product of GSCs, even
though dedifferentiated GSCs are not as capable in producing
differentiating cells as native GSCs. We speculate that, if this kind
of checkpoint exists in mammalian stem cells, it could be a link
between the tumor suppressor mechanism and tissue aging; while
rigid control on asymmetric stem cell division may help preventing
tumorigenesis due to overproliferation of stem cells (via symmetric
stem cell divisions), it eventually leads to tissue aging by delaying
stem cell division. The molecular identity of the centrosome orien-
tation checkpoint remains to be determined. However, studies in
the budding yeast may provide a direction (see below).

What can we learn from the unicellular organism, budding
yeast? Although unicellular, budding yeast divide asymmetrically
in many ways; for example, the mother cell generates the smaller
bud cells (size asymmetry), only the mother cell will switch the
mating type after the division (fate asymmetry). Since the budding
yeast determines the division axis by forming a bud before nuclear
division, spindle orientation/position must be tightly coordinated
with the preformed division axis for a successful division. To ensure
the coordination between cell polarity and the cell division axis,
budding yeast have the spindle position checkpoint (SPOC)??
(Fig. 2C). The SPOC inhibits the mitotic exit network (MEN)
until one spindle pole body (SPB, yeast equivalent of centrosome)
enters the bud. Typically, this bud-bound SPB is the mother SPB
and the daughter SPB stays in the mother cell?? (Fig. 2C). Many
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Figure 3. Model of the centrosome orientation checkpoint in the Drosophila
male GSCs. GSCs with misoriented centrosomes do not commit to mitosis due
to the checkpoint.

components of the SPOC and MEN specifically localize to the
bud-bound (i.e., mother) SPB, thereby controlling and coordi-
nating the cell cycle progression.?4-28

Another asymmetry in budding yeast is asymmetric segrega-
tion of extra-chromosomal ribosomal DNA circles (ERCs) to
the mother cell. The ERCs are derived from ribosomal DNA
and accumulate each cell cycle. Since the accumulation of ERCs
leads to the aging/senescence, asymmetric segregation of ERCs
into the mother cell resets the age of the daughter (bud cell) at
the expense of mother’s aging?® (Fig. 2C). It was recently demon-
strated that septin-dependent, lateral diffusion barriers form at the
nuclear envelope, and ERCs are confined only in the mother cell
nucleus.?® It would be interesting to examine if there is any corre-
lation between mother and daughter SPB segregation pattern and
the ERC inheritance pattern, for example after the randomization
of the mother/daughter SPB due to temporal depolymerization of
microtubles.??

More Cellular Asymmetries: What is the Role of the
Centrosome?

Inspired by the fact that centrosomes participate in asym-
metry defined by cell biological architecture or developmental
biological fates, here I would like to discuss a few examples of
other cellular asymmetry. Although there is no evidence thus far
that these asymmetries are related to centrosomal asymmetry, it
is tempting to speculate that centrosomes and possibly their age
difference are involved.

The aggresome. The aggresome is an inclusion body that
confines highly denatured protein aggregates and associates with
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the centrosome.?!32 Aggresomes are asymmetrically inherited
by only one cell upon division, both in culture cells and in
Drosophila neuroblasts.>> How mother and daughter centrosomes
are utilized in this type of asymmetric division is not known, but
tight association of aggresomes with one centrosome suggests that
the centrosome is somehow involved in aggresome inheritance.>
If such an association is combined with stereotypical positioning
of the mother versus the daughter centrosome in the context of
tissue architecture or development, it is likely that the inheritance
of aggresomes is asymmetric such that only one cell inherits dena-
tured proteins in an effort to protect the other cell.

Prominin (CD133). In mouse neuroblasts, or neuronal stem
cells, prominin-1 (CD133) displays very intriguing inheritance
and localization patterns. When neuroblasts are dividing in a
symmetrical manner during early development, prominin-1 is
associated with the midbody and is excluded from both daughter
cells, and is released into the extracellular fluid.3>3¢ Upon
shifting to asymmetric stem cell division later in the neurogenic
stage, the prominin-1l-containing apical area is inherited by
the neuroblast.?”-38 Furthermore, since prominin-1 is a typical
marker of many types of stem cells, including cancer stem cells,
it is possible that asymmetric inheritance of stem cell markers is
governed by the asymmetric nature of cell division. It would be
interesting to examine whether the inheritance of prominin-1-
positive midbody ring is somehow related to the mother-daughter
centrosomes inheritance. Given that the midbody ring inheri-
tance (cytokinetic abscission) pattern is tightly correlated with
the mother-daughter centrosome difference as described above, 10
it would not be surprising if this were the case. Then, it would
be very interesting to examine if a failure in the mother-daughter
centrosome inheritance leads to any developmental defects.

Summary

Asymmetric stem cell division is fundamental to homeostasis
in many tissues. Although asymmetric division has been described
primarily in the embryos of C. elegans, Drosophila GSCs and
neuroblasts, where asymmetric fates are obvious, recent discov-
eries in the cell biology field have illuminated many asymmetric
features of apparently symmetrically dividing cells. Future studies
will extend our understanding of asymmetric cell division and
how specific cell types such as stem cells utilize basic machinery of
cellular asymmetry during division.
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