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Mammalian cells asymmetrically segre-
gate cellular components (cargoes)
during cell division.

The asymmetric segregation of car-
goes can become dysfunctional with
age, leading to more symmetric segre-
gation of cargoes.
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Accumulating evidence suggests that mammalian cells asymmetrically segre-
gate cellular components ranging from genomic DNA to organelles and dam-
aged proteins during cell division. Asymmetric inheritance uponmammalian cell
division may be specifically important to ensure cellular fitness and propagate
cellular potency to individual progeny, for example in the context of somatic
stem cell division. We review here recent advances in the field and discuss
potential effects and underlying mechanisms that mediate asymmetric segre-
gation of cellular components during mammalian cell division.
Segregated cargoes range from geno-
mic DNA to organelles and damaged
proteins.

Inheritance of ‘good’ cargoes can
enhance cell health and responsivity,
whereas inheritance of ‘bad’ cargoes
can decrease proliferation rate and
increase cell death.
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Segregation of Cellular Components During Asymmetric Cell Division
Asymmetric cell division has been extensively studied over the past decades using a variety of
cell lines, reductionist model organisms, and mammalian in vivo approaches, with the aim to
characterize how cell divisions can asymmetrically affect the behavior and properties of the two
newly generated daughter cells [1–6]. Given that asymmetric cell division often results in distinct
fates of its progeny, the focus of previous research has largely been on the unequal distribution
and segregation of fate determinants [7,8] or segregation of polarity elements in non-mammalian
systems [9]. However, more recently the segregation of cellular components that are not directly
involved in fate choices and the mechanisms behind unequal distribution of specific cellular
components (hereafter called cargoes, see Glossary) uponmammalian cell division have gained
increasing attention. This is especially true in the context of stem cell divisions where, at least
under some conditions, one of the daughter cells represents a self-renewed version of the
original mother cell. The question that has arisen over the past years is very simple, although
obtaining an answer has turned out to be somewhat challenging and current knowledge remains
scant: who inherits which parts of the cellular constituents of the mother cell when she divides?

The mechanisms of inheritance are likely not conserved across modes of cell divisions or across
cell type. However, it is conceptually important to note that even two daughter cells with the
same fate and cellular potency are not composed of an identical share of maternal proteins,
lipids, or organelles. As such, each cell division may be considered asymmetric. Given these
considerations, we focus on cell divisions that can, but do not necessarily, lead to daughter cells
with distinct fates.

How cellular components segregate during cell division may be of exceptional importance in the
context of embryonic and somatic stem cell biology. There is ample evidence that specific cells in
our bodies have the potential to generate progeny throughout life [10–15]. This regeneration can
lead to rapid turnover of somatic stem cell-derived tissues and organs including those of the
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Glossary
Aggregate: oligomeric cluster of
misfolded or damaged proteins.
Cargoes: those molecules, proteins,
organelles, etc. that are segregated
between two daughter cells during
mitosis.
COS7 cells: immortalized African
green monkey kidney fibroblast-like
cell line.
Diffusion barrier: a structure limiting
the movement of specific proteins or
molecules.
Endoplasmic reticulum (ER): an
organelle made of interconnected
tubules and cisternae that produce
the proteins and lipids of a cell.
HEK 293 cells: human embryonic
kidney cell line.
Huntingtin protein (Htt): necessary
for some normal cellular functioning,
but with glutamine expansion
mutations leads to Huntington
disease.
Inclusion body: an intracellular site
where aggregates are sequestered;
typically one per cell.
Insoluble protein deposit (IPOD)
compartment: non-membrane-
bound compartment where non-
ubiquitinated, amyloidogenic proteins
are sequestered and not degraded.
Juxtanuclear quality control
(JUNQ) compartment: non-
membrane-bound compartment
where ubiquitinated, misfolded
proteins are targeted for eventual
refolding or degradation by
colocalized proteasomes and
chaperones.
Microtubule organizing center
(MTOC): consists of a pair of
centrioles and pericentriolar material;
anchors microtubules at their minus-
ends to give direction to their
nucleation; anchors and organizes
the microtubules that will form the
cilium.
Neural stem cells (NSCs): self-
renewing, multipotent cells of the
adult brain; undergo both symmetric
and asymmetric divisions; can
differentiate into neurons, astrocytes,
and oligodendrocytes.
Photoactivation: using a pulse of an
activating wavelength to create a
chemical reaction that can change
the fluorescence emission of a
protein.
Progerin: truncated form of the
nuclear protein lamin A, typically
generated from a point mutation in
the gene encoding lamin A; mutation
causes Hutchinson–Gilford progeria
intestines or the hematopoietic system [16,17]. In addition, stem cells ensure repair mechanisms
after excessive use, such as those that occur through satellite cells in skeletal muscle or in the
skin [18,19]. To assure life-long viability and retention of cell division properties, specific
components of the cells can be either preferentially retained in the self-renewed stem cell
daughter or asymmetrically segregated to the non-stem cell daughter cell. Asymmetrically
segregated cargoes may range from DNA to organelles to damaged proteins. Partially based
on the technical difficulty to birthdate these types of cargo and to image their segregation over
time, our understanding of how cargoes are distributed during cell division remains poor.
However, we summarize here and review recent experiments aiming to characterize the
segregation of specific cargoes during asymmetric cell division, with a focus on mammalian
cells, and suggest future approaches that will further our understanding of the mechanisms
governing asymmetric cell division.

The Immortal Strand Hypothesis
Originally formulated by John Cairns, the idea that DNA strands asymmetrically segregate to
daughter cells with the aim to protect long-lived cells from DNA damage and replication errors
has been tested experimentally over the past four decades [20]. This hypothesis, known as the
immortal strand hypothesis, proposes that, upon DNA replication, sister chromosomes non-
randomly segregate to daughter cells, and that this may represent a mechanism of how stem
cells protect their genomic information from errors of DNA duplication by inheriting the older
parental DNA strand (i.e., immortal), whereas the second daughter cell receives the newer (i.e.,
mortal) sister chromatid [20–22]. Over the past decades the immortal strand hypothesis has
remained highly controversial, with data convincingly supporting and others clearly refuting the
evidence of non-random inheritance of DNA strands during stem cell division [23–32].

There are numerous reasons why the proof or final rejection of the immortal strand hypothesis
has turned out to be difficult. First of all, there is clear evidence that non-random segregation of
sister chromatids is highly dependent on the (stem) cell type analyzed and the specific chro-
mosomes studied. Whereas the evidence for non-random segregation of sister chromatids in
muscle stem cells, called satellite cells, is strong, findings in other types of somatic stem cells do
not always support the immortal strand hypothesis [30]. In addition, the experimental approach
to characterize segregation of DNA strands has been largely based on stable labeling of DNA
before cell division using, for example, thymidine analogs such as 5-bromo-2’-deoxyuridine
(BrdU) [23,31]. Apart from the requirement to fix cells and tissues to analyze segregation of
BrdU-labeled chromatids, the saturation and extensive labeling of thymidine analogs itself may
cause changes in genomic structure and DNA replication.

In this context, the modified hypothesis of non-random sister chromatid segregation that was
recently proposed is intriguing because this suggests that non-random segregation of DNA
strands is associated with DNA replication stress [33]. Slowed or stalled replication forks cause
DNA damage during replication in the newer strand, and segregation of that newly acquired DNA
damage to the non-stem cell daughter may ensure genomic stability of the long-lived stem cell
daughter [33]. Thus, the modified immortal strand hypothesis proposes a context-dependent
mechanism for when and why sister chromatids segregate non-randomly. Such a model may
explain conflicting results and provides a testable hypothesis using existing but also novel tools
to study non-random segregation of DNA strands. Indeed, a recent technique, CO-FISH
(chromosome orientation fluorescence in situ hybridization), does not depend on nucleoside
analog labeling, and was recently used inDrosophila germline stem cells. CO-FISH revealed that
sister chromatids of the X and Y sex-chromosomes appear to be non-randomly segregated, in
contrast to autosomes [32]. This study, together with others, also revealed that non-random
DNA segregation at least partially occurs through SUN/KASH protein-dependent mechanisms
[32,34], providing mechanistic details for the biased segregation. However, at the same time
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syndrome, a disease of premature
aging.
Spinocerebellar ataxia type 3:
disease caused by CAG expansions
in the gene encoding ataxin 3; leads
to an abnormal build-up of protein
aggregates that cannot be degraded,
and eventual cell death
Stress foci: non-membrane-bound,
small cytoplasmic protein aggregate
SUN/KASH: proteins containing
SUN (inner nuclear membrane; e.g.,
SUN1, SUN2) and KASH (outer
nuclear membrane; nesprins)
domains that physically interact in the
perinuclear space.
Vimentin: type III intermediate
filament that is part of the
cytoskeleton; can bind to the
nucleus, ER, and mitochondria, as
well as to many other potential
proteins and organelles.
novel techniques based on high-throughput genomic sequencing or stable isotope labeling have
not found any evidence that human stem cells in diverse parts of the body are protected from
normally occurring rates of genomic mutations [28,30].

In summary, the hypothesis that some cells, and more specifically stem cells, show asymmetric
segregation of chromatids is neither fully proven nor finally refuted. Instead, it appears that non-
random inheritance of DNA strands shows a high degree of cell type specificity and might be
context-dependent (i.e., high replication stress may bias towards non-random segregation of
sister chromatids). Thus, the immortal strand may not exist for all mammalian cell types or under
all cellular conditions, but the findings that asymmetry in DNA strand segregation can occur
seem plausible. Further, non-random sister chromatid segregation may not only represent a
mechanism to protect the DNA of the long-lived daughter cell but may also be important to
transduce diversity in non-stem daughter cells that appears to occur in neural stem cells
(NSCs) during replication [35].

Asymmetric Segregation of Organelles
There is accumulating evidence that organelles are also non-randomly distributed between
daughter cells. While numerous organelles have been widely studied for their asymmetric
segregation in non-mammalian systems [36,37], we focus here on select organelles that
specifically have been demonstrated to be asymmetrically distributed during mammalian cell
division.

Mitochondria
Mitochondria are the powerhouses of cells, producing ATP that allows the cell to perform its
many functions. Changes in mitochondrial health can thus affect the ability of a cell to function
properly, prompting the need to manage this heterogeneity. In yeast, there is a selective
inheritance of mitochondria between the mother and bud that favors the bud [38,39]. Recently,
asymmetric segregation of mitochondria has been interrogated in mammalian stem cells and cell
lines with different outcomes [40–42].

In human mammary stem-like cells, which undergo asymmetric division, photoactivation of
mitochondrial proteins to label the age of mitochondria and subsequent imaging through mitosis
revealed asymmetric segregation of older mitochondria (>10 h following photoactivation) to the
more flat, adherent epithelial-type daughter cell, leaving the more round, stem-like daughter with
less ‘old’ mitochondria, and more stem-cell traits, including the ability to form mammospheres
[40]. This asymmetry was not seen when cell division occurred earlier than 10 h following
photoactivation, nor when only bulk mitochondria were observed, suggesting that older proteins
specifically are targeted for biased inheritance. Older mitochondrial proteins localized perinu-
clearly through a Drp1-dependent mechanism, and disruption of either the localization or
function of Drp1 resulted in a decrease in stem-like functions. Interestingly, decoupling all
the mitochondria in the cell did not change the asymmetric segregation of the proteins,
suggesting that a decreased mitochondrial membrane potential was not the signal for asym-
metric segregation [40]. Thus, the localization of the older proteins may be the driving force
between the inheritance bias in mammary stem-like cells, although the mechanism is unclear.
The functional cost of inheriting these ‘older’mitochondria appears to be a loss of ‘stemness’ in
the targeted daughter cell.

In non-stem mammalian cells, similar types of experiments have found no evidence for asym-
metric segregation of mitochondria in mouse embryonic fibroblasts [40], or in the bulk mito-
chondrial movement in human embryonic kidney (HEK 293) cells [42], suggesting that this
asymmetric segregation may be more specific to cells with ‘stemness’ properties which may
have different requirements for their behavior. Future experiments to determine the mechanisms
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behind this asymmetric sorting of older mitochondria and its generalization to other stem cells
should further reveal the importance of this segregation to stem cell function.

Centriole Inheritance and the Primary Cilium
During the G1 stage of the cell cycle, cells possess a centrosome containing a mother and a
daughter centriole. In S phase, the original centrioles semi-conservatively duplicate and grow
new daughters. When these newly created pairs separate between daughter cells during
mitosis, one daughter cell inherits the older mother centriole [2], resulting in asymmetric
inheritance. Is there a cost or benefit to the inheritance of the older centrosome? In the
embryonic neocortex, radial glial stem cells, the neurogenic precursors in the developing cortex,
retain the older mother centriole, while the daughter cells inherit the younger mother centriole
and differentiate, suggesting a correlation between ‘stemness’ and inheritance of the older
centriole [43]. Depletion of ninein, a protein important for the maturation of the centrosome and
enriched at the old mother centrosome, disrupts asymmetric inheritance of centrosomes. This in
turn results in the reduction of radial glial progenitors in the mouse embryonic cortex, suggesting
that asymmetric inheritance of the old mother centriole is necessary for the proliferation of radial
glia and thus proper development of the cortex [43].

Similarly, biased inheritance of centrosome-associated structures also confers stem cell traits.
The older mother centriole along with its associated appendage proteins (together called the
basal body), nucleates the primary cilium, an organelle that projects from the cell and responds
to external cues, coordinating signaling pathways during development and in tissue homeosta-
sis. Before mitosis, the cilium partially disassembles, leaving a vesicle containing a remnant of
ciliary membrane with a distinct lipid composition, and an enrichment of ciliary signaling proteins.
This ciliary membrane remnant remains attached to the basal body during mitosis and is
preferentially asymmetrically inherited by the daughter cell that maintains ‘stemness’ [44].
The daughter cell that has inherited the older mother centriole and the ciliary membrane remnant
is the first to generate the primary cilium, giving a selective advantage to the daughter cell
because it is the first to respond to extracellular signaling cues that may regulate proliferation
[44–46]. Whether this advantageous inheritance confers ‘stemness’ remains unclear.

Specific centrosomal proteins also have been shown to asymmetrically associate with the old
centriole, such as cenexin/outer dense fiber protein 2 (ODF2), and centrosomal protein 164 kD
(Cep164), whereas centrobin is enriched at the daughter centriole [47]. Whether these proteins
contribute to cell function following inheritance is not well understood. Taken together, these
studies suggest that asymmetric inheritance of the older mother centriole and the primary cilium
remnant favors increased ‘stemness’.

Midbody
When a cell undergoes mitosis, the two resulting daughter cells remain connected by an
intercellular bridge containing the midbody, an electron-dense structure that is composed of
hundreds of proteins [48,49]. The non-mitotic functions of this structure have revealed important
findings related to midbody inheritance, accumulation, degradation, and release, and their
functional consequences [48].

The question of midbody inheritance or release has been a highly debated subject. At the end of
cytokinesis, abscission of the intercellular bridge can occur asymmetrically on one side of the
midbody, and this allows internalization of the midbody remnant by one of the daughter cells,
specifically to that which inherited the old centrosome (midbody accumulation or inheritance)
[50]. By contrast, when abscission occurs on both sides of the midbody it is released into the
extracellular space (midbody clearance) [48]. These findings suggest that cells can regulate
whether they utilize midbody accumulation or midbody clearance.
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Midbody accumulation correlates with enhanced ‘stemness’ or increased pluripotency similar to
the inheritance of the old centrosome [50,51]. Increasing midbody accumulation through
prevention of autophagy also increases reprogramming efficiency of induced pluripotent stem
cells [50]. Autophagy has been identified to play a central role in midbody degradation and
clearance despite the suggestion that stem cells possess low autophagic activity [50,51].

By contrast, midbody loss appears to correlate with stem cell differentiation [50,51]. In neural
progenitor cells in vivo, midbody release is enhanced during the early stages of neurogenesis,
corresponding to an increase in differentiation [52,53]. Once released into the extracellular
space, themidbody can be engulfed by neighboring cells, where it can influence cellular behavior
[54]. Because themidbody possesses many components of major signaling platforms, including
Wnts, MAPK, and chemokines, the inheritance of this remnant may increase stemness in the
receiving cells [55], allowing long-distance passage of enriched signaling platforms between
cells.

Given the emerging importance of stem cells in regulating cancer progression, the relationship of
midbody inheritance and cancer stem cell-like characteristics has been investigated. Cancer
stem cells have either moremidbody accumulation or undergo lessmidbody release, suggesting
that midbody inheritance may be an important regulator of tumorigenesis [50,51]. How exactly
the midbody can regulate these behaviors remains unclear.

Taken together, these studies suggest that the inheritance and accumulation of the midbody
corresponds with stem cell behavior, while midbody loss parallels with more differentiation-like
behaviors [48]. Whether the fate of the cell leads to a specific midbody behavior, or whether the
midbody behavior confers cell fate, is not yet clear.

Asymmetric Segregation of Damaged or Misfolded Proteins
The asymmetric inheritance of damaged proteins has only recently been approached in
mammalian systems but has been extensively studied in other organisms, such as Drosophila
and budding yeast [9,56]. In the mammalian system, the majority of studies on the asymmetric
segregation of damaged proteins have focused on induced protein aggregates, the over-
expression of specific aggregation-prone proteins, with the aim to associate these findings with
cellular events occurring in different degenerative diseases. These experiments were based on
the first description of the mammalian aggresome, a structure containing aggregated, misfolded
proteins that are transported on microtubules to themicrotubule organizing center (MTOC),
and caged in the intermediate filament vimentin [57]. The revelation that a cell aggregates these
misfolded proteins into a single structure led to questions of how this might function in a dynamic
system: specifically, how are aggregates inherited, what is the cost of that inheritance, and what
is the mechanism governing the asymmetric segregation of aggregates?

Induced Aggregates
Studies investigating the segregation of aggregates in mammalian cells during asymmetric
division have suggested that the inheritance of aggregates to the ‘other’ daughter cell may
improve cellular fitness for the proliferating, stem, or longest-lived daughters [42,58,59].

Original studies in mammalian cell culture lines revealed that cells that overexpressed a
huntingtin (Htt) fragment that formed aggregates could undergo normal mitosis [59]. This
aggregate structure did not break down during mitosis, and was selectively inherited by only one
of the daughter cells, leaving the other cell free of damage. The aggregates were in close
proximity to the MTOC, likely as a result of a dynein-dependent process [60], and were
surrounded by a cage-like vimentin structure [59]. Thus, this study implicates the pericentro-
somal matrix, vimentin, microtubules, and dynein in asymmetric segregation of protein
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aggregates in dividing mammalian cells, similar to the machinery observed in initial early
aggresome studies [57,60]. These in vitro findings were also supported by observations in a
human neurodegenerative disease where protein aggregates are formed in cells. In intestines of
patients with spinocerebellar ataxia type 3, the more-differentiated cells of the intestinal
crypts contained aggregates, while the stem cells remained clean [59]. This suggests that
asymmetric segregation of aggregates may also occur in stem cells in vivo, potentially to benefit
the stem daughter cell.

What is the cost of inheriting protein aggregates? Live-cell imaging of Htt overexpression in rat
PC12 cells revealed that the time from one round of mitosis to the next was longer in the
daughter cell that inherited the Htt+ inclusion body and that this inheritance led to an increase in
cell death [61]. These effects could be mediated by impairment of the proteasome, a protein
complex important for degradation of damaged, misfolded, or targeted proteins. In only one
report has the inheritance of the inclusion body resulted in positive effects in the daughter cell,
such as increased resistance to stress, as well as longer neurite outgrowth in cells forced to
differentiate [61]. The underlying mechanisms behind these findings remain currently unclear.

Misfolded proteins have been shown to be sorted into two distinct inclusion body-like structures
in mammalian cells: a juxtanuclear quality control (JUNQ) compartment, and an insoluble
protein deposit (IPOD) compartment [62]. Soluble misfolded proteins together with active
proteasomes are localized to the JUNQ compartment, and are confined by a vimentin cage [42].
By contrast, insoluble aggregates, such as Htt protein, are moved to the IPOD and are not
degraded [42]. However, it remained unclear how inclusion bodies are segregated during
mitosis and how accumulation in these compartments affected the fitness of future cell progeny.

Recent studies in mammalian cell lines showed that the intermediate filament vimentin confines
the JUNQ and is inherited asymmetrically by daughter cells during mitosis [42]. The IPOD
inclusion body is also inherited asymmetrically, although its segregation is not regulated together
with JUNQ inheritance. Thus, in mammalian cells, the same daughter does not always inherit
both inclusions [42], while in yeast, for example, the mother always inherits both the IPOD and
the JUNQ [62]. Furthermore, only the inclusion bodies and not small stress foci are retained
asymmetrically, assuming that aggregation of these proteins is required before asymmetric
segregation can take place during mitosis. The inheritance of the JUNQ results in an increase in
the amount of time until the next division, thus describing a functional cost to this inclusion
inheritance [42].

Themechanism behind the inheritance of JUNQ appears to involve the association of JUNQwith
the cytoskeleton and, specifically, the intermediate filament vimentin. The formation of a vimentin
cage occurs before the accumulation of substrates to the JUNQ, suggesting that vimentin may
inform the location of the aggregate [42]. Recently, reduced mitochondria, P-body markers, and
stress granule markers have been reported to colocalize with collapsed vimentin, suggesting
that vimentin could mediate the functional asymmetric segregation of these molecules as well as
of misfolded proteins [63].

Taken together, these studies suggest that mammalian cells undergo cellular rejuvenation during
mitosis by sorting specific aggregates between daughter cells through cytoskeletal mechanisms
to increase the cellular fitness and resilience of one of the progeny.

Endogenous Protein Cargoes
While the previously described experiments suggest that asymmetric inheritance of damaged
proteins is specific to the overexpression and induction of misfolded or mutant proteins, multiple
reports also have characterized the segregation of endogenously expressed proteins. These
6 Trends in Cell Biology, Month Year, Vol. xx, No. yy
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studies have primarily been performed in stem cells, showing the importance of asymmetric
segregation in these cell types.

Total polyubiquitinated proteins, as well as specific forms of phospho-Smad1 and phospho-b-
catenin, both reported to be targeted for degradation with these modifications, have been found
to be asymmetrically segregated in mitotic human embryonic stem cells (ESCs) and COS7 cells
[64]. This protein accumulation was found in nuclear bays colocalizing with the centrosome, and
required microtubule transport for movement to the centrosome [64]. It is not clear, however,
whether this inheritance is specific to the older or younger centrosome, or which mechanisms
might be controlling this segregation.

Recently, asymmetric segregation of ubiquitinated proteins and vimentin was also found in
mammalian NSCs during mitosis [65]. The segregation of these cargoes was dependent on the
age of the cell: young NSCs predominantly segregated ubiquitinated proteins and vimentin
asymmetrically, while NSCs from old mice segregated these cargoes more symmetrically [65].
Similarly to budding yeast [66] and Caenorhabditis elegans [67], a diffusion barrier has been
identified in the endoplasmic reticulum (ER) membrane of NSCs that may potentially regulate
the asymmetric segregation of cargoes. In NSCs, this diffusion barrier weakens with chronologi-
cal age, correlating with a more symmetric segregation of cargoes during mitosis [65].

Because the nuclear envelope (NE) breaks down and becomes part of the ER duringmammalian
mitosis, it has been suggested that proteins of the NE may be important in diffusion barrier
function and the asymmetric distribution of cargoes. Disruption of NE proteins through over-
expression of the premature-aging mutant protein progerin leads to a weakened diffusion
barrier, and more symmetric segregation of cargoes such as ubiquitinated proteins [65]. Thus, in
NSCs, mitotically aggregated ubiquitinated proteins may be segregated to one daughter cell by
a diffusion barrier mediated by interactions of the nuclear envelope with the cytoskeleton. A
functional consequence of the asymmetric segregation of these cargoes also has been reported
through time-lapse imaging, demonstrating decreased cell proliferation for the daughter cell that
inherits these cargoes [65].

In both the embryonic and adult brain in vivo, the non-stem daughter cell inherits ubiquitinated
proteins and vimentin, leaving the stem cell clean, whereas in the old brain there is a more
symmetric inheritance of ubiquitinated proteins, further supporting the in vitro evidence for a
weakened diffusion barrier and symmetric segregation of molecules with age [65]. These
findings confirm studies performed in Drosophila stem cell compartments showing that asym-
metric segregation of damaged proteins led to the longest-lived progeny remaining clean [61].

Because these studies focus on endogenously produced proteins, bundled only during mitosis,
and dispersed throughout the cell during interphase, they suggest that this inheritance might be
normal practice in proliferating cells. Furthermore, that this segregation becomes dysfunctional
with age implies that this process is important for maintaining cellular fitness and preventing
cellular aging.

Potential Mechanisms and Consequences
Many potential mechanisms have been suggested for the asymmetric segregation of damaged
proteins, both induced and endogenous, including cytoskeleton interactions either through the
MTOC, microtubules, and vimentin, as well as the presence of a diffusion barrier in the cleavage
furrow of dividing cells. The details of how these proteins perform the segregation, or how they
make the choice for which daughter cell receives the cargo, remain unknown. Proteasome
function also may be significant in the asymmetric segregation of cargoes. For example, it has
been reported in T lymphocytes that asymmetric inheritance of proteasomes results in an
Trends in Cell Biology, Month Year, Vol. xx, No. yy 7
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Outstanding Questions
What is the mechanism behind the
asymmetric segregation of cargoes?
Is it different for each cargo?

How does the cell know which daugh-
ter needs to be renewed?

Does the asymmetric segregation of
cargoes influence the cell to adopt a
particular fate?

What is the influence of the cellular
context (e.g., replication stress) on
asymmetric inheritance of cargoes?

What other cargoes are asymmetrically
segregated between daughter cells?

Does chronological aging affect the
segregation of all cargoes?

What does the more differentiated
daughter do with the inheritance of
damaged proteins?

Is this effect generalizable to all asym-
metric cell divisions?

Are all ‘good’ proteins segregated with
the old centrosome and all ‘bad’ pro-
teins with the young centrosome?
asymmetric degradation of the transcription factor T-bet [68]. Because both the centrosome [69]
and the JUNQ compartment [42] have been suggested to have localized proteasome activity,
their identified asymmetric segregation places them as interesting candidates to mediate a role
for proteasomes in the asymmetry of cargoes. Future experiments will need to characterize the
mechanisms behind these asymmetric segregations and determine if they function similarly with
all cell cargoes, and in all cell types.

The functional outcome of the asymmetric inheritance of damaged proteins is also somewhat
inconsistent between studies. The majority suggest that the inheritance of these molecules by a
proliferating cell leads to a reduction in stem-cell proliferation rate or increased cell death
[42,58,65]; however, it has also been reported that inheritance by a differentiating cell can lead
to enhanced differentiation [58], suggesting a positive role for this asymmetry. Understanding the
basal differences in the proliferating versus differentiating intracellular milieu may reveal the basis
for these different responses.

Concluding Remarks
How cellular cargoes become segregated into two daughter cells during mammalian cell division
has gained increasing attention over the past several years (Table 1). For some organelles (such
as centrosomes and centrioles) there is extensive evidence for asymmetric segregation,
whereas for others (such as sister chromatid distribution and mitochondrial inheritance) the
picture is much less clear. Conceptually it is important to note that the inheritance of cargoes is
not necessarily only good or bad (see Outstanding Questions). Some instances of asymmetric
segregation appear to be beneficial for one of the daughter cells where inheritance may mediate
a degree of cellular memory: for example, the stem cell that inherits the mother centrosome and
its associated proteins is the first daughter cell to remake a primary cilium allowing quick
responses to its environment. Similarly, inheriting the midbody remnant and thus large numbers
of proteins involved in signaling can affect proliferation and defer stemness specifically to the
Is the fate of the cell inheriting this cargo
determined by the inheritance, or does
the cell type decide the inheritance?

Key Figure

Asymmetric Segregation of Cargoes During Mammalian Cell Division

[Non-stem][Stem]

Ubiqui�nated
proteins 

Old
mitochondria

Aggregate

Young
centrosome

Vimen�n

‘Immortal’
DNA strand

Midbody
remnant

Ciliary
membrane

Old
centrosome

Young
mitochondria

‘Mortal’
DNA strand

Figure 1. [1_TD$DIFF]Shown is a schematic of a dividing cell and cellular components that have been described previously to be
asymmetrically inherited by the two daughter cells upon cell division of the mother cell. Note that this depiction cannot be
generalized to all cell types so far analyzed, given that non-random segregation of cargoes presumably shows high cell type-
and context-dependent specificity. In addition, these cargoes were typically not studied at the same time to confirm their
colocalization. The left side of the cell depicted in anaphase represents the part of the daughter cell that will retain stem cell
properties, whereas the non-stem daughter cell (in this example two distinct fates of the daughters will occur) is depicted on
the right.
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Table 1. Studies Focused on the Asymmetric Segregation of Misfolded or Damaged Proteins During Mammalian Cell Division

Cell Type Cargo Localization Functional Consequence
of Cargo Inheritance

Mechanism Asymmetric/Symmetric
Fate of Cells

If Asymmetric,
Who Inherits?

Refs

Hamster O23 and
HEK293 cells

Htt fragment (either HDQ74 or
HDQ119 + XFP)
Vimentin

Perinuclear – MTOC;
vimentin

Symmetric fate (cell lines);
asymmetric fate (human
intestine)

Non-stem progeny
(differentiated or
committed)

[59]

Human ES, COS7,
L cells

Endogenous proteins targeted
for degradation (phospho-Smad1,
phospho-b-catenin, and
polyubiquitinated proteins)

Pericentrosomal
(nuclear bay);
colocalized with
microtubules during
interphase

Both daughters
respond to BMP
treatment similarly

Suggests
MTOC and
centrosome
inheritance

Symmetric fate [64]

PC12 cells Htt103Q–eGFP Proliferating conditions:
longer cell cycle length,
increased cell death,
increased resistance
to stress;
differentiating
conditions: enhanced
differentiation (longer
neurite)

Suggests
proteasome
impairment

Symmetric fate [58]

HEK293, N2a,
CHO cells

HttQ119–eYFP
VHL–XFP
Vimentin

VHL (JUNQ)
–proteasomes,
vimentin, centrosome,
MTOC;
Htt (IPOD) – no
association

Longer cell cycle length Suggests
MTOC,
cytoskeleton,
specifically
vimentin

Symmetric fate [42]

Mouse and rat
NSCs

Endogenous ubiquitinated
proteins
Vimentin

Longer cell-cycle length Diffusion
barrier
(correlation)

Symmetric fate (cultured
cells); asymmetric fate
(embryonic and adult
brain)

Non-stem
daughter

[65]
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Table 2. Current Generalizable Positive and Negative Consequences of Inheritance of Reported Segregated
Components

‘Positive’ Inheritancea ‘Negative’ Inheritancea

‘Younger’ mitochondria Misfolded/aggregated proteins

Old centrosome High levels of ubiquitinated proteins

Ciliary membrane ‘Older’ mitochondria

Midbody remnant

‘Immortal’ DNA strand

aThese have been shown in at least one example to have ‘positive’ or ‘negative’ effects, however, they may be cell type- or
context-dependent.
stem cell daughter. At the same time there are more negative outcomes associated with cargo
inheritance that mediate cellular and replicative aging: the non-stem daughter cell may inherit
protein aggregates, more damaged proteins, and the older mitochondria (Figure 1 and Table 2).
As such, asymmetric segregation of cargoes may represent a way to rejuvenate proliferating
cells to ensure a lifelong capacity of cell genesis.

Without a doubt there will not be a single mode of asymmetric inheritance that holds true for all
cell types under all cellular conditions. Instead, it seems plausible that there is a high cellular
specificity (for instance depending on the cellular longevity of daughter cells) and context-
dependency that may change under physiological conditions (e.g., replicative stress) and that
may also largely influence results obtained using in vitro approaches. Recent technological
advances allowing birthdating of proteins and organelles, using, for example, approaches based
on photoconversion of tagged proteins in combination with improved imaging systems that
enable the longitudinal observation of single clones over extended times, will help to characterize
the presence of the potential underlying mechanisms of asymmetric segregation of cellular
components during mammalian cell division.
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