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Many adult stem cells divide asymmetrically, generating one

stem cell (self-renewal) and one differentiating cell. Balancing

self-renewal and differentiation is critical for sustaining tissue

homeostasis throughout the life of an organism. Failure to

execute asymmetric stem cell division can have profound

impacts on tissue homeostasis, resulting in tissue degeneration

or hyperplasia/tumorigenic overgrowth. Recent studies have

expanded our understanding of both the extracellular and

intracellular mechanisms that regulate, reinforce and ensure an

asymmetric outcome following stem cell division. In this review,

we discuss newly discovered aspects of asymmetric stem cell

division that, in concert with well-established mechanisms,

contribute to balancing self-renewal and differentiation.
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Introduction: the most simplistic view of
asymmetric stem cell division and its
limitation
Adult stem cells have the capacity to both self-renew, by

producing a new stem cell, and differentiate to produce a

mature cell type such as neurons, epithelial cells and

sperms. Adult stem cells contribute to tissue develop-

ment and homeostasis through continuous production of

differentiated cells. At the same time, stem cells need to

self-renew or risk exhausting the proliferative capacity

of the tissue. This delicate balance between stem cell
www.sciencedirect.com 
self-renewal and differentiation can be achieved through

asymmetric stem cell division.

Asymmetric stem cell division is generally dictated by

unequally distributed cell-extrinsic and/or cell-intrinsic

fate determinants (Figure 1). In either case, spindle

orientation plays a key role in achieving an asymmetric

outcome after stem cell division by aligning the cell

division plane with pre-established cell-extrinsic or

cell-intrinsic asymmetries (Figure 1). The core machinery

for orienting the spindle is evolutionarily conserved, and

decades of study have provided critical insights into the

molecular mechanisms of spindle orientation [1]. Al-

though the detailed mechanisms regulating asymmetric

cell division and spindle orientation have been elucidated

largely using model organisms such as yeast, worm and

flies, it has become clear that mammalian stem cells also

utilize similar mechanisms [2,3�]. Readers are directed to

recent excellent reviews regarding the spindle orientation

machinery [4,5], and further details of this machinery will

not be discussed in this review.

In the most simplistic view, cell-extrinsic or cell-intrinsic

fate determinants in combination with spindle orientation

should suffice to explain asymmetric stem cell divisions:

that is, if a master regulator of stem cell identity or

differentiation is polarized within the stem cell, and

the spindle is aligned such that 100% of the master

regulator is inherited by only one daughter, one need

not assume that influence by the extracellular environ-

ment affects asymmetric stem cell division (Figure 1).

Vice versa, if the extracellular environment is set up such

that spindle orientation would place the two daughter

cells in distinct environments, which dictate either stem

cell identity or differentiation, cells would not need

intrinsic fate determinants. However, recent studies have

illuminated the importance of intricate mechanisms that

modulate and reinforce both cell-extrinsic and cell-intrin-

sic asymmetries in order to achieve a bipolar outcome

following stem cell division. Such intricate mechanisms

enable asymmetric divisions by solving problems inher-

ent to the ‘simplistic views’ of asymmetric division de-

scribed above. For example, the oriented spindle can place

cells only one cell diameter away from each other, thus

two daughter cells are placed right next to each other. How

can the tissue ensure that these two daughter cells are

placed in distinct signaling environments? In this review,

we summarize critical aspects of asymmetric cell division

with a particular focus on these and other emerging
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2 Differentiation and disease

Figure 1
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Mechanisms of asymmetric stem cell division. (a) Asymmetric stem cell division can be regulated by extrinsic fate determinants, such as those from

the stem cell niche. The two daughters of the stem cell division will be placed in distinct cellular environments, either inside or outside the stem cell

niche, resulting in the acquisition of different fates. (b) Asymmetric stem cell division can be modulated by intricate mechanisms that reinforce initial

cell-extrinsic and/or cell-intrinsic asymmetries. For example, stem cell division might be barely asymmetric (e.g. slight differences due to the age of

mother and daughter centrosomes and due to only a moderate gradient in signaling molecules). However, the mother centrosome grows a primary

cilium earlier than the daughter, and as a result, the mother centrosome-containing cell might receive much higher levels of signal, leading to

asymmetric cell fates. (c) Asymmetric stem cell division may rely on intrinsic fate determinants. Fate determinants are polarized in the dividing stem

cells, leading to unequal distribution of these determinants following division and to two daughter cells with distinct fates.
mechanisms that reinforce and ensure an asymmetric

outcome of stem cell division.

Setting up and refining unequal environments
Many stem cells are specified by signals originating from

their stem cell niche, the specialized microenvironment

essential for stem cell identity. To divide asymmetrically

within such a niche, one of the daughters of stem cell

division must be placed inside of the niche while the other

must be placed outside of the niche. This is often achieved

through spindle orientation (Figure 1). The two daughter

cells of a stem cell division may not be necessarily intrin-

sically divergent, but they may acquire distinct fates

through differential exposure to niche signaling.

The niche is thought to provide a short-range signaling

environment to limit the number of stem cells in a tissue.
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To achieve asymmetric stem cell division through spindle

orientation, the range of the niche signaling must be

tightly controlled within a one cell diameter deviation.

This way, when the stem cell divides with correct spindle

orientation, one daughter cell will be placed outside the

range of niche signaling (Figure 1). In this regard, Notch

signaling is ideally suited for stem cell niches because its

juxtacrine nature inherently requires cell–cell contact for

signal transduction, limiting its range to one cell diameter.

As such, it is utilized by many stem cells for self-renewal

[6]. However, many other niche-derived ligands are

known to diffuse over a long distance (many cell dia-

meters) in other contexts. For example, in both the

Drosophila male and female germlines, niche cells support

germline stem cell (GSC) self-renewal by secreting a

cytokine-like ligand Upd, and BMP (bone morphogenic

protein) ligands Dpp/Gbb, both of which can diffuse far
www.sciencedirect.com
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away from the source cells [7]. Similarly, other diffusible

ligands including Wnt, Hh, Egf serve as niche factors in

mammalian and Drosophila tissues [8]. Some of these

ligands can diffuse over a long range (�500 mm) in certain

contexts, such as when they function as morphogens [9].

Therefore, limiting the signaling range of niche ligands

is vital for achieving asymmetric stem cell division by

spindle orientation and concordantly, regulating the size

of the stem cell population. Accordingly, a mechanism to

precisely regulate the range of the niche signaling must

be in place.

Recent studies have illuminated the involvement of

cellular protrusions in delivering the niche ligand in a

manner that is exclusive to stem cells, thereby limiting

the range of the niche signaling. It was shown that

Drosophila male GSCs form microtubule-based nano-

tubes (MT-nanotubes), which are inserted into the niche

cells [10��]. The interaction between the BMP ligand

Dpp and its receptor Tkv is conducted predominantly on

the surface of the MT-nanotubes. Therefore, differenti-

ating cells are not exposed to niche-derived Dpp. In the

Drosophila female GSC niche, a niche component known

as a cap cell extends a cytoneme, a specialized filopodia,

to locally deliver Hh ligands to adjacent escort cells,

which in turn regulate the expression of BMP ligands

to maintain GSCs [11�].

Interestingly, another niche-derived ligand, Upd, is not

regulated by the MT-nanotubes [10��]. Instead, Upd’s

signaling range might be regulated by its association with

the extracellular matrix (ECM), which restricts its diffu-

sion [12]. The ECM also regulates BMP signaling. ECM

components, including Dally, Dally-like and likely Magu,

function to concentrate the BMP ligand Dpp to the stem

cell niche [13–15]. It is unknown how the MT-nanotube

and the ECM collaborate to achieve a desirable mode of

BMP signaling and therefore control the number of stem

cells within the niche. Also, it remains elusive why the

signaling range of two ligands (Upd and Dpp), secreted

from the same source, to regulate the same stem cell

population, needs to be regulated differently. Recently, it

was shown that Wnt3 ligand secreted from Paneth cells,

the niche component for mammalian intestinal stem cells,

exists mainly in a membrane-bound form and does not

diffuse away from the source, creating a limited niche

space [16��]. Altogether, these findings underscore the

importance of strictly controlling the range of niche

signaling such that the appropriate number of stem cells

is maintained whereas the appropriate number of stem

cell daughters leave the niche for differentiation.

Intracellular asymmetries dictate unequal cell
fates
Biased distribution of cell-intrinsic fate determinants

within stem cells also contributes to asymmetric stem cell

division (Figure 1). A classical model of this is found in the
www.sciencedirect.com 
Drosophila neuroblast, which divides asymmetrically by

segregating classical fate determinants such as Numb,

Prospero and Brat to differentiating daughters [17].

However, recent studies have revealed that partitioning

of fate determinants is not the sole cell-intrinsic method

for dictating asymmetric stem cell division. Indeed, ‘fate

modulators’ of many forms have proven to be crucial in

achieving an asymmetric outcome following cell division.

These modulators may not determine cell fate directly

but instead collaborate with extracellular signals to influ-

ence asymmetric stem cell division. For example, biased

partitioning of Sara (Smad anchor for receptor activation)

endosomes mediates differential endocytosis of the li-

gand Delta and the receptor Notch in the two daughter

cells to modulate their Notch signaling levels, thus con-

ferring different fates to the two daughter cells [18].

Asymmetric segregation of Sara endosomes plays an

important role in the asymmetric divisions of sensory

organ precursors and intestinal stem cells in Drosophila
as well as the neural precursors in the zebrafish spinal cord

[18–20]. This process requires spindle asymmetry, which

is generated by microtubule motors, to distribute Sara

endosomes asymmetrically [21��].

Centrosomes have emerged as another organelle capable

of modulating cell fate. Biased segregation of mother and

daughter centrosomes has been observed in the asym-

metric cell divisions of several stem cell systems. For

instance, Drosophila male GSCs and mouse radial glial

progenitor cells consistently inherit the mother centro-

some, while Drosophila neuroblasts and female GSCs

consistently inherit the daughter centrosome [22–26].

As centrosome asymmetry is associated with the differ-

ential ability of nucleating/anchoring microtubules [22], it

is possible that the sole purpose of centrosomal asymme-

try is proper spindle orientation. However, it has been

shown that inheritance of the mother or daughter centro-

some can lead to differential receptivity to extrinsic

signaling in a culture cell system [27]. It was shown that

the mother centrosome grows a primary cilium much

earlier than the daughter centrosome upon cell division,

conferring a higher sensitivity to hedgehog (Hh) signaling

to the mother centrosome-containing cell [27]. More

recently, it was shown in mouse embryonic neocortical

stem cell division that the ciliary membrane is endocy-

tosed together with the mother centriole at mitotic onset,

providing a ‘head-start’ to the mother centriole to grow a

primary cilium in the next cell cycle [28��]. This led to

differential timing in the accumulation of Smo, the recep-

tor for the Hh pathway, in the primary cilia between the

two daughter cells, likely activating Hh signaling differ-

entially in stem cells. Therefore, even if the mother or

daughter centrosome does not confer cell fate on its own,

it may lead to asymmetric cell fate by reinforcing asym-

metries provided by the signaling environment (Figure 1).

Such a strategy can achieve on/off fate determination,
Current Opinion in Cell Biology 2016, 43:1–6
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even if the ligand field is not sharp enough to discriminate

between two juxtaposing cells.

At the interface of intracellular and
extracellular asymmetries
Although the importance of extracellular and intracellular

mechanisms for asymmetric stem cell division is well

appreciated, significant gaps exist in our understanding

of how the intracellular machineries that orient the cell

division are linked to the asymmetries provided by the

extracellular environment. One simple mechanism is to

utilize the interface between stem cells and the niche as

a cue. As cells adhere to the niche, where they naturally/

inevitably form cell–cell or cell–ECM adhesions, cell

adhesion sites can be used as a cue for orienting the stem

cells. Indeed, cell adhesions molecules play important

roles for oriented cell divisions in many systems. For

example, both cadherins and integrins have been

reported to regulate spindle orientation in Drosophila
and mammalian systems [29–32].
Figure 2
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ligands and receptors on their surface to allow for very specific intercellular
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In addition, in cases where stem cells are adhered to the

niche, one might wonder whether niche-derived signaling

also contributes to stem cell-intrinsic asymmetries/spin-

dle orientation (Figure 2). Such a mechanism would be

ideally suited to link stem cell identity and asymmetric

division. In C. elegans embryos, asymmetric microtubule

organization and spindle orientation during the division of

the EMS cell is controlled by Wnt ligand expressed in the

neighboring cell [33]. A recent study has shown that

spatially immobilized Wnt3a ligand on beads is sufficient

to orient the division plane of mitotic mouse embryonic

stem cells in in vitro culture [34]. The localized Wnt3a

signal is capable of inducing asymmetric participation of

Wnt pathway components, such as the receptor LRP6

and associated b-catenin, as well as biased inheritance of

centrosomes. It remains unclear whether spindle orienta-

tion is regulated by changes in gene expression down-

stream of Wnt signaling or whether the ligand–receptor

directly binds the cytoskeleton. This question will be

difficult to unambiguously address, because loss of the
Ligands
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Adherens Junction

Extracellular Matrix

Differentiating Cell
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molecules can be enriched in the vicinity of stem cells either by ligand-

rate a signal gradient across stem cells and their differentiating

cisely controlled by specialized subcellular structures including

odia. Although not drawn in the figure, cytonemes also concentrate

 signaling events).
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signaling pathway will likely lead to loss of cell identity,

which can indirectly influence spindle orientation.

The mechanisms that ensure asymmetric
stem cell division
As described above, many intracellular and extracellular

factors function to achieve asymmetric cell divisions. It

follows that a cell needs to be able to recognize when it is

correctly polarized in order to ensure proper asymmetric

division. Indeed, exquisite orientation control can be

ensured by checkpoint mechanisms that function to

dictate coordinated progression through the cell division

cycle. The spindle position checkpoint (SPOC) in bud-

ding yeast is one such surveillance mechanism that spe-

cifically monitors spindle orientation and blocks mitotic

exit if the spindle is misaligned [35]. A similar orientation

checkpoint mechanism also exists in Drosophila male

GSCs that monitors correct centrosome positioning be-

fore mitotic entry (the centrosome orientation checkpoint,

COC) [36–39]. The orientation checkpoint mechanisms

are not well documented in other systems: however, it is

conceivable that similar mechanisms ensure correct orien-

tation in other stem cell systems, given the importance of

asymmetric stem cell division.

Concluding remarks
Recent discoveries have tremendously enriched our

knowledge about how stem cells function to maintain

tissue homeostasis. Accumulating knowledge highlights

the importance of intracellular and extracellular mecha-

nisms for asymmetric stem cell division. As we summa-

rized here, asymmetric cell division is the outcome of

many interlinked biological processes, which include

setting up, modulating and reinforcing asymmetries using

cell intrinsic and extrinsic mechanisms. Although each

modular mechanism may be simple and come with limit-

ed variation, combinatory use of those modular mecha-

nisms likely allows distinct stem cell populations to adopt

carefully tailored mechanisms of asymmetric cell divi-

sions. This would allow context-dependent modulation of

asymmetric cell divisions, such as the degree of flexibility

in employing symmetric stem cell division and dediffer-

entiation, to maintain robust tissue homeostasis.
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