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Spindle orientation in mammalian cerebral cortical development
Madeline A Lancaster and Juergen A Knoblich

In any mitotic cell, the orientation of the mitotic spindle
determines the orientation of the cleavage plane and therefore
the position of the two daughter cells. When combined with
polarization of cellular components, spindle orientation is also a
well-conserved means of generating daughter cells with
asymmetric cell fates, such as progenitors and differentiated cell
types. In the mammalian neocortex, the precise planar spindle
orientation observed early during development is vital for
symmetric proliferative divisions. During later stages, spindles
can be oblique or even vertical but the role of this reorientation is
somewhat less clear as asymmetric cell fates can arise
independently of spindle orientation during this stage.
Although decades of work have identified many key
conserved regulators of spindle positioning, its precise role in cell
fate determination in the mammalian neocortex has been
enigmatic. Recent work focused on minsc and LGN has now
revealed an important role for spindle orientation in
determination of specific asymmetric cell fates, namely
intermediate progenitors and a new progenitor population,
termed outer radial glia. In this way, spindle orientation helps
determine the neurogenic outcome of asymmetric progenitor
divisions, thereby influencing neuron output and cerebral
cortical expansion.
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Introduction

During cell division, intracellular components must be
partitioned into two daughter cells in a highly regulated
manner. For some components this is done symmetrically
so that both daughter cells receive an identical set. How-
ever, other components, such as cell fate regulators, may be
partitioned asymmetrically to result in asymmetric cell
fates following division [1]. This cell fate asymmetry
contributes to developmental diversification that generates
the vast array of different cell types in a fully developed

metazoan. Asymmetric localization of subcellular com-
ponents can be achieved by regulating the distribution
of these components and the mitotic spindle relative to one
another so that the two daughter cells terminate cytokin-
esis with distinct sets of these factors [2,3].

Regulated orientation of the spindle has been shown to be
an influential factor in cell fate decisions during devel-
opment of a variety of systems. For example, the Cae-
norhabditis elegans zygote positions the spindle along the
anterior—posterior axis through interactions of spindle
microtubules with polarity proteins at the cell cortex
[2]. Similarly, Drosophila neuroblasts orient their spindle
along the apicobasal axis through interactions at the cell
cortex with apically localized factors [4].

"This paradigm of positioning the spindle through inter-
actions at the cell cortex seems to hold true in vertebrate
and mammalian asymmetric divisions as well. In particu-
lar, in the developing mammalian neocortex, neurons
arise from asymmetric divisions of progenitor cells,
whereas symmetric divisions drive self-renewal of pro-
genitors [5]. This process is dependent upon spindle
orientation, and, like in C. elegans and Drosophila, involves
polarity proteins. Orientation of the spindle has important
implications in human brain evolution as well as several
developmental disease states [6]. For example, disorders
such as lissencephaly (smooth brain) and microcephaly
(small brain) can be caused by mutations in genes with
specific roles in spindle orientation in the mammalian
cerebral cortex, including Lisl, Ndel, and MCPHI1 to
name a few [7]. In this review, we will focus on mech-
anisms of spindle orientation in mammals and in particu-
lar in the developing cerebral cortex.

Mechanisms of spindle orientation in
mammalian cells

Astral microtubule growth and positioning. The mitotic
spindle is formed during prophase when the duplicated
centrosomes, or microtubule organizing centers (M T'OC),
nucleate spindle microtubules to position chromosomes,
and astral microtubules to position the spindle relative to
the cell cortex [8]. Although centrosomes are not required
for spindle assembly in all cells (e.g. higher plants [9],
planarians [10], and mouse oocytes [11]), there is growing
evidence that centrosome function influences spindle
positioning [12]. Furthermore, regulation of microtubule
polymerization and stability is important not only for
spindle assembly, but also for positioning [13].

Astral microtubules eclongate from the MTOC and
undergo microtubule-capture at the plasma membrane
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738 Neurodevelopment and disease

to position the spindle. This occurs through the concerted
effort of dynein—dynactin directed microtubule transport
with the help of dynein-associated proteins such as
CLASP1, Lisl, and Ndel/Ndell, thereby pulling the
spindle into position [14-17]. One particularly interesting
finding is that the micromechanical characteristics of the
spindle allow it to move as a whole under spindle posi-
tioning forces [18°]. Thus, microtubule anchoring at the
cell cortex can position the entire spindle relative to
polarity cues.

An important player in microtubule anchoring is the actin
cytoskeleton. Subcortical F-actin filaments at the cell
cortex interact with astral microtubules of the nascent
spindle poles [19]. Through myosin transport and cortical
flow of F-actin, astral microtubules can be pulled, thereby
positioning centrosomes and the entire spindle [20]
(Figure 1a). However, since subcortical actin is often
uniformly distributed throughout the cell, asymmetry
must be conveyed by other factors as well. For example,
external forces that influence cell shape can influence
spindle orientation through an effect on the actin cytos-
keleton [21-23]. Internally, polarity cues, such as apical—
basal factors, can influence spindle orientation.

Figure 1

The role of the apical Par complex. Epithelial cells, including
the neuroepithelium, exhibit pronounced apicobasal
polarity [24]. This polarity can provide an endogenous
source of asymmetry to orient the spindle [25]. The apical
Par complex containing Par3, Par6, and aPKC, is a master
regulator of apicobasal polarity, with Par3 functioning as a
scaffold for Par6 and aPKC [26]. These components, with
the help of Cdc42, selectively exclude non-apical proteins
from the apical domain [27].

In epithelial cells, adherens junctions help to establish and
maintain this apical polarity [26]. Adherens junctions, a
type of cell—cell contact, are composed of cadherins and
catenins, particularly E-cadherin and a-catenin, B-catenin
and p120 catenin [28]. These adherens junctions interact
with Par-3 to recruit the Par-complex apically, and facilitate
apical polarity maintenance by preventing mixing between
apical and basolateral domains of the epithelial cell [24]. In
addition, adherens junctions can influence the cytoskele-
ton through a-catenin interaction with actin and p120
catenin interaction with microtubules [28].

Connecting the spindle to polarity cues. Many of the factors
involved in orienting the spindle relative to apicobasal
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Spindle orientation in mammalian epithelia. (a) Spindle orientation begins with spindle microtubule growth from the centrosome (pink). Aster
microtubules polymerize and interact with the subcortical actin cytoskeleton (grey), which help position spindle poles through cortical F-actin flow [20]
and myosin-10 [100], an unconventional microtubule-binding myosin [101] (inset). (b) Planar division occurs when the spindle is positioned
perpendicularly to the apicobasal axis (defined by the apical domain, green). This occurs through segregation of the LGN complex (purple) from the
apical domain by Par complex proteins (green) and adherens junctions (yellow). Aster microtubules are then positioned through dynein-dynactin (red)
association with the LGN complex. (c) Vertical orientation (along the apicobasal axis) occurs in the presence of minsc, which allows association of the
LGN complex with the Par complex. This connection pulls the spindle pole toward the apical domain, thereby orienting the spindle vertically. In all

panels, the orange line marks the basal surface.
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Spindle orientation in mammalian cerebral cortical development Lancaster and Knoblich 739

polarity cues have been described in Drosophila [2],and, to a
large degree, their homologs have been identified to func-
tion similarly in mammalian and vertebrate epithelial cells
[25]. In particular, a protein complex comprising LGN,
NuMA, and Gai associates tightly with the spindle pole
[29,30°]. In planar epithelial divisions, this complex loca-
lizes to a restricted belt between apical and basal domains,
associating with both spindle poles on either lateral side of
the dividing cell [29,31°] (Figure 1b). This localization
seems to be maintained through aPKC phosphorylation
of LGN to exclude it from the apical domain [32].

In contrast, divisions along the apicobasal axis display
association of the LGN complex with only one spindle
pole oriented at the apical domain of the cell
[30°,33,34°,35] (Figure 1¢). With the LGN complex posi-
tioned, NuMA acts as the bridge between LGN and
dynein—dynactin [36]. Through dynein minus-end
directed movement, the spindle pole is positioned adja-
cent to the LGN complex, either along the lateral axis in
the case of planar divisions, or along the apicobasal axis.

Although LGN is required for directed spindle orien-
tation, it does not define which orientation the cell will
adopt during mitosis. In Drosophila, that role is fulfilled by
Inscuteable (Insc), which functions by coupling the LGN
(Pins) complex with the Par complex [37,4,38] to direct

Figure 2

LGN apical localization and determine orientation of the
spindle. In Drosophila embryos, Insc acts as a switch to
drive cells toward vertical divisions, whereas cells with
inactive Insc drive parallel divisions [37]. As in Drosophila,
mammalian mInsc interacts with Lgn and Par3 [33], and
seems to influence spindle orientation in mammalian
epithelia away from planar toward more apicobasal orien-
tation [39,40°,41] (Figure 1c).

Neurogenesis in mammalian cortical
development

During mammalian cerebral cortical development, the
neuroepithelium initially divides symmetrically and with
a planar orientation to expand the progenitor pool [42]
(Figure 2). At the start of neurogenesis, the progenitor
pool, termed radial glial stem cells (RGs) or apical pro-
genitors, then begin dividing asymmetrically. These
asymmetric divisions can result in several outcomes lead-
ing to cither direct neurogenesis to produce a neuron
immediately after division, or indirect neurogenesis giv-
ing rise to an intermediate progenitor (IP) (Figure 2). This
IP can then divide again to produce two neurons, thereby
expanding the neurogenic output.

The asymmetric cell fate resulting from these divisions is
likely determined by many factors, such as epigenetic
changes and signaling, which we are only just beginning
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Spindle orientation in the mammalian neocortex. Planar symmetric divisions (left panel) give rise to two RGs with apical (in green) and basal domains.
Planar asymmetric divisions (middle panel) give rise to one RG and a neuron (N) or IP. Oblique or vertical orientation (right panel) gives rise to
asymmetric cell fates, tending to generate oRGs and IPs to a greater extent [40°,41]. In all panels, the orange line marks the basal surface.
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to identify. In particular, there is now substantial evi-
dence that asymmetric divisions in the cortex give rise to
daughter cells with variable Notch activities resulting in
daughter cells with greater Notch activity, which tend to
remain as RGs, while those with lesser Notch activity
become neurons or IPs [43]. Indeed, disruption of Notch
signaling in the mammalian neocortex has dramatic con-
sequences to cell fate [44]. For example, inducing Notch

activation inhibits neuronal differentiation by maintain-
ing RGs as progenitors [45].

Thus, establishment of differential Notch activities is
likely a key event in fate determination following asym-
metric division of RGs. Other signaling pathways, such as
Shh and Wnt signaling are also vital to acquisition of
specific cell fates in the neocortex [46], though their roles

Table 1

Regulators of spindle orientation and their phenotypes in the neocortex

Effect on spindle

Cortical phenotype (human;
mouse or rat)

Gene/protein Function
Centrosome/MTOC
MCPH1 DNA damage repair, chromosome

ASPM Centrosome/spindle pole
localization, Wnt signaling

Cdk5Rap2 Centrosome function, centriole
duplication, DNA damage response

Cenpj Centrosome localization, centriole
duplication and elongation

Stil Spindle pole localization, centriole

condensation, centrosome function

duplication, Shh signaling

Microtubule organization/positioning

DCX Microtubule organization, stability
Lis1 Dynein/dynactin complex function
Magoh Splicing, Lis1 expression
Nde1 Lis1-dynein complex
Arhgef2 GEF, microtubule associated
Tctex1 Dynein light chain,

G protein signaling
Htt Dynein-dynactin complex

Apical complex

LOF: increased vertical orientation [48°]
LOF: increased oblique orientation [49]
LOF: increased vertical orientation [79°]
LOF: randomized in Hela cells [81]

LOF: randomized in Hela cells [81]

LOF: randomization [13]

LOF: randomization [51]

LOF: increased vertical and oblique [87°]
LOF: increased vertical and oblique [17]

LOF: increased planar orientation [90]
LOF: decreased planar orientation [90]

LOF: increased vertical and oblique
orientation [91°]

LOF: increased oblique and vertical

LOF: increased oblique in Caco-2 cells [27]
LOF: increased oblique in Caco-2 cells [27]

Par3 Apicobasal polarity
in MDCK [32]
Par6 Apicobasal polarity
aPKC Apicobasal polarity
Cdc42 Apicobasal polarity

Adherens junctions

Beta-catenin

Adherens junctions, Wnt signaling

Spindle positioning

LOF: Increased oblique in Caco-2 cells [92],
but no change in telencephalon [93]

LOF: increased oblique and vertical
orientations in midbrain [94]

LOF: increased planar orientation [40°],
GOF: increased vertical and oblique

LOF: increased oblique and vertical

LOF: increased oblique orientations [97]
LOF: increased oblique and vertical

minsc Spindle orientation

orientation [40°,41]
LGN Spindle orientation

orientations [41]
Other
Lamin-B Nuclear lamina
Pax6 Transcription factor, neurogenesis

and self-renewal orientations [98]

Vangl2 Planar cell polarity

LOF: increased planar orientation [99]

Microcephaly [76]; mild
microcephaly [48°]

Microcephaly, simplified gyri [77];
mild microcephaly [78]

Microcephaly [80]; microcephaly [79°]

Microcephaly [80]

Microcephaly, simplified gyri [82];
neural tube defects [83]

Lissencephaly/Subcortical band
heterotopia [84]; neuronal migration
defects [85]

Lissencephaly; cortical
disorganization [86]

Cortical disorganization, microcephaly
Microlissencephaly; mild
microcephaly [88,89]

Decreased neurons, increased RGs
Increased neurons, decreased RGs

Huntington disease; decreased RGs,
increased neurons [91°]

Decreased RGs (LOF), increased
RGs (GOF) [53,60]

Increased RGs (GOF) [53]

Normal neurogenesis (aPKClambda)
Decreased RGs, increased IPs [93]

Decreased RGs (LOF) [95],
increased RGs (GOF) [96]

Decreased neurons and IPs (LOF) [40°],
increased IPs and oRGs (GOF) [40°,41]

Decreased RGs, increased IPs
and oRGs [41]

Cortical disorganization [97]
Increased asymmetric fates [98]

Increased early-born neurons,
decreased RGs [99]

Not all factors affecting cortical progenitor asymmetric division are shown. This table is limited to those factors where spindle orientation was
specifically examined.
LOF = Loss of function, GOF = Gain of function.
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in asymmetric fate determination have not been specifi-
cally addressed. Importantly, it is still largely unclear how
differential signaling activities in daughter cells are estab-
lished and whether this is influenced by spindle orien-
tation. This is discussed further below.

Spindle orientation factors and their
phenotypes in the mammalian neocortex

The MTOC and microtubule dynamics. Disruptions in mitotic
spindle components, such as the centrosome and astral
microtubules, lead to striking phenotypes in the mamma-
lian neocortex. For example, disruption of factors involved
in centrosome function leads to misorientation of the
mitotic spindle in neural progenitors [47,48°], which results
in a depletion of neural progenitors [12,49]. Furthermore,
disruption of microtubule dynamics as is seen with loss of
Doublecortin (Dcx), a gene mutated in patients with
lissencephaly and cortical band heterotopia, leads to a
similar depletion of progenitor cells due to randomized
spindle orientation [13]. Along these lines, disruption of
dynein—dynactin function at the cell cortex, as in the case of
Lis1 and Ndel/Ndell mutations, similarly leads to
depletion of progenitor cells due to randomized spindle
orientation (Table 1) [17,50,51].

Apical polarity proteins. Several regulators of the apical Par
complex have been shown to regulate asymmetric versus
symmetric divisions in the mammalian brain. For
example, mutation of ASPP2, a regulator of apical Par3

Figure 3

localization, leads to structural defects as expected with
disruption of polarity, but also leads to defects in asym-
metric divisions with a decrease in apical RGs [52]. In
addition, Par proteins themselves, such as Par3 and Par6,
have been shown to promote symmetric, self-renewing
divisions (Table 1) [53]. However, inactivation of one of
the aPKC isoforms (aPKCM\) did not lead to changes in
cell fate despite the striking effect on neuroepithelial
architecture [54], although the other isoform remains to
be examined in this context.

Spindle orientation machinery. Several of the known orien-
tation regulators that have been examined in other mam-
malian systems have now been examined in the
mammalian neocortex. In particular, LGN has been
shown to promote planar orientations in the neocortex
and its loss leads to a randomization of spindle orientation
with a concomitant increase in IPs and a decrease in apical
RGs (Table 1) [41]. Despite the decrease in apical RGs
however, the authors describe a population of RGs dis-
placed from the ventricular zone and localized more
basally, which is dramatically increased with LGN
mutation. These basal RGs likely represent a population
of very recently identified RGs of the outer SVZ, termed
outer radial glia (0RG) [55°,56°,57°] (Figure 2). Our un-
derstanding of these oRGs is still in its infancy, but
several studies have revealed that, like apical RGs, o0RGs
can divide asymmetrically to expand neuronal output.
Additionally, although oRGs express identical markers to
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Model of spindle orientation in two types of asymmetric divisions. During asymmetric planar divisions (left), LGN associates with NuMA and Ga to
direct the spindle pole away from the apical domain along the planar axis. NuMA acts as the bridge between LGN at the lateral poles and dynein/
dynactin, which drive spindle pole positioning through directed microtubule transport. During asymmetric oblique or vertical divisions (right), minsc
may compete for binding with LGN and displace NuMA from the LGN complex thereby uncoupling spindle pole positioning and lateral cortex

anchoring relative to the apical domain.
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742 Neurodevelopment and disease

apical RGs, they lack an apical process and therefore
the apical domain [5]. These are important characteristics
as they have major implications for many aspects of
asymmetric cell division in the neocortex (discussed
below).

In addition, genetic studies of mlnsc have now been
performed in mouse neocortex and reveal that loss of
mlnsc leads to a decrease in oblique and vertical divisions,
resulting in a decrease in IPs (Table 1) [40°]. On the other
hand, overexpression of mlnsc leads to a reduction of
planar divisions and drives the production of IPs as well as
basal RGs [40°,41] (Figure 3). Interestingly, this does not
seem to affect the number of apical RGs as seen in other
mutants affecting spindle orientation. Furthermore,
mlnsc seems to specifically affect later neurogenic events,
as early dynamics are not affected in mInsc mutants.
Thus, mlnsc seems to inhibit planar divisions and
promote oblique and vertical orientations to drive pro-
duction of IPs and oRGs.

Spindle orientation and cell fate

Spindle orientation seems to be a key initial factor in
acquisition of asymmetric cell fates. Specifically, oblique
and vertical (along the apicobasal axis) orientations tend
to give rise to asymmetric fate outcomes suggesting these
orientations drive asymmetric cell fate. Furthermore, the
contribution of these division orientations varies
temporally during neurogenesis, with early neuroepithe-
lium dividing primarily with a planar orientation, and
oblique orientation arising to a greater extent as neuro-
genesis increases [51,58]. Vertical orientations are some-
what rare under normal circumstances but can be induced
to a greater extent upon genetic manipulation (such as
with mInsc overexpression) [40°,41].

Disruption of these orientations has been shown to have
consequences for resultant cell fate. For example, early
planar orientations seem to be the most sensitive to
spindle orientation defects and their disruption leads to
depletion of the progenitor pool [51]. Disruption of planar
orientations at later stages, by either randomization or
induction of vertical and oblique orientations, also leads
to a gradual depletion of progenitors due to increased
asymmetric neurogenic divisions at the expense of sym-
metric proliferative divisions. On the other hand, disrup-
tion of oblique and vertical orientations leads to a
reduction in neurons due to loss of this pool of asymmetric
divisions [40°].

It is important to point out that while oblique and vertical
divisions promote asymmetric cell fate, the orientation of
asymmetric divisions can also be planar [2]. This suggests
that while spindle orientation influences cell fate, it is not
the only determining factor in generating asymmetric
outcomes, leaving the possibility for other factors open
for investigation.

One candidate is the apical Par complex. On the basis of
the cellular architecture of the developing cortex, one
model suggests that oblique or vertical spindle orientation
influences the inheritance of the apical domain [59].
Recently, Par3 was shown to localize asymmetrically in
dividing RGs where it promotes Notch signaling in cells
inheriting greater Par3 levels, thereby promoting reten-
tion of RG fate [60]. Par3 was shown to interact with
Numb, a well-known fate determinant in Drosophila
neuroblasts and regulator of Notch signaling [61], and
this interaction led to enhanced Notch activity. Numb is
also asymmetrically localized in this context [62-64].
Thus, Par3 and Numb localize asymmetrically in dividing
RGs to help establish Notch asymmetry post-mitosis.

There are still several open questions here, however. In
particular, the link with spindle orientation is not clear
since asymmetric distribution of Par3 did not correlate
with spindle orientation [60]. Furthermore, Numb and its
related Numb-like (Numbl) have additional roles in
apicobasal polarity, which may also influence spindle
orientation [64]. In addition, numerous studies have
examined whether the apical and/or basal domains cor-
relate with daughter cell fate with somewhat contradic-
tory results [54,57°,59,64,65]. Furthermore, the fact that
oRGs lack an apical domain suggests that inheritance of
the apical domain is not required for RG fate specification
per say, but may be involved in oRG versus apical RG fate
determination. At the moment, the evidence points to a
requirement for both apical and basal domains in main-
taining apical RG fate, whereas alternative fates do not
correlate with inheritance of these domains [41]. Since
these studies are correlative, functional studies to
examine apical and basal components in cell fate deter-
mination and the role of spindle orientation are still
needed.

A new model coming from data from mInsc mutant mice
may help explain why oblique and vertical orientations
influence asymmetric cell fates but planar divisions also
give rise to asymmetric outcomes. The fact that mInsc
induces production of IPs and basal RGs suggests that its
effect on spindle orientation may specifically regulate
indirect versus direct neurogenic asymmetric divisions
[40°]. These data point to the intriguing possibility that
spindle orientation regulates the type of asymmetric
division, rather than whether a division will be asym-
metric (Figure 3). This model would suggest that planar
asymmetric divisions primarily result in direct neurogen-
esis while oblique and vertical divisions result in indirect
neurogenesis through IPs and basal RGs. It will be
important to further test this in the future.

Furthermore, recent structural studies have shed light on
a possible competition between mlInsc and NuMA for
binding to LGN [66°,67°,68°]. This would suggest a
potential model whereby spindle orientation machinery

Current Opinion in Neurobiology 2012, 22:737-746
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primarily directs planar orientations through the action of
LGN and NuMA, but when mlnsc is present, the com-
munication between LGN and the spindle via NuMA is
disrupted by competition with mInsc (Figure 3). Thus,
planar spindle orientation may be an active process of
orienting the spindle, while oblique and vertical orien-
tations may reflect a more passive result of inhibiting this
orienting machinery. This is in contrast to the switch
model seen in Drosophila, as mInsc does not drive strictly
vertical orientations in the mammalian neocortex.

Spindle orientation in human evolution and
developmental disorders

Several human brain diseases have been proposed to stem
from defects in asymmetric cell division and spindle
orientation [7]. In particular, microcephaly, a condition
involving an abnormally small brain and head, has been
linked to potential spindle defects. Notably, all the genes
so far identified in primary microcephaly encode proteins
with roles at the centrosome/MTOC of the spindle [12].
Three of these genes, MCPH1, ASPM, and CDK5RAP2,
have been shown to be required for planar oriented
divisions in the mouse neocortex [48°,49,69], and two
of these (MCPH1 and CDK5RAP2) have been shown to
be required for centrosome function and centriole dupli-
cation [48°,70]. Furthermore, several of the genes ident-
ified in the disorder lissencephaly, which is characterized
by a loss of gyri and sulci (the folds and grooves of the
cerebral cortex), have also been suggested to have roles in
spindle orientation. As mentioned above, LIS1, NDEI1,
and DCX all regulate spindle orientation [13,17,51], and
this has consequences to cell fate specification.

These data from developmental disorders also point to a
probable role for spindle orientation in human brain
evolution, as this has involved a massive size expansion
as well as elaboration of foliation [6]. This may have
occurred through genetic changes to factors regulating
asymmetric division, and in particular spindle orientation.
For example, ASPM and CDK5RAP2 have both been
shown to have undergone positive selection along the
primate lineage and associate with increased brain size

[71-74].

We are only just beginning to understand some of the
molecular factors involved in human brain evolution, but
regulators of spindle orientation are likely candidates.
The identification of oRGs, and the fact that they are
dramatically expanded in humans and other animals with
large cerebral cortexes, suggests a potential role in evol-
utionary expansion of neuronal production. Along these
lines, it will be important to examine biological processes
governing generation of oRGs. Data from LGN and
mlnsc mutants suggest that oblique oriented divisions
give rise to oRGs [40°,41,57°], pointing to the intriguing
possibility that oblique spindle orientation may have

contributed to evolutionary expansion of the human
cerebral cortex.

Concluding remarks

Studies from a diverse array of systems have provided a
foundation for understanding the molecular mechanisms
of spindle orientation. Many of these mechanisms hold
true in the mammalian cerebral cortex as well, and can
shed light on asymmetric cell division within this context.
Overall, existing data suggest spindle orientation influ-
ences asymmetric cell fate though it does not strictly
determine whether or not a division will be asymmetric or
symmetric. Whether this is due to an inherent stochas-
ticity [75] or an as yet unclear fate determinant, perhaps
involving the apical domain, is not yet evident. However,
evidence points to a more specific role for spindle orien-
tation in determining the type of asymmetric division in
the mammalian neocortex. It will be important to test this
model directly as well as whether oblique and vertical
divisions reflect a more passive process of disruption of
planar orientation as recent interaction evidence suggests.

One of the key remaining questions is how orienting the
spindle influences fate determination. Whether this is
through asymmetric inheritance of Notch signaling com-
ponents or other signaling cascade components is still
unclear. Now that we have a clearer understanding of the
role of spindle orientation, namely in generating IPs and
oRGs, we can begin to examine whether factors involved
in determination of these progenitor cell types are asym-
metrically inherited in a spindle orientation dependent
manner.

Finally, an examination of mechanisms of spindle orien-
tation in oRGs would be very exciting, as these seem to
undergo asymmetric divisions in the complete absence of
an apical domain to help govern the orientation. It may be
that the basal domain provides the directional cues
responsible for orientation in this context. This would
represent quite a divergence from the mechanism used in
other systems and should be examined.

Acknowledgements

We wish to thank all members of the Knoblich lab for discussions. MAL
is supported by a Helen Hay Whitney Foundation post-doctoral
fellowship and was supported by an EMBO post-doctoral fellowship.
Work in JAK’s lab is supported by the Austrian Academy of Sciences,
the EU seventh framework program network EuroSyStem, the Austrian
Science Fund (FWF): project numbers 1-552-B19 and Wittgenstein Prize
7-153-B09, and an advanced grant of the European Research Council
(ERCQ).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest

1. Neumuller RA, Knoblich JA: Dividing cellular asymmetry:
asymmetric cell division and its implications for stem cells and
cancer. Genes Dev 2009, 23:2675-2699.

www.sciencedirect.com

Current Opinion in Neurobiology 2012, 22:737-746



744 Neurodevelopment and disease

10.
11.
12.

13.
14.
15.
16.

17.

18.
L]

Using high-resolution microscopy and perturbation of the spindle, the
authors describe the viscoelastic properties of the spindle under forces

Siller KH, Doe CQ: Spindle orientation during asymmetric cell
division. Nat Cell Biol 2009, 11:365-374.

Morin X, Bellaiche Y: Mitotic spindle orientation in asymmetric
and symmetric cell divisions during animal development. Dev
Cell 2011, 21:102-119.

Knoblich JA: Asymmetric cell division: recent developments
and their implications for tumour biology. Nat Rev Mol Cell Biol
2010, 11:849-860.

Fietz SA, Huttner WB: Cortical progenitor expansion, self-
renewal and neurogenesis — a polarized perspective. Curr
Opin Neurobiol 2011, 21:23-35.

Lui JH, Hansen DV, Kriegstein AR: Development and evolution of
the human neocortex. Cell 2011, 146:18-36.

Manzini MC, Walsh CA: What disorders of cortical development
tell us about the cortex: one plus one does not always make
two. Curr Opin Genet Dev 2011, 21:333-339.

Glotzer M: The 3Ms of central spindle assembly: microtubules,
motors and MAPs. Nat Rev Mol Cell Biol 2009, 10:9-20.

Schmit AC: Acentrosomal microtubule nucleation in higher
plants. Int Rev Cytol 2002, 220:257-289.

Azimzadeh J, Wong ML, Downhour DM, Alvarado AS,
Marshall WF: Centrosome loss in the evolution of planarians.
Science 2012, 335:461-463.

Schuh M, Ellenberg J: Self-organization of MTOCs replaces
centrosome function during acentrosomal spindle assembly
in live mouse oocytes. Cell 2007, 130:484-498.

Megraw TL, Sharkey JT, Nowakowski RS: Cdk5rap2 exposes the
centrosomal root of microcephaly syndromes. Trends Cell Biol
2011, 21:470-480.

Pramparo T, Youn YH, Yingling J, Hirotsune S, Wynshaw-Boris A:
Novel embryonic neuronal migration and proliferation defects
in Dcx mutant mice are exacerbated by Lis1 reduction.

J Neurosci 2010, 30:3002-3012.

Busson S, Dujardin D, Moreau A, Dompierre J, De Mey JR: Dynein
and dynactin are localized to astral microtubules and at
cortical sites in mitotic epithelial cells. Curr Biol 1998,
8:541-544.

Samora CP, Mogessie B, Conway L, Ross JL, Straube A,
McAinsh AD: MAP4 and CLASP1 operate as a safety
mechanism to maintain a stable spindle position in mitosis.
Nat Cell Biol 2011, 13:1040-1050.

Faulkner NE, Dujardin DL, Tai CY, Vaughan KT, O’Connell CB,

Wang Y, Vallee RB: A role for the lissencephaly gene LIS1 in
mitosis and cytoplasmic dynein function. Nat Cell Biol 2000,
2:784-791.

Feng Y, Walsh CA: Mitotic spindle regulation by Nde1 controls
cerebral cortical size. Neuron 2004, 44:279-293.

Shimamoto Y, Maeda YT, Ishiwata S, Libchaber AJ, Kapoor TM:
Insights into the micromechanical properties of the
metaphase spindle. Cell 2011, 145:1062-1074.

such as spindle positioning.

19.

20.

21.

22.

23.

Sandquist JC, Kita AM, Bement WM: And the dead shall rise: actin
and myosin return to the spindle. Dev Cell 2011, 21:410-419.

Rosenblatt J, Cramer LP, Baum B, McGee KM: Myosin II-
dependent cortical movement is required for centrosome
separation and positioning during mitotic spindle assembly.
Cell 2004, 117:361-372.

Thery M, Racine V, Pepin A, Piel M, Chen Y, Sibarita JB,
Bornens M: The extracellular matrix guides the orientation of
the cell division axis. Nat Cell Biol 2005, 7:947-953.

Thery M, Bornens M: Cell shape and cell division. Curr Opin Cell
Biol 2006, 18:648-657.

Gibson WT, Veldhuis JH, Rubinstein B, Cartwright HN, Perrimon N,
Brodland GW, Nagpal R, Gibson MC: Control of the mitotic

24.

25.

26.

27.

28.

29.

30.

cleavage plane by local epithelial topology. Cell 2011,
144:427-438.

Martin-Belmonte F, Mostov K: Regulation of cell polarity during
epithelial morphogenesis. Curr Opin Cell Biol 2008, 20:227-234.

Rodriguez-Fraticelli AE, Galvez-Santisteban M, Martin-
Belmonte F: Divide and polarize: recent advances in the
molecular mechanism regulating epithelial tubulogenesis.
Curr Opin Cell Biol 2011, 23:638-646.

Wang Q, Margolis B: Apical junctional complexes and cell
polarity. Kidney Int 2007, 72:1448-1458.

Durgan J, Kaji N, Jin D, Hall A: Par6B and atypical PKC regulate
mitotic spindle orientation during epithelial morphogenesis. J
Biol Chem 2011, 286:12461-12474.

Baum B, Georgiou M: Dynamics of adherens junctions in
epithelial establishment, maintenance, and remodeling. J Cell
Biol 2011, 192:907-917.

Zheng Z, Zhu H, Wan Q, Liu J, Xiao Z, Siderovski DP, Du Q: LGN
regulates mitotic spindle orientation during epithelial
morphogenesis. J Cell Biol 2010, 189:275-288.

Williams SE, Beronja S, Pasolli HA, Fuchs E: Asymmetric cell
divisions promote Notch-dependent epidermal differentiation.
Nature 2011, 470:353-358.

Using in vivo RNAI in the mouse developing epidermis, the authors
describe the role of LGN, NuMA and dynactin in spindle orientation in
mammalian skin.

31.

Peyre E, Jaouen F, Saadaoui M, Haren L, Merdes A, Durbec P,
Morin X: A lateral belt of cortical LGN and NuMA guides mitotic
spindle movements and planar division in neuroepithelial
cells. J Cell Biol 2011, 193:141-154.

In this paper, the authors describe a highly specific lateral belt localization
of the LGN complex required for planar divisions of neuroepithelial cells.

32.

33.

34.

Hao Y, Du Q, Chen X, Zheng Z, Balsbaugh JL, Maitra S,
Shabanowitz J, Hunt DF, Macara |IG: Par3 controls epithelial
spindle orientation by aPKC-mediated phosphorylation of
apical Pins. Curr Biol 2010, 20:1809-1818.

Lechler T, Fuchs E: Asymmetric cell divisions promote
stratification and differentiation of mammalian skin. Nature
2005, 437:275-280.

El-Hashash AH, Warburton D: Cell polarity and spindle
orientation in the distal epithelium of embryonic lung. Dev Dyn
2011, 240:441-445.

The authors show for the first time that perpendicular divisions occur in
embryonic lung epithelium with asymmetric localization of minsc and LGN.

35.

36.

37.

39.

40.

El-Hashash AH, Turcatel G, Al Alam D, Buckley S, Tokumitsu H,
Bellusci S, Warburton D: Eya1 controls cell polarity, spindle
orientation, cell fate and Notch signaling in distal embryonic
lung epithelium. Development 2011, 138:1395-1407.

Radulescu AE, Cleveland DW: NuMA after 30 years: the matrix
revisited. Trends Cell Biol 2010, 20:214-222.

Kraut R, Chia W, Jan LY, Jan YN, Knoblich JA: Role of
inscuteable in orienting asymmetric cell divisions in
Drosophila. Nature 1996, 383:50-55.

. Wodarz A, Ramrath A, Kuchinke U, Knust E: Bazooka provides an

apical cue for Inscuteable localization in Drosophila
neuroblasts. Nature 1999, 402:544-547.

Zigman M, Cayouette M, Charalambous C, Schleiffer A, Hoeller O,
Dunican D, McCudden CR, Firnberg N, Barres BA, Siderovski DP,
Knoblich JA: Mammalian inscuteable regulates spindle
orientation and cell fate in the developing retina. Neuron 2005,
48:539-545.

Postiglione MP, Juschke C, Xie Y, Haas GA, Charalambous C,
Knoblich JA: Mouse inscuteable induces apical-basal spindle
orientation to facilitate intermediate progenitor generation in
the developing neocortex. Neuron 2011, 72:269-284.

Here, minsc was shown to promote oblique and vertical divisions in the
cortex and this results in increased intermediate progenitors and basal
radial glia.

41.

Konno D, Shioi G, Shitamukai A, Mori A, Kiyonari H, Miyata T,
Matsuzaki F: Neuroepithelial progenitors undergo LGN-

Current Opinion in Neurobiology 2012, 22:737-746

www.sciencedirect.com



Spindle orientation in mammalian cerebral cortical development Lancaster and Knoblich 745

dependent planar divisions to maintain self-renewability
during mammalian neurogenesis. Nat Cell Biol 2008,
10:93-101.

42. Lehtinen MK, Walsh CA: Neurogenesis at the brain-
cerebrospinal fluid interface. Annu Rev Cell Dev Biol 2011,
27:653-679.

43. Kageyama R, Ohtsuka T, Shimojo H, Imayoshi |: Dynamic Notch
signaling in neural progenitor cells and a revised view of lateral
inhibition. Nat Neurosci 2008, 11:1247-1251.

44. Louvi A, Artavanis-Tsakonas S: Notch signalling in vertebrate
neural development. Nat Rev Neurosci 2006, 7:93-102.

45. Gaiano N, Nye JS, Fishell G: Radial glial identity is promoted by
Notch1 signaling in the murine forebrain. Neuron 2000,
26:395-404.

46. Johansson PA, Cappello S, Gotz M: Stem cells niches during
development-lessons from the cerebral cortex. Curr Opin
Neurobiol 2010, 20:400-407.

47. Thornton GK, Woods CG: Primary microcephaly: do all roads
lead to Rome? Trends Genet 2009, 25:501-510.

48. Gruber R, Zhou Z, Sukchev M, Joerss T, Frappart PO, Wang ZQ:
. MCPH1 regulates the neuroprogenitor division mode by
coupling the centrosomal cycle with mitotic entry through
the Chk1-Cdc25 pathway. Nat Cell Biol 2011,
13:1325-1334.
By examining MCPH1 mutant mice, the authors identify a role in coupling
mitotic entry to centrosome maturation which regulates asymmetric
versus symmetric division in the developing brain.

49. Fish JL, Kosodo Y, Enard W, Paabo S, Huttner WB: Aspm
specifically maintains symmetric proliferative divisions of
neuroepithelial cells. Proc Natl Acad Sci U S A 2006,
103:10438-10443.

50. Schwamborn JC, Knoblich JA: LIS1 and spindle orientation in
neuroepithelial cells. Cell Stem Cell 2008, 2:193-194.

51. Yingling J, Youn YH, Darling D, Toyo-Oka K, Pramparo T,
Hirotsune S, Wynshaw-Boris A: Neuroepithelial stem cell
proliferation requires LIS1 for precise spindle orientation and
symmetric division. Cell 2008, 132:474-486.

52. Sottocornola R, Royer C, Vives V, Tordella L, Zhong S, Wang Y,
Ratnayaka I, Shipman M, Cheung A, Gaston-Massuet C et al.:
ASPP2 binds Par-3 and controls the polarity and proliferation
of neural progenitors during CNS development. Dev Cell 2010,
19:126-137.

53. Costa MR, Wen G, Lepier A, Schroeder T, Gotz M: Par-complex
proteins promote proliferative progenitor divisions in the
developing mouse cerebral cortex. Development 2008,
135:11-22.

54. Imai F, Hirai S, Akimoto K, Koyama H, Miyata T, Ogawa M,
Noguchi S, Sasaoka T, Noda T, Ohno S: Inactivation of
aPKClambda results in the loss of adherens junctions in
neuroepithelial cells without affecting neurogenesis in mouse
neocortex. Development 2006, 133:1735-1744.

55. Fietz SA, Kelaval, Vogt J, Wilsch-Brauninger M, Stenzel D, Fish JL,

. Corbeil D, Riehn A, Distler W, Nitsch R, Huttner WB: OSVZ
progenitors of human and ferret neocortex are epithelial-like
and expand by integrin signaling. Nat Neurosci 2010,
13:690-699.

This paper, along with the following, is the first to identify oRGs as a novel

progenitor population in the larger cortexes of the ferret and human.

56. Hansen DV, Lui JH, Parker PR, Kriegstein AR: Neurogenic radial

e glia in the outer subventricular zone of human neocortex.
Nature 2010, 464:554-561.

This paper, along with the previous, is the first to identify oRGs as a novel

progenitor population in the human cerebral cortex.

57. Shitamukai A, Konno D, Matsuzaki F: Oblique radial glial

e divisions in the developing mouse neocortex induce self-
renewing progenitors outside the germinal zone that resemble
primate outer subventricular zone progenitors. J Neurosci
2011, 31:3683-3695.

In this paper, the authors describe the production of a small population of

oRGs in the mouse cortex that arise from oblique divisions.

58. Chenn A, McConnell SK: Cleavage orientation and the
asymmetric inheritance of Notch1 immunoreactivity in
mammalian neurogenesis. Cell 1995, 82:631-641.

59. Kosodo Y, Roper K, Haubensak W, Marzesco AM, Corbeil D,
Huttner WB: Asymmetric distribution of the apical plasma
membrane during neurogenic divisions of mammalian
neuroepithelial cells. EMBO J 2004, 23:2314-2324.

60. Bultie RS, Castaneda-Castellanos DR, Jan LY, Jan YN,
Kriegstein AR, Shi SH: Mammalian Par3 regulates progenitor
cell asymmetric division via notch signaling in the developing
neocortex. Neuron 2009, 63:189-202.

61. Guo M, Jan LY, Jan YN: Control of daughter cell fates during
asymmetric division: interaction of Numb and Notch. Neuron
1996, 17:27-41.

62. Zhong W, Feder JN, Jiang MM, Jan LY, Jan YN: Asymmetric
localization of a mammalian numb homolog during mouse
cortical neurogenesis. Neuron 1996, 17:43-53.

63. Shen Q, Zhong W, Jan YN, Temple S: Asymmetric Numb
distribution is critical for asymmetric cell division of mouse
cerebral cortical stem cells and neuroblasts. Development
2002, 129:4843-4853.

64. Rasin MR, Gazula VR, Breunig JJ, Kwan KY, Johnson MB, Liu-
Chen S, Li HS, Jan LY, Jan YN, Rakic P, Sestan N: Numb and
Numbl are required for maintenance of cadherin-based
adhesion and polarity of neural progenitors. Nat Neurosci 2007,
10:819-827.

65. Marthiens V, Ffrench-Constant C: Adherens junction domains
are split by asymmetric division of embryonic neural stem
cells. EMBO Rep 2009, 10:515-520.

66. Yuzawa S, Kamakura S, Iwakiri Y, Hayase J, Sumimoto H:

e  Structural basis for interaction between the conserved cell
polarity proteins Inscuteable and Leu-Gly-Asn repeat-
enriched protein (LGN). Proc Nat/ Acad Sci U S A 2011,
108:19210-19215.

This paper along with the following two demonstrates the competitive

nature of minsc and NuMA binding to LGN.

67. Zhu J, Wen W, Zheng Z, Shang Y, Wei Z, Xiao Z, Pan Z, Du Q,

e Wang W, Zhang M: LGN/minsc and LGN/NuMA complex
structures suggest distinct functions in asymmetric cell
division for the Par3/minsc/LGN and Galphai/LGN/NuMA
pathways. Mol Cell 2011, 43:418-431.

This paper also describes the LGN complex structure and demonstrates

the competitive nature of minsc and NuMA binding to LGN.

68. Culurgioni S, Alfieri A, Pendolino V, Laddomada F, Mapelli M:

. Inscuteable and NuMA proteins bind competitively to Leu-Gly-
Asn repeat-enriched protein (LGN) during asymmetric cell
divisions. Proc Natl Acad Sci U S A 2011, 108:20998-21003.

The authors similarly describe minsc binding to LGN competitively to

NuMA and furthermore describe the ability of minsc to open the LGN

conformational switch.

69. BuchmanJdJ, TsengHC, Zhou 'Y, Frank CL, Xie Z, Tsai LH: Cdk5rap2
interacts with pericentrin to maintain the neural progenitor pool
in the developing neocortex. Neuron 2010, 66:386-402.

70. Barrera JA, Kao LR, Hammer RE, Seemann J, Fuchs JL,
Megraw TL: CDK5RAP2 regulates centriole engagement and
cohesion in mice. Dev Cell 2010, 18:913-926.

71. Mekel-Bobrov N, Gilbert SL, Evans PD, Vallender EJ,
Anderson JR, Hudson RR, Tishkoff SA, Lahn BT: Ongoing
adaptive evolution of ASPM, a brain size determinant in Homo
sapiens. Science 2005, 309:1720-1722.

72. Kouprina N, Pavlicek A, Mochida GH, Solomon G, Gersch W,
Yoon YH, Collura R, Ruvolo M, Barrett JC, Woods CG et al.:
Accelerated evolution of the ASPM gene controlling brain size
begins prior to human brain expansion. PLoS Biol 2004, 2:E126.

73. Zhang J: Evolution of the human ASPM gene, a major
determinant of brain size. Genetics 2003, 165:2063-2070.

74. Montgomery SH, Capellini I, Venditti C, Barton RA, Mundy NI:
Adaptive evolution of four microcephaly genes and the
evolution of brain size in anthropoid primates. Mo/ Biol Evol
2011, 28:625-638.

www.sciencedirect.com

Current Opinion in Neurobiology 2012, 22:737-746



746 Neurodevelopment and disease

75. Slater JL, Landman KA, Hughes BD, Shen Q, Temple S: Cell By examining mice with Magoh haploinsufficiency, the authors describe a
lineage tree models of neurogenesis. J Theor Biol 2009, role in determining Lis1 levels to regulate spindle orientation and inter-
256:164-179. mediate progenitor production.

76. Jackson AP, Eastwood H, Bell SM, Adu J, Toomes C, Carr IM,
Roberts E, Hampshire DJ, Crow YJ, Mighell AJ et al.:
Identification of microcephalin, a protein implicated in
determining the size of the human brain. Am J Hum Genet 2002,
71:136-142.

77. Bond J, Roberts E, Mochida GH, Hampshire DJ, Scott S,
Askham JM, Springell K, Mahadevan M, Crow YJ, Markham AF
et al.: ASPM is a major determinant of cerebral cortical size.
Nat Genet 2002, 32:316-320.

78. Pulvers JN, Bryk J, Fish JL, Wilsch-Brauninger M, Arai Y,
Schreier D, Naumann R, Helppi J, Habermann B, Vogt J et al.:
Mutations in mouse Aspm (abnormal spindle-like
microcephaly associated) cause not only microcephaly but
also major defects in the germline. Proc Natl Acad Sci U S A
2010, 107:16595-16600.

79. Lizarraga SB, Margossian SP, Harris MH, Campagna DR, Han AP,

. Blevins S, Mudbhary R, Barker JE, Walsh CA, Fleming MD:
Cdk5rap2 regulates centrosome function and chromosome
segregation in neuronal progenitors. Development 2010,
137:1907-1917.

The authors describe a striking microcephaly phenotype in Cdk5rap2

mutant mice that results from abnormal spindles causing premature cell

cycle exit of neural progenitors.

80. Bond J, Roberts E, Springell K, Lizarraga SB, Scott S, Higgins J,
Hampshire DJ, Morrison EE, Leal GF, Silva EO et al.: A
centrosomal mechanism involving CDK5RAP2 and CENPJ
controls brain size. Nat Genet 2005, 37:353-355.

81. Kitagawa D, Kohimaier G, Keller D, Strnad P, Balestra FR,
Fluckiger I, Gonczy P: Spindle positioning in human cells relies
on proper centriole formation and on the microcephaly
proteins CPAP and STIL. J Cell Sci 2011, 124:3884-3893.

82. Kumar A, Girimaji SC, Duvvari MR, Blanton SH: Mutations in STIL,
encoding a pericentriolar and centrosomal protein, cause
primary microcephaly. Am J Hum Genet 2009, 84:286-290.

83. lzraeli S, Lowe LA, Bertness VL, Good DJ, Dorward DW, Kirsch IR,
Kuehn MR: The SIL gene is required for mouse embryonic axial
development and left-right specification. Nature 1999,
399:691-694.

84. Gleeson JG, Allen KM, Fox JW, Lamperti ED, Berkovic S,
Scheffer |, Cooper EC, Dobyns WB, Minnerath SR, Ross ME,
Walsh CA: Doublecortin, a brain-specific gene mutated in
human X-linked lissencephaly and double cortex syndrome,
encodes a putative signaling protein. Cell 1998, 92:63-72.

85. Bai J, Ramos RL, Ackman JB, Thomas AM, Lee RV, LoTurco JJ:
RNAi reveals doublecortin is required for radial migration in rat
neocortex. Nat Neurosci 2003, 6:1277-1283.

86. Hirotsune S, Fleck MW, Gambello MJ, Bix GJ, Chen A, Clark GD,
Ledbetter DH, McBain CJ, Wynshaw-Boris A: Graded reduction
of Pafah1b1 (Lis1) activity results in neuronal migration
defects and early embryonic lethality. Nat Genet 1998,
19:333-339.

87. Silver DL, Watkins-Chow DE, Schreck KC, Pierfelice TJ,

. Larson DM, Burnetti AJ, Liaw HJ, Myung K, Walsh CA, Gaiano N,
Pavan WJ: The exon junction complex component Magoh
controls brain size by regulating neural stem cell division. Nat
Neurosci 2010, 13:551-558.

88.

89.

90.

91.

Alkuraya FS, Cai X, Emery C, Mochida GH, Al-Dosari MS, Felie JM,
Hill RS, Barry BJ, Partlow JN, Gascon GG et al.: Human
mutations in NDE1 cause extreme microcephaly with
lissencephaly. Am J Hum Genet 2011, 88:536-547 (corrected).

Bakircioglu M, Carvalho OP, Khurshid M, Cox JJ, Tuysuz B,
Barak T, Yilmaz S, Caglayan O, Dincer A, Nicholas AK et al.: The
essential role of centrosomal NDE1 in human cerebral cortex
neurogenesis. Am J Hum Genet 2011, 88:523-535.

Gauthier-Fisher A, Lin DC, Greeve M, Kaplan DR, Rottapel R,
Miller FD: Lfc and Tctex-1 regulate the genesis of neurons from
cortical precursor cells. Nat Neurosci 2009, 12:735-744.

Godin JD, Colombo K, Molina-Calavita M, Keryer G, Zala D,
Charrin BC, Dietrich P, Volvert ML, Guillemot F, Dragatsis | et al.:
Huntingtin is required for mitotic spindle orientation and
mammalian neurogenesis. Neuron 2010, 67:392-406.

In this paper, the authors show that Huntingtin is required for spindle
orientation through regulation of dynein/dynactin which affects cell fate of
cortical progenitors.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Jaffe AB, Kaji N, Durgan J, Hall A: Cdc42 controls spindle
orientation to position the apical surface during epithelial
morphogenesis. J Cell Biol 2008, 183:625-633.

Cappello S, Attardo A, Wu X, lwasato T, Itohara S, Wilsch-
Brauninger M, Eilken HM, Rieger MA, Schroeder TT, Huttner WB
et al.: The Rho-GTPase cdc42 regulates neural progenitor fate
at the apical surface. Nat Neurosci 2006, 9:1099-1107.

Chilov D, Sinjushina N, Rita H, Taketo MM, Makela TP, Partanen J:
Phosphorylated beta-catenin localizes to centrosomes of
neuronal progenitors and is required for cell polarity and
neurogenesis in developing midbrain. Dev Biol 2011,
357:259-268.

Machon O, van den Bout CJ, Backman M, Kemler R, Krauss S:
Role of beta-catenin in the developing cortical and
hippocampal neuroepithelium. Neuroscience 2003,
122:129-143.

Chenn A, Walsh CA: Regulation of cerebral cortical size by
control of cell cycle exit in neural precursors. Science 2002,
297:365-369.

Kim Y, Sharov AA, McDole K, Cheng M, Hao H, Fan CM, Gaiano N,
Ko MS, Zheng Y: Mouse B-type lamins are required for proper
organogenesis but not by embryonic stem cells. Science 2011,
334:1706-1710.

Asami M, Pilz GA, Ninkovic J, Godinho L, Schroeder T,
Huttner WB, Gotz M: The role of Pax6 in regulating the
orientation and mode of cell division of progenitors in the
mouse cerebral cortex. Development 2011, 138:5067-5078.

Lake BB, Sokol SY: Strabismus regulates asymmetric cell
divisions and cell fate determination in the mouse brain. J Cell
Biol 2009, 185:59-66.

Toyoshima F, Nishida E: Integrin-mediated adhesion orients the
spindle parallel to the substratum in an EB1- and myosin X-
dependent manner. EMBO J 2007, 26:1487-1498.

Weber KL, Sokac AM, Berg JS, Cheney RE, Bement WM: A
microtubule-binding myosin required for nuclear anchoring
and spindle assembly. Nature 2004, 431:325-329.

Current Opinion in Neurobiology 2012, 22:737-746

www.sciencedirect.com



	Spindle orientation in mammalian cerebral cortical development
	Introduction
	Mechanisms of spindle orientation in mammalian cells
	Neurogenesis in mammalian cortical development
	Spindle orientation factors and their phenotypes in the mammalian neocortex
	Spindle orientation and cell fate
	Spindle orientation in human evolution and developmental disorders
	Concluding remarks
	Acknowledgements
	References and recommended reading


