Focus Article

Asymmetric cell division in the & 3
Drosophila bristle lineage: from the

polarization of sensory organ
precursor cells to Notch-mediated

binary fate decision

Francois Schweisguth'-2*

Asymmetric cell division (ACD) is a simple and evolutionary conserved process
whereby a mother divides to generate two daughter cells with distinct develop-
mental potentials. This process can generate cell fate diversity during development.
Fate asymmetry may result from the unequal segregation of molecules and/or
organelles between the two daughter cells. Here, I will review how fate asymmetry
is regulated in the sensory bristle lineage in Drosophila and focus on the molecular
mechanisms underlying ACD of the sensory organ precursor cells (SOPs). © 2015
The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc.
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INTRODUCTION

Asymmetric cell division (ACD) can be viewed as
a four-step process. In a first step, the mother
cell acquires and/or re-orients a polarity axis. Second,
cell fate determinants, i.e. molecules and/or organelles
that are unequally inherited and that have the abil-
ity to influence the fate of the daughter cells, are dis-
tributed in a polar manner in the mitotic cell. Third,
the mitotic spindle lines up along the cell polarity
axis so that fate determinants become asymmetri-
cally segregated at cytokinesis. In a fourth step, these
fate determinants regulate a binary fate choice to
implement fate asymmetry (Figure 1). Many excel-
lent reviews have discussed the process of ACD and
the molecular mechanisms underlying these steps in
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model systems, particularly the early Caenorbabditis
elegans embryo and the Drosophila neuroblasts.!¢
Here, I will review how an epithelial cell, known as the
sensory organ precursor (SOP) cell, divides asymmet-
rically within the plane of the single-layered epithe-
lium of the Drosophila pupal thorax to produce two
distinct daughter cells.””® This simple experimental
model has been used to study ACD using genetics and
live imaging. Its analysis has provided key insights
into the ACD process. For instance, the unequal seg-
regation of Numb, the first cell fate determinant to
be discovered, was observed in SOPs.” Also, planar
cell polarity (PCP) mediated by Frizzled signaling was
first shown to orient cell division in this context.!”
Importantly, SOPs remain integrated within the notum
epithelium following their specification and divide
asymmetrically in the presence of cell—cell junctions
within the plane of the epithelium. Thus, SOPs differ
from both worm embryos that have no junctions and
fly neuroblasts for which junction disassembly accom-
panies neuroblast delamination and precedes ACD in
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FIGURE 1| Key steps in asymmetric cell division. In a first step, a polarity axis is set up in the mother cell (M), as indicated by the polarized
distribution of polarity proteins (red) at the cell cortex prior to mitosis. In a second step, the polarization of cell M leads to the polar distribution of cell
fate determinants (blue). In a third step, cortical cues localized along the polarity axis capture astral microtubules and orient the mitotic spindle
(green; chromatin in gray) along the polarity axis such that the cell fate determinants are unequally inherited at cytokinesis. In a fourth step, cell fate

determinants regulate the binary A versus B cell fate decision.

fly embryos. Therefore, SOPs provide an interesting
model to study how cell polarity is regulated in the
context of ACD within epithelia.

The fly body is covered with sensory organs. On
the dorsal thorax of the adult fly, mechano-sensory
organs are found at regular space intervals
(Figure 2(a)). Each of these sensory organs comprises
only four different cells (Figure 2(b) and (c)). These
four cells are produced via a stereotyped lineage from
a single SOP (Figure 2(d)).”%1 SOPs are specified a
few hours after the onset of metamorphosis within a
single-layered epithelium called the notum. SOPs are
selected from proneural clusters via Notch-mediated
lateral inhibition.'> The notum comprises only two
types of cells, i.e. epidermal and sensory organ cells.
While SOPs and epidermal cells divide within the
plane of the epithelium, SOPs divide asymmetri-
cally in an oriented manner along the fly body axis
to generate an anterior pllb cell (precursor of the
sensory organ internal cells) and a posterior plla
cell (precursor of the sensory organ external cells)
whereas epidermal cells divide symmetrically in a
randomly oriented manner to produce two epider-
mal cells (Figure 2(e)—(f")).!° The a—p orientation of
the SOP division is regulated by the planar polarity
of the tissue.!” In the absence of PCP, SOPs divide
with a random orientation within the plane of the
epithelium. Nevertheless, SOPs divide asymmetrically
and produce differentiated sense organs. Thus, PCP
regulates the orientation of SOP polarity but is not
essential for SOP asymmetry at mitosis. Additionally,
PCP specifically regulates SOP orientation and does
not input into other dividing cells of this planar
polarized tissue. These observations raised a number
of questions: how is the pIla/plIb binary fate decision
regulated? How is asymmetry established in dividing
SOPs? How is the anterior—posterior (a—p) orientation
of the SOP division regulated? I will review below
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what is currently known and will highlight remaining
issues. I will not, however, discuss the asymmetry of
the subsequent divisions in the bristle lineage (see Refs
7,13, 14). I will also not review here how PCP is estab-
lished and regulated and will refer the reader to recent
reviews. 317

NOTCH REGULATES THE BINARY
plla/pllb DECISION

The plla/pllb binary fate decision is regulated by
Notch. Loss of Notch activity leads to a plla-to-pllb
transformation'®'? and, conversely, expression of
activated Notch results in a pIIb-to-plla transforma-
tion. Thus, high Notch activity directs SOP daughters
toward a plla fate whereas inhibition of Notch is
required for adoption of the pllb fate (Figure 3(a)).
Activation of Notch in plla was recently monitored
via the detection of endogenous intracellular Notch,
i.e. activated Notch, in the nucleus of plla. More-
over, live imaging of a functional GFP-tagged Notch
receptor showed that nuclear Notch is present in
plla, but not pllb, soon after division, i.e. during
cytokinesis?? (Figure 3(b)—(c””")). Activation of Notch
in plla requires the redundant activities of Delta (DI)
and Serrate (Ser).?! While it is generally viewed that
DI (and Ser) signal from the surface of plIb to activate
Notch in plla, it cannot be excluded that DI (and
Ser) from epidermal cells also contribute to Notch
activation in plla. Also, where Notch receptors are
activated is not clear. Are DI and Ser present and
active at apical junctions and/or microvilli of pIIb*?
to activate apical Notch in pIla? Are DI and Ser active
along the basal-lateral membrane of pllb? Detailed
analysis of Notch, DI and Ser localization may pro-
vide insights into this question. Finally, the key target
genes of Notch for the plla/pllb decision remain
to be characterized. While some HLH genes of the
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FIGURE 2| The bristle lineage. (a) Dorsal view of an adult fly,
showing the dorsal thorax, or notum, covered with sensory bristles. (b)
Electron micrograph showing a bristle shaft (white arrow) and its socket
(green arrow) at the base of the shaft. Small hairs mark epidermal cells.
(c) Each bristle sensory organ is composed of four cells (sensory organ
nuclear marker, blue; socket cell marker, green; internal cell marker, red):
the neuron and sheath cells are shown with red arrows, the shaft cell
with a white arrow and the socket cell with a green arrow. (d) The
sensory bristle lineage: the SOP divides asymmetrically to generate two
distinct secondary precursor cells, plla (red, Notch ON) and plib (blue,
Notch OFF). The plib cell generates the two internal cells, i.e. the neuron
(Notch OFF again) and its associated sheath cell (Notch ON), together
with a cell fated to die by apoptosis whereas the plla cell produces the
two external cells, i.e. the shaft (Notch OFF) and socket (Notch ON
again) cells. (e—f"") snapshot views of living pupa (yellow arrow points
toward the head in (e) showing all notum cells at 17 h APF. A time series
is shown in higher magnification views (f—""). Histone2 A-RFP (red)
marks all epithelial cells. Sensory cells, i.e. SOPs and their pllb-plla
progeny cells, express a nuclear eqFP670 (magenta). SOPs divide along
the a—p axis so that pllb is anterior and plla posterior. NumbGFP (green)
localizes asymmetrically in dividing SOPs and is inherited by the anterior
cell (blue arrows) whereas it is symmetric in dividing epidermal cells
(epi; white arrows). Note that sensory organs form a regular pattern of
rows. In this and all other figures, anterior is to the left.
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FIGURE 3 | Fate asymmetry is regulated by Notch. (a) The lineage
of Notch mutant SOPs: defective fate asymmetry results in the
specification of two pllb-like cells that generate neuron-like cells.

(b) Notch is ‘ON" in plla and ‘OFF" in pllb. Notch receptors in plla are
activated by ligands present at the surface of the pllb cell (pink arrows
1 and 2) and/or of neighboring epidermal cells (pink arrow 3). Whether
activation of Notch receptors occur apically (1) and/or along the basal
cytokinetic furrow (2) remains to be determined. (c) The signaling
activity of Notch can be monitored using a functional NotchGFP
receptor that allowed the detection of nuclear activated Notch
(anti-GFP, green) in plla.?’ Sanpodo (red) is a SOP-specific protein that
localizes mostly at the plasma membrane of plla whereas it
accumulates in endosomes in pllb. Note that Notch and Sanpodo
co-accumulate into apical endosomes in plib (white arrows in C'"’*).28

Enhancer of split Complex |E(spl)-C] are specifically
expressed in plla (unpublished observation), deletion
of the entire complex did not prevent the specification
of plla cells.?3 Thus, additional Notch target genes
likely act redundantly with E(spl)-HLH genes to
specify the plla fate.

NUMB INHIBITS THE RECYCLING
OF NOTCH IN plIb

How is directional Notch signaling established at
cytokinesis? A key insight came from the genetic and
molecular analysis of Numb. In numb mutants, the
anterior SOP daughter cell adopts a plla fate, resulting
in a pllb-to-plla transformation’® (Figure 4(a)-(b’)).
This transformation depends on the presence of
Notch, indicating that Numb antagonizes Notch.**
Importantly, Numb localizes asymmetrically in divid-
ing SOPs: it localizes at the basal-anterior cortex of
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FIGURE 4 | Regulation of cell fate by Numb. (a) The lineage of numb mutant SOPs: defective fate asymmetry results in the specification of two
plla-like cells that generate socket-like cells. (b and b’) In the absence of numb (in a clone of mutant cells positively marked by the expression of a
nuclear GFP in green), sensory cells adopt a socket-like fate: multiple sockets but no shaft are seen at the surface of the fly (arrow). (c—C””) Snapshots
of a live imaging movie showing the unequal segregation of Numb in dividing SOPs. The Numb crescent (NumbGFP, green) forms at the anterior
cortex of dividing SOPs (marked by Histone2B-RFP, red, used here as a SOP-specific mitotic marker).2® The mitotic spindle (followed here using
Asterless-RFP, red, to mark the centrosomes) rotates to line up along the polarity axis (red arrow in ¢).”> At metaphase (c’’), the two centrosomes are
nicely aligned along the polarity axis such that NumbGFP is specifcally segregated into the anterior pllb cell (left) at anaphase (c'”’). At cytokinesis,
the NumbGFP crescent disassembles (c”””) and Numb relocalizes at apical endosomes in plib.2

SOPs and is specifically inherited by the pllb cell
(Figure 4(c)—(c”"")),” indicating that Numb acts in
pIIb to inhibit Notch. These findings identified Numb
as a cell fate determinant.

Numb is a conserved multifunctional protein
regulating a wide range of processes, from intracellu-
lar trafficking to proteasome-mediated degradation.?’
It is a membrane-associated phospho-protein that
localizes at endosomes and along the baso-lateral
membrane in epithelial cells.?*?% In mammals, flies
and worms, Numb interacts with the adaptor protein
complexes AP-1 and AP-2 as well as other endocytic
factors to regulate the endocytosis, endosomal sorting
and/or recycling of various cargoes.>’=3* In the context
of SOP ACD, Numb appears to regulate the endo-
somal sorting of Notch-Sanpodo (Spdo) complexes.
Spdo is a SOP-specific regulator of Notch endocytosis
that directly interacts with Numb,2%-28:35-3% suggest-
ing that Notch may interact with Numb via Spdo.
Notch and Spdo co-localize with Numb at apical sort-
ing endosomes in plIb, but not plla?® (Figure 3(c’”’)).
Since Numb is dispensable for the internalization of
Notch and Spdo but is required to inhibit the recy-
cling of Spdo, Numb was proposed to inhibit the recy-
cling of Notch-Spdo complexes back to the cell surface
of pllb (Figure 5)?%3% and to regulate the sorting of
Notch and Spdo toward late endosomes.*? This ‘recy-
cling inhibition” model is consistent with earlier data
showing that Numb can regulate the post-endosomal
sorting of Notch1l in mammals.*! However, if Spdo
was required for the inhibitory activity of Numb,
the loss of spdo activity should result in a numb-like

302 © 2015 The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc.

mutant phenotype. Actually, the loss of spdo activ-
ity leads to the opposite phenotype, i.e. a plla-to-pllb
transformation. This is because Spdo is also required
for Notch activity in plla where, in the absence of
Numb, Spdo facilitates the y-secretase cleavage of
Notch.** Nevertheless, a mutational analysis of Spdo
showed that the Numb-binding motif of Spdo was
required together with an endocytic sorting signal for
the inhibition of Notch in pIlb, indicating that Spdo
acts together with Numb to inhibit Notch in pIIb.*?
In summary, a current model proposes that Numb
inhibits the recycling of Notch in plIb, hence creating
an asymmetry of Notch at the surface of the ante-
rior (low Notch) and posterior (high Notch) daugh-
ter cells, leading to the binary pIla/pIlb fate choice
(Figure 5).

Several questions, however, remain. For
instance, how does Numb act at the molecular
level to inhibit the recycling of Notch and Spdo and
promote their late endosomal sorting? What is the
role of the Numb-AP-2 interaction which is essential
for Notch inhibition in pIIb?** Is this Numb-AP-2
interaction important to relocalize Numb from the
basal cortex to apical endosomes, as suggested by the
live imaging of Numb in a-adaptin mutant cells??®
Also, to what extent does the asymmetry of Numb
contribute to the directionality of Notch signaling?
In other words, could symmetric (yet fully active)
Numb support a binary plla/plIb fate decision due to
redundant mechanisms? Future studies will certainly
shed new light on how Numb inhibits Notch at the
molecular level.
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FIGURE 5| Regulation of Notch trafficking by Numb in pllb. Numb (red dots) is specifically segregated into the anterior plib cell (left) where it
inhibits Notch. Numb relocalizes from the basal cortex of plib to apical endosomes where it colocalizes with Notch (blue bars) and sanpodo (green
dots).2® Two models for Numb mode of action have recently been discussed. In a first ‘internalization model’, Numb acts in pllb to positively regulate,
i.e. speed-up, the internalization of Notch-Sanpodo oligomers (large green arrow). In a second ‘recycling inhibition model’, Notch-sanpodo oligomers
are internalized in a Numb-independent manner and Numb acts to inhibit the recycling of Notch and Sanpodo back to the cell surface (red stop sign).

Recent experimental evidence favors the ‘recycling inhibition model’ (see text).

NEURALIZED PROMOTES DELTA
ENDOCYTOSIS AND SIGNALING
IN pllb

Indeed, additional regulatory mechanisms have been
proposed to contribute to fate asymmetry. The E3
ubiquitin ligase Neuralized (Neur) localizes at the
anterior pole of mitotic SOPs, is unequally inher-
ited by the pIIb cell at cytokinesis and contributes
to high Notch activity in plla.*> In pIlb, Neur pos-
itively regulates the ubiquitination and endocytosis
of DI, a direct molecular target of Neur.*#7 It is
generally viewed that endocytosis of ubiquitinated DI
promotes the trans-activation of Notch.**#’ Indeed,
the activation of Notch involves a conformation
change of the Notch extracellular negative regula-
tory region (NRR). In its closed auto-inhibited con-
formation, the NRR prevents access to the metallo-
protease cleavage site known as the S2 site.’%3! Since
ligand-dependent S2 cleavage depends on the unmask-
ing of this cleavage site, it is thought that this confor-
mation change can be induced by mechanical forces
associated with the endocytosis of DI bound to Notch.
Thus, Neur acts in pllb to activate Notch in plla
(Figure 6). Interestingly, the SOP-specific expression
of Neur and its unequal segregation into pllb sug-
gest that plIb is the main source of ligands activating
Notch in plla (see Figure 3(b)). The contribution of
Neur asymmetry to fate asymmetry may not, how-
ever, be essential since expression of the E3 ubiqui-
tin ligase Mindbomb1 can largely suppress the neur
mutant plla-to-plIb transformation.’? Nevertheless,
the unequal segregation of Neur was also observed in
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FIGURE 6 | Regulation of Delta endocytosis and signaling by
Neuralized in pllb. Notch (green, at the surface of plla) is activated by
Delta (red, at the surface of pllb) in a Neur-dependent manner.
Activation of Notch requires ligand binding (1). The E3 ubiquitin ligase
Neur acts in pllb to add ubiquitin (black) to the intracellular tail of DI
(2). This modified form of DI is then recognized and targeted for
internalization by the endocytic machinery. The internalization of DI
bound to Notch (3) provides a pulling force that alters the conformation
of the NRR region of Notch. This conformation change renders the S2
cleavage site accessible to the metalloprotease Kuzbanian (orange).
This ligand-dependent cleavage generates a membrane-tethered form
of Notch that is recognized and cleaved by the y-secretase complex (4).
This releases the activated form of Notch that acts in the nucleus to
regulate gene expression in plla.

plla

asymmetrically dividing neuroblasts in Drosophila,>3
indicating that this regulatory mechanism may be
more generally used to establish fate asymmetry.
Finally, Neur also acts in a Notch-independent manner
to stabilize the apical domain in epithelial cells.’*
This novel function of Neur raises two questions.
First, does Neur regulate apical-basal polarity in
SOPs and, second, is the Neur-dependent signaling by
DI functionally coupled to a change in apical-basal
polarity in SOPs. Addressing these issues may shed
new light on how signaling and cell polarity are
coupled in the context of ACD.

© 2015 The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc. 303
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DO OTHER MECHANISMS
CONTRIBUTE TO FATE ASYMMETRY?

Additional mechanisms may act in parallel to Numb
and Neur to reinforce the directionality of Notch
signaling. First, the subcellular distribution of recy-
cling endosomes marked by the GTPase Rab11 differs
between plla and pllb, suggesting that the rapid recy-
cling of DI in pIIb may contribute to high DI activity
in pIIb.>* Consistent with this possibility, the Rab11
interactor Sec15 promotes the exocytosis of DI and
is essential for Notch activation in plla.*® However,
whether DI is the relevant target of Sec15 in pllb,
whether Rab11 regulates the activity of DI in pIIb and
whether the recycling of DI is necessary for its sig-
naling activity’” remain to be clarified. Thus, further
investigation may be needed to test the relevance of
this model.

Second, an endosomal pool of DI and Notch has
been proposed to traffic into plla at cytokinesis to
contribute to Notch activity in plla.*® (Figure 4(b)).
This model is in part based on a live imaging anal-
ysis of internalized Notch and DI that were detected
using an antibody uptake assay. These experiments
suggested that internalized Notch and DI localized
into Sara-positive endosomes that traffic into plla
at cytokinesis. While Notch localizing into these
Sara-positive endosomes is predicted to traffic into
plla, live imaging of a functional version of Notch
showed that the endosomal pool of Notch is equally
distributed at cytokinesis.*? Also, disrupting the asym-
metry of Sara segregation at cytokinesis appeared to
have no effect on the plla/pllb decision and only
correlated with low penetrant socket/shaft and neu-
ron/sheath decision defects upon loss of a Notch
regulator.®® Thus, further studies are needed to test
the role of the directional trafficking of Sara-positive
endosomes for Notch activity in plla.

Third, additional cell fate regulators, includ-
ing Brat®® or Miranda,®' may also contribute to the
plla/pllb decision. Likewise, the unequal segregation
of the cortical proteins Vang, Prickle, Gai, Pins, and
Discs-large into pIlb may regulate various cellular
activities in plIb.%>* Conversely, cortical proteins
localizing at the posterior pole of dividing SOPs and
that may be enriched into plla, such as Frizzled, atyp-
ical protein kinase C (aPKC), Bazooka (Baz, the fly
homolog of Par3) and Par6 (see below), may also
affect various processes.®>03%5 Also, whether centro-
some asymmetry and inheritance occur in SOPs and
contribute to fate asymmetry remains to be studied.®®
Thus, intracellular organization, cytoskeleton dynam-
ics and/or vesicular trafficking are expected to differ
between plla and plIb possibly independently of the
activation/inhibition status of Notch.®”

304 © 2015 The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc.
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NUMB ASYMMETRY IN SPACE
AND TIME

The unequal segregation of Numb and Neur relies
on their polar localization at mitosis. The mecha-
nism whereby Numb localizes at the anterior cor-
tex is relatively well understood and involves an
inhibitory phosphorylation mechanism.®* Numb is a
membrane-associated protein and phosphorylation of
Numb inhibits its localization at the cell cortex.?” One
of the kinases phosphorylating Numb is aPKC, a con-
served kinase that plays an essential function in cell
polarity. aPKC contains an auto-inhibitory domain
with a pseudo-substrate motif blocking the active site.
This auto-inhibition can be released via the interac-
tion of aPKC with Par6.® The activity of Par6-aPKC is
increased at mitosis by the phosphorylation of Par6 by
the mitotic kinase AuroraA (AurA). It is also restricted
in space within the cell by several Par6-aPKC interac-
tors, including Lethal(2) giant larvae (Lgl), Baz, and/or
Cdc42.6%69-71 In SOPs, prior to mitosis, Par6-aPKC
interacts with and is inhibited by Lgl.®> Upon mito-
sis, phosphorylation of Par6 by AurA promotes the
dissociation of Lgl from Par6-aPKC and favors the for-
mation of Baz-Par6-aPKC complexes® that localizes
at the posterior-apical cortex.®3 Baz recruits Numb to
this posterior complex, promotes its phosphorylation
by aPKC and thereby excludes Numb from the poste-
rior cortex.®® As a result, the localization of Numb is
restricted to the anterior cortex (Figure 7).

The cortical exclusion of Numb by a
phosphorylation-dependent mechanism regulated
by aPKC provides an elegant control mechanism for
the polar distribution of Numb at mitosis. Indeed,
since aPKC localizes at the posterior cortex of dividing
SOPs, it regulates where Numb localizes at mitosis.
Also, since the interaction of Baz with Par6-aPKC is
regulated by AurA, it controls when Numb accumu-
lates at the anterior cortex. Thus, the phosphorylation
of Numb by aPKC integrates both temporal and spa-
tial cues provided by the AurA-dependent formation
of the Baz-Par6-aPKC complex at the posterior pole
of SOPs.®® Whether a similar mechanism regulates the
anterior accumulation of Neur remains to be tested.
This mechanism may, however, be general since the
localization of the cell fate determinant Miranda is
regulated by this mechanism.®!

Since Baz is also a substrate of aPKC,”?> Baz
might inhibit the phosphorylation of Numb by block-
ing access to the active site. However, since phospho-
rylated Baz still interacts with Par6-aPKC,”? it is con-
ceivable that phosphorylated Baz interacts with the
active Par6-aPKC complex at the posterior cortex of
dividing SOPs, i.e. no longer blocks the active site of
aPKC. Whether aPKC phosphorylates Baz in SOPs,
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FIGURE 7 | Numb anterior localization and orientation of the
spindle by PCP and asymmetric aPKC activity. (a) Diagram of a dividing
SOP at metaphase. The posterior PCP complex includes Fz and Dsh
(light orange). The Baz-Par6-aPKC complex (red) also localizes apically
at the posterior cortex. Numb (green) and Pins (blue) co-localize at the
anterior basal cortex. Dsh, at the posterior-apical cortex, and Pins,
recruits Mud. Mud interacts with dynein and pulls on astral
microtubules to line up the mitotic spindle along the anterior—posterior
axis, with a slight anterior basal tilt. (b) At interphase, Lgl inhibits the
active Par6-aPKC complex. Phosphorylation of Par6 by AurA leads to the
aPKC-dependent release of Lgl at mitosis and to the formation of the
active Baz-Par6-aPKC complex. This complex localizes at the posterior
cortex in a PCP-dependent manner. This complex interacts with Numb,
a target of aPKC. Phosphorylated Numb is excluded from the posterior
cortex. A similar mechanism may account for the exclusion of Pins from
the posterior cortex at mitosis. Thus, PCP provides a spatial input and
mitosis provides a temporal input for the asymmetric localization of the
Baz-Par6-aPKC complex that regulates, together with PCP, both the
asymmetric localization of Numb and the orientation of the mitotic
spindle.

whether phosphorylated Baz forms an active complex
with Par6-aPKC at the posterior cortex and whether
this regulation is important for the recruitment and
phosphorylation of Numb remain to be studied.

COUPLING MITOTIC SPINDLE
ORIENTATION WITH FATE
DETERMINANT ASYMMETRY

The SOP divides within the plane of the epithelium
and along the body axis. The a—p orientation of
the mitotic spindle depends on PCP.!° Live imaging
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showed that the mitotic spindle rotates to line up
along the a—p axis, thereby ensuring the proper segre-
gation of Numb and Neur into pllb.”> At prophase,
the two centrosomes appear to be randomly posi-
tioned relative to the a—-p axis. At prometaphase,
the centrosome located closest to the anterior cor-
tex appears to be pulled toward this cortical domain.
The resulting spindle rotation aligns the mitotic spin-
dle along the a—p polarity axis.”> The existence of
a centrosome-attracting activity located at the ante-
rior cortex was further inferred from the live imaging
of SOPs with an anterior domain of increased size:
when the two centrosomes appear to interact with
this domain via astral microtubules, they are pulled
toward this cortical domain at anaphase’ (Figure 7).
At the molecular level, a Pins-Mud-Dynein complex
localizes at the anterior cortex and provides a pulling
force on astral microtubules.”>”¢ This complex is, at
least in part, anchored at the anterior plasma mem-
brane via the interaction of Pins with Gai.®* Since Pins
is a phosphorylation target of aPKC in mammals,”’
aPKC-mediated phosphorylation of Pins might lead
to its exclusion from the posterior cortex of SOPs.
Consistent with this hypothesis, aPKC is required to
exclude Pins from the apical cortex of dividing epi-
dermal cells and to promote the planar orientation of
these divisions in Drosophila.”® Pins is also a phos-
phorylation target of the mitotic kinase AurA”’ and
phospho-Pins might interact with the PDZ-containing
protein Disc-large at the anterior cortex of SOPs.”37?
Thus, a phosphorylation-based mechanism could pro-
vide spatial and temporal cues for the asymmetric
localization of Pins (Figure 7).

However, the complete loss of pins activity
had no significant effect on the orientation of the
mitotic spindle in SOPs.”3 Thus, other mechanisms
must act in a manner redundant with the anterior
Pins-Mud complex to orient the mitotic spindle in
SOPs. Consistent with this, analysis of PCP mutant
clones suggested that anterior and posterior PCP
complexes provide redundant inputs within the
SOP to orient the mitotic spindle.”* Indeed, Fz and
Dishevelled (Dsh) were shown to act at the posterior
cortex to orient the mitotic spindle by directly recruit-
ing Mud’®#" (Figure 7). Additionally, a Rho- and
Formin-mediated actin polymerization mechanism
appears to act downstream of Fz-Dsh to cooperate
with the Mud-dynein complex in the capture and
stabilization of astral microtubules at the posterior
cortex of dividing SOPs.8° Thus, Pins at the anterior
cortex and Dsh at the posterior cortex recruit the
Mud-dynein complex, thereby accounting for the
redundant inputs orienting the spindle along the a—p
axis.”® These combined inputs also account for the

© 2015 The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc. 305
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slight anterior-basal/posterior-apical tilt of the spindle
that results from the basal localization of Pins and
apical localization of Dsh”® (Figure 7).

PLANAR POLARIZATION OF THE aPKC
ACTIVITY AT THE APICAL CORTEX

The data reviewed above highlight the importance of
the posterior localization of Par6-aPKC for asymmet-
ric SOP division. A key and largely unanswered ques-
tion remains: when and how does the Baz-Par6-aPKC
complex localize at the posterior cortex? In partic-
ular, whether planar polarization of active aPKC is
established at mitosis or prior to mitosis remains
to be determined. Obviously, PCP must be involved
in this process. Since in PCP mutants, however,
Baz-Par6-aPKC was found to be largely asymmet-
ric albeit randomly oriented relative to the body
axis,®>%3 it is thought that a PCP-independent mech-
anism breaks the planar symmetry of SOPs. The
nature of this symmetry-breaking cue is unknown.
Since Pins acts redundantly with Fz to localize Baz
asymmetrically®® and since Baz acts redundantly with
Dsh to localize Pins asymmetrically,®? a mutual antag-
onism might underlie this symmetry-breaking activity
to create two opposite Pins- and Baz-containing com-
plexes. The molecular basis of this antagonism and
the mechanisms ensuring that this antagonism oper-
ates within the plane of the epithelium (rather than
along the apical-basal axis) and at mitosis (and not
before) are not known. Since Pins is a target of aPKC
in mammals,”” one model is that phosphorylation of
Pins by aPKC leads to its cortical exclusion. Whether
this antagonism is sufficient to establish asymmetry
at mitosis in the absence of PCP remains to be deter-
mined. Also, whether mitotic kinases, such as AurA
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