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Asymmetric cell division: fly neuroblast meets worm zygote

Chris Q Doe* and Bruce Bowermanf

Both Drosophila neuroblasts and Caenorhabditis elegans
zygotes use a conserved protein complex to establish cell polarity
and regulate spindle orientation. Mammalian epithelia also use
this complex to regulate apical/basal polarity. Recent results have
allowed us to compare the mechanisms regulating asymmetric
cell division in Drosophila neuroblasts and the C. elegans zygote.
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Abbreviations

AB anterior blastomere at the two-cell stage
a—p anterior—posterior

aPKC  atypical protein kinase C

Baz Bazooka

dig discs large

GFP green fluorescent protein

GMCs ganglion mother cells

Igl lethal giant larvae

Insc Inscuteable

mex-5 muscle excess

MF microfilament

MLC-4 non-muscle myosin regulatory light chain
MT microtubule

NMY-2 type Il non-muscle myosin heavy chain
Po one-cell zygote

Py posterior blastomere at two-cell stage
par partitioning-defective mutant phenotype

PDz PSD-95/Discs large/Z0O-1

PIE-1  pharyngeal and intestinal excess 1
Pins Partner of Inscuteable

pod partitioning—osmotic defective
Pon Partner of Numb

Introduction

Embryonic Drosophila neuroblasts (neuronal precursor
cells) develop from an apical/basal polarized epithelium
called the ventral neuroectoderm (Figure 1). Individual
neuroblasts move out of the epithelium and come to lie
adjacent to the basal surface of the neuroectoderm, losing
their epithelial morphology but retaining aspects of api-
cal/basal polarity. Neuroblasts repeatedly divide
asymmetrically along their apical/basal axis. These unequal
divisions produce larger apical daughters that retain the
stem-cell-like properties of a neuroblast and smaller, fate-
committed basal daughter cells called ganglion mother cells
(GMCs) that produce neurons or glia.

In another example of asymmetric cell division, the one-
cell Caenorhabditis elegans embryo, called Py, divides along
its anterior—posterior (a—p) axis to produce a large anterior

blastomere at the two-cell stage (AB) and a small posterior
P, blastomere (Figure 2). In addition to their unequal size,
these two cells have different cell cycle times and are born
committed to distinct fates [1-3]. AB generates predomi-
nantly ectodermal cell types, whereas P; generates
mesoderm, endoderm and germline cells. P; and its
descendants undergo repeated asymmetric divisions that
are largely responsible for patterning the early embryo [4],
but we focus here on the first division of Py,

In spite of the apparently substantial differences between
a fly neuroblast and a one-cell worm embryo, recent work
has revealed extensive parallels in the mechanisms regu-
lating protein localization and spindle orientation during
asymmetric cell divisions. Furthermore, vertebrate epithe-
lia also use related mechanisms to establish or maintain
apical/basal polarity. Previous reviews have covered earlier
work on the asymmetric division of neuroblasts and early
C. elegans blastomeres, as well as germ cell and post-embry-
onic asymmetric division in Drosophila and C. elegans
[3,5-8]. Here we present recent results and highlight com-
mon features of cell polarity and asymmetric division in fly
neuroblasts and the worm zygote.

Establishing cell polarity: a conserved
apical/anterior protein complex in flies, worms
and vertebrates

"T'he initial apical/basal polarity of a Drosophila neuroblast
is inherited, at least in part, from the epithelium that gen-
erates it. A newly delaminated neuroblast maintains apical
enrichment of several proteins found at the apical cortex of
epithelial cells. These proteins include the multi-PDZ
(PSD-95/Discs large/Z0O-1) domain protein Bazooka (Baz),
the single-PDZ domain protein DmPAR-6 and an atypical
protein kinase C, aPKC [9-11,12°%,13°°]. These three pro-
teins are conserved in C. elegans (where they are called
Par-3, Par-6 and aPKC); they are localized to the anterior
cell cortex in early blastomeres and are required for estab-
lishing cell polarity, see below) (reviewed in [3,5]). This
protein trio is also conserved in Xenopus, where they are
localized to the animal pole of mature oocytes and epithe-
lial cell contact sites [14°,15%], and in mammals where they
are localized to apical tight junctions in epithelia and are
necessary for normal tight junctions [16°-19°]. In
Drosophila, all three proteins physically interact, as shown
by i vitro and in vive experiments [12°°,13°°], and all are
apical from late interphase until late anaphase, at which
time they are degraded or delocalized [9-11,12°°,13°°].
Thus with every neuroblast division, apical localization of

Baz, Par6 and aPKC must be re-established.

'I'wo mechanisms are probably used for Baz, Par6 and
aPKC localization: an epithelial-based mechanism for the
initial, pre-division apical localization in newly delaminated
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Figure 1
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neuroblasts, and a different mechanism for apical localiza-
tion following each neuroblast cell division. The epithelial
mechanism of apical protein localization probably requires
the cortical tumor suppressor genes discs large (dlg), lethal
giant larvae (lgl), and scribble (scrib), which control the api-
cal targeting of many epithelial proteins [20°] (see also
Update). On the basis of iz vitro drug studies, the non-
epithelial mechanism of apical protein localization clearly
requires microfilaments (MFs), and microtubules (MTs)
may also play a role [21].

Figure 2

Although Baz, DmPar-6 and aPKC are the first apical pro-
teins detected in delaminating neuroblasts [9-11,12°%,13°°],
the Inscuteable (Insc) and Partner of Inscuteable (Pins)
proteins join the apical protein complex during or just after
delamination and are required to maintain apical localiza-
tion of the entire complex [22,23°°-25°°]. It is not known
whether Baz, DmPar-6 and aPKC are apically localized
before Insc/Pins in subsequent neuroblast divisions. Insc
contains a central domain with five ankyrin-like repeats
that is sufficient and necessary for its localization and

Polarization of the (a) C. elegans zygote and
of (b) mammalian epithelia. For C. elegans,
the cells are oriented so that the anterior

(€Y

region of each cell points towards the top of PAR-6

the page; for epithelia, the apical region points aPKC-PAR-3
toward the top of the page. Developmental PIE-1
regulators are show in the upper panels and

the cytoskeleton in the lower panels. Color PAR-2
coding is used throughout, with protein

identities listed to the left in each panel.

Pronuclei and nuclei are shown as grey Cytoskeleton

circles; s is for sperm and o for oocyte
pronuclei. In a C. elegans zygote, recruitment
of PAR-2 to the cortex (upper panel) by sperm
pronucleus-associated astral MTs (lower
panel) may initiate axis formation. The
recruitment of PAR-1 to this patch may
downregulate cytoplasmic MEX-5, permitting
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expression of the germline determinant PIE-1
posteriorly. This region, in a MF-requiring
process, expands to encompass the posterior
half of the zygote. See text for details.
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function [26,27]. The Pins amino terminus binds Insc and
contains seven tetratrico-peptide repeats [24°*], whereas its
carboxyl terminus binds to GQ proteins 7 vitro and in vivo
[23°°,25°°]; however, a role for G-protein function has yet to
be demonstrated in neuroblasts.

The five proteins in the apical complex are all required for
the maintenance of the others at the apical neuroblast cor-
tex; without Baz, DmPar-6 or aPKC the apical protein
complex never forms, and without Insc or Pins the complex
forms, but at a very reduced level. All apical complex single
mutants have the same phenotype: randomized spindle ori-
entation and failure to reliably localize cell fate
determinants to the basal cortex of the neuroblast (see
below). This suggests that apical localization of these five
proteins is essential for their function — otherwise, single
mutants would have distinctive phenotypes — and makes it
difficult to determine which apical protein is most directly
required for spindle orientation or basal protein localization.

Baz, DmPar-6 and aPKC are apical in the Drosophila neu-
roblast, and a related complex of cortical proteins — PAR-3,
PAR-6 and PKC-3 — is restricted to the anterior half of the
C. elegans zygote, shortly after fertilization and in response
to sperm cues. These three proteins all share a common
boundary roughly midway along the a—p axis (Figure 2),
and consistent with their precise colocalization, PAR-3 and
PKC-3 bind to each other 7z vitro. Two recent observations
suggest that the sperm-donated centrosome is required for
initiation of a—p axis formation in C. ¢legans and thereby
specifies the anterior localization of PAR-3, PAR-6 and
PKC-3. The first observation was that anucleate mutant
sperm could still fertilize oocytes, donate their single cen-
trosome and specify a normal a—p axis [28°]. Also,
sperm-aster-directed M'T" assembly appears to be necessary
for specification of the posterior pole [29°,30°°].

Although sperm-derived M'T organizing centers may initi-
ate the establishment of a posterior pole, MFs are required
to elaborate the putative sperm astral signal into a fully
polarized a—p axis (see final section below). Although both
the C. elegans zygote and Drosophila neuroblasts require
MF's for asymmetric protein localization, a role for M'Ts in
neuroblasts is less clear. Given that for many years experi-
mental manipulations implicated only MFs, and not M'Ts,
in the formation of the a—p axis in C. elegans, this difference
between the fly and worm could prove to be transient.

In addition to requiring the M'T- and MF-dependent
specification of a posterior pole, anterior cortical protein
localization in the C. elegans zygote requires further regu-
latory processes, including interactions among the
anterior proteins themselves. Both PAR-6 and PKC-3
absolutely require PAR-3 for cortical localization, whereas
some cortical PAR-3 can be transiently detected in the
absence of PAR-6 or PKC-3 in early P, embryos [31].
T'hus PAR-3 may initiate assembly of an anterior cortical
complex, with maintenance being more interdependent.

"This interdependence is similar to that reported for apical
complex proteins in Drosophila neuroblasts.

Functions of the apical/anterior protein complex
In Drosophila embryonic neuroblasts, the Baz, DmPar-6 and
aPKC apical complex regulates basal protein localization
and spindle orientation; in C. elegans zygotes, the PAR-3,
PAR-6 and PKC-3 anterior complex has similar but distinct
roles in posterior protein localization and spindle orienta-
tion. In the following two sections we discuss similarities
and differences in how this evolutionarily conserved protein
complex functions in the neuroblast and zygote.

Basal/posterior protein localization

Wild-type Drosophila neuroblasts have two protein com-
plexes that are basally localized during mitosis: the
‘Miranda complex’ and the ‘Numb complex.” The Miranda
complex contains Miranda (a cortically associated coiled-
coil domain protein), Prospero (a homeodomain-containing
transcription factor that binds to Miranda and requires it for
cortical association), Staufen (an RNA-binding protein that
also binds to Miranda and requires it for cortical localiza-
tion), and prospero mRNA (which requires Staufen for its
localization). It is not known whether both Prospero and
Staufen can bind to Miranda simultaneously. The Miranda
mRNA-protein complex is apical at late interphase, and it
translocates to the basal cortex during prophase of mitosis
[6,8]. The ‘Numb’ complex contains Numb protein, which
can affect cell fate by binding to and inhibiting Notch sig-
naling, and its cortical-anchoring protein Partner of Numb
(Pon); these proteins are cytoplasmic at interphase and are
recruited to the basal cortex during early mitosis [6,8].

In neuroblasts lacking the Baz, DmPar-6, aPKC, Insc and
Pins apical complex, Miranda and Numb complexes
either become uniformly cortical or form randomly posi-
tioned crescents that frequently are not associated with
spindle poles [9-11,12°°,13°°,22,23°%,24°**]. Similarly, lar-
val neuroblasts with reduced Pins levels show defects in
Prospero localization, and possibly an equalization of neu-
roblast/GMC sizes [25°°]. Intriguingly, the movement of
Miranda complex proteins from the apical side of inter-
phase neuroblasts to the basal cortex of mitotic neuroblasts
fails to occur in G,-arrested neuroblasts, revealing a role for
the cell cycle in regulating basal protein transport [32,33].
Aside from these requirements, the mechanism of basal
protein localization remains a mystery (see also Update). It
is unlikely that apical and basal protein domains are
formed by mutual exclusion, as appears to take place with
the anterior and posterior cortical protein domains in C. ele-
gans zygotes (see below). It is unlikely for three reasons: a
sizeable gap occurs between the detectable boundaries of
apical and basal protein crescents in neuroblasts, which
would not be expected if basal proteins were excluded
from the cortex by apical proteins or vice versa; fly
embryos lacking apical proteins often still form randomly
positioned crescents of the normally basal protein com-
plexes; and the mutational elimination of basal complex
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proteins does not perturb either apical complex formation
or its boundaries.

When the C. elegans PAR-3, PAR-6 and PKC-3 complex
becomes localized to the anterior cortex of the zygote, a
ring-finger protein called PAR-2 and a serine/threonine
kinase called PAR-1 accumulate in the posterior cortex
[34,35]. The posterior boundary of the PAR-3, PAR-6 and
PKC-3 complex abuts precisely with the anterior bound-
ary of PAR-2 (Figure 2), and removal of PAR-2, but not
PAR-1, results in a posterior expansion of PAR-3
[31,36,37]. Conversely, the PAR-1 and PAR-2 boundaries,
which presumably coincide, move towards the anterior
following inactivation of PAR-3 [31,35,36]. These results
are consistent with the anterior and posterior membrane
domains establishing their abutting boundary in part by
mutual exclusion, which may involve at least PAR-2 and
PAR-3. The anterior expansion of cortical PAR-Z in
par-3, par-6 or pkc-3 mutants is similar to the expansion
of basal proteins into the apical cortex of Drosophila neu-
roblasts after mutational inactivation of apical complex
proteins [9-11,12°°,13°%,22,23°°,24°°].

Other genes are required for the mutually exclusive distri-
butions of some PAR proteins. The par-4 gene encodes a
putative serine/threonine kinase that is present at the cor-
tex throughout Py. The cortical localization of PAR-4 is
unaffected by the removal of the other PAR proteins [38°],
but in par-4 mutants, PAR-3 and PAR-6 expand posteri-
orly to cover roughly 85% of egg length [37] without
affecting PAR-2 distribution [35], thereby abolishing the
mutual exclusivity of PAR-2 and PAR-3. The mutual
exclusivity of PAR-2 and PAR-3 also requires a gene called
pod-1 (partitioning—osmotic defect 1): both PAR-3 and PAR-1
are uniformly cortical in pod-I mutant embryos [29°].
POD-1 is related to coronin, and, like coronin, it is a
MF-binding protein. It is anteriorly localized, with a
boundary that appears to coincide with that of PAR-3,
PAR-6 and PKC-3. Intriguingly, POD-1 seems to function
primarily in membrane trafficking, thus implicating both
secretion and MFs in the establishment or maintenance of
a—p polarity [39]. Perhaps the anteriorly restricted POD-1
somehow polarizes membrane trafficking or protein trans-
port to establish or maintain the asymmetric distributions
of at least some PAR proteins.

Spindle orientation

For reliable asymmetric cell division, the mitotic spindle
must be aligned with the axis of cell polarization, which
leads to the question of how this is accomplished in the
neuroblast or zygote. In Drosophila, time-lapse imaging
with a GFP-tagged M'I~binding protein was used to show
that the neuroblast spindle initially aligns perpendicular to
the apical/basal axis, but then rotates 90° during
metaphase to align with the apical/basal axis [40°]. Spindle
rotation is rapid and occurs after the apical protein complex
is established, and at about the same time as basal protein
localization occurs. Neuroblasts lacking functional apical

complex genes (baz/DmPar-6/aPKClinsc/pins) show random
spindle orientation [9-11,12°%,13°°,22,23°°,24°°].

In epithelia, Baz, DmPar-6 and aPKC are apically localized,
but Insc is not expressed and Pins is cytoplasmic, and the
spindle is perpendicular to the apical/basal axis. However,
misexpression of Insc in epithelia can induce apical local-
ization of Pins and reoriention of mitotic spindles along the
apical/basal axis [9-11,12°,13°°,22,23°*,24**]. Thus, Insc
and Pins are necessary for the correct spindle orientation in
neuroblasts, and, along with Baz, DmPar-6 and aPKC, are
sufficient to induce apical/basal spindle orientation in
epithelia. It is not known whether Insc or Pins provides the
most direct link to the mitotic spindle.

In the post-fertilization C. elegans zygote, the maternal
pronucleus migrates to meet its paternal partner near the
posterior pole, followed by formation of the first mitotic
spindle [41] (Figure 2). The sperm-derived asters first align
perpendicular to the a—p axis, but as the spindle forms it
moves towards the center of the zygote and rotates 90° to
lie along the a—p axis. The spindle then elongates during
anaphase and moves posteriorly, resulting in the birth of the
larger, anterior AB blastomere and the smaller posterior
P, blastomere. A reduced level of either dynein or dynactin
(a dynein cofactor) prevents rotation of the first mitotic
spindle [42,43]. The heavy chain of dynein, a multi-protein
minus-end-directed M'T motor, is cytoplasmic but enriched
at the periphery of the maternal and paternal pronuclei dur-
ing pronuclear migration and is detected at the cell cortex
during rotation of the first mitotic spindle [43].

Loss of anterior protein complex function (PAR-3, PAR-6
and PKC-3) does not affect spindle rotation in Py, but does
prevent posterior spindle displacement, resulting in daugh-
ter cells of equal size. In wild-type embryos, the larger AB
divides before P{, and the mitotic spindle in Py rotates to lie
along the a—p axis, orthogonal to the transversely oriented
spindle in AB. In par-3, par-6 or pkc-3 mutant embryos, both
two-cell stage daughters divide synchronously, and both their
mitotic spindles rotate and align with the a—p axis. Thus, the
C. elegans apical complex is required both to alter spindle
positioning along the a—p axis without affecting rotation in P,
and to block spindle rotation in AB. This is quite different
from the function of the apical protein complex in Drosophila
neuroblasts, which is required for aligning the spindle along
the apical/basal axis but not for cell size asymmetry. How this
conserved protein complex has evolved so that it influences
spindle orientation in these different ways is not understood.
Perhaps the function of Insc and Pins accounts for these
variations, as these genes have not been identified in C. elegans.

In summary, there are clear similarities between the func-
tion of anterior/apical protein complexes in Drosophila and
C. ¢legans, but there are key differences. Similarities include
the role of both protein complexes in regulating the mitotic
spindle position (although in different ways) and in polarizing
protein localization to the opposite side of the cell.
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Differences include the precise effect on the complex on
the spindle, the cues that initiate apical/anterior complex
localization, and the identity of the basal/posterior proteins
that require the apical complex for proper localization.

Spindle asymmetry and unequal cell division

In neuroblasts, the mitotic spindle becomes asymmetric soon
after it aligns along the apical/basal axis. In both embryonic
and larval neuroblasts, the basal centrosome and astral M'Ts
disappear by late telophase [40°]; this explains why larval
GMGCs, which inherit the basal spindle pole, divide with an
asterless, centrosome-free spindle [44°]. In addition, both
embryonic and larval neuroblasts appear to have longer kine-
tochore M'Is in the apical half of the spindle, thereby shifting
the spindle midbody towards the basal side of the cell
(Figure 1; [40°,44°]). Unequal midbody positioning may trig-
ger eccentric cleavage furrow positioning and thus cause the
physically asymmetric neuroblast division. A similar asym-
metry in astral MTs is observed during C. elegans carly
embryonic divisions (see below), but there does not appear
to be any difference in kinetochore MT length, and thus
asymmetric division is solely due to eccentric positioning of
the symmetrical spindle in worms [41].

What is the mechanism for shifting the spindle towards the
posterior cortex in Pp? Mammalian Par-1 homologues can
destabilize M'Ts by phosphorylating M'T-associated proteins
[45]; therefore perhaps C. elegans PAR-1 destabilizes posterior
astral M'Ts, thereby shifting the spindle posteriorly. A quan-
titative analysis of astral MT length and dynamics in
wild-type and par-1 mutant embryos is not yet available but
would address this possibility. It is intriguing that Drosophila
Par-1 is posteriorly localized in the oocyte, regulates
MT organization and is required for specification of the pos-
terior pole [46°,47°]. Finally, recent genetic screens have
identified several C. elegans mutants with mitotic spindle
assembly and positioning defects [48-51]. As the sequences
of these newly identified loci are revealed, the mechanisms
that coordinate the polarization of developmental potential
along the a—p axis with mitotic spindle alignment in the
early C. elegans embryo should become clearer.

Microfilaments and the establishment of cell
polarity

Drug studies first showed that MFs are essential for estab-
lishing a—p polarity in C. elegans [52]. More recently, further
insight into the role that MFs play in establishing an
a—p axis has come from an analysis of both NMY-2, a type 11
non-muscle myosin heavy chain that binds to PAR-1, and
MILC-4, the non-muscle myosin regulatory light chain. If
either NMY-2 or MLLC-4 function is eliminated, many, but
not all signs, of a—p polarity are lost [53,54]. In particular,
PAR-2 still localizes to the zygote cortex posteriorly, but
only in a small patch near the sperm pronucleus [54]. Thus
sperm astral M'Is may promote an association of PAR-2
with the adjacent cortex [29°,30°°], but MF motor activity
is required for the patch to expand [29°,54]. Intriguingly,
PAR-2 is required for the cortical localization of PAR-1, and

the carboxyl terminus of PAR-1 can bind to NMY-2. Once
a sufficiently large PAR-2 patch assembles over the sperm
asters, perhaps it can recruit enough PAR-1 to the posterior
cortex to influence NMY-2 function.

At the anterior cortex, a different mechanism may regulate
the MF cytoskeleton. The C. elegans anterior complex pro-
teins, PAR-3, PAR-6 and PKC-3, have vertebrate
homologues, ASIP, Par-6 and aPKC, which are apically
localized in epithelia (Figure 2). Vertebrate Par-6 can bind
to the small G proteins Cdc42 and Racl, which are ubiqui-
tous MF regulators [16°-19°]. These protein interactions
appear to be important both for epithelial cell polarity
[16°], and for preventing abnormal cell proliferation [19°].
It would be worth exploring whether C. elegans PAR-6
binds to C. élegans Cdc42 or Racl proteins to regulate the
MF cytoskeleton at the anterior cortex. Perhaps these two
different links to cortical MFs — PAR-1/NMY-2 and
PAR-6/CDC-42 — mediate the mutual exclusion of PAR-2
and PAR-3, and the expansion of an initially small patch of
cortical PAR-1/PAR-2 to fully and exclusively encompass
the posterior pole (Figure 2).

In Drosophila, MFs are essential for apical localization of
Insc and the basal localization of Miranda complex pro-
teins [21]; but the MF dependence of Baz, DmPar-6 and
aPKC has not been assayed. Intriguingly, the conserved
apical protein complex in Drosophila neuroblasts contains
both DmPar-6 and Pins (which binds to Ga proteins
in vivo and n vitro). It will be interesting to determine if
DmPar-6 and/or Pins recruit or modulate small G protein
functions to regulate the MF cytoskeleton and cell polarity
in Drosophila neuroblasts.

Generation of cell diversity

"The ultimate role of asymmetric cell division is to create two
distinct cell types. How are the distinct neuroblast/GMC or
AB/P; cell fates established? There are no cell fate determi-
nants known to be localized to the neuroblast during
asymmetric division: all apical proteins are degraded or delo-
calized before cleavage. In contrast, several cell fate
determinants localize to the basal cortex of mitotic neurob-
lasts and segregate specifically into the GMC. The best
characterized example is Prospero, which is required for
GMC-specific gene expression and triggering exit from the
mitotic cell cycle [6,8]. The Numb cell fate determinant is
also segregated into the GMC, where it can be asymmetri-
cally localized in the following GMC division to distinguish
sibling neuron fates [55].

In C. elegans, PAR-1 controls the distribution of two nearly
identical and partially redundant ‘CCCH finger’ proteins,
MEX-5 and MEX-6 [56°°,57]. These two proteins then
influence the function of multiple embryonic determi-
nants of cell fate. MEX-5 itself is polarized to the anterior
cytoplasm of Py as it divides (Figure 2). The MEX-5
boundary coincides precisely with the boundary of the
abutting cortical PAR domains, and PAR-1 is required to
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exclude MEX-5 from P;. Finally, a deletion analysis of the
transcription repressor PIE-1 (pharyngeal and intestinal
excess 1), one target of MEX-5 and MEX-6, strongly
implicates differential protein stability as a mechanism for
generating asymmetric distributions of PIE-1 and other
determinants in response to MEX-5 and MEX-6 [57,58°°].
These downstream pathways are only beginning to be
defined in both flies and worms, but it seems likely that
they will diverge substantially given the very different
cellular and embryonic contexts in which they occur.

Conclusions and future directions

Recent work has revealed a conserved apical/anterior pro-
tein complex that regulates cell polarity in Drosophila
neuroblasts, Drosophila epithelia, mammalian epithelia and
C. elegans zygotes. Different proteins are known to interact
with this protein complex in each cell-type, and this may
allow a common cell polarity system to regulate cell-type-
specific properties such as maintaining different membrane
domains in epithelia or regulating spindle orientation and
the generation of cell diversity in neuroblasts and zygotes.

Despite considerable recent progress in the understanding
of asymmetric cell division, plenty of questions remain. In
Drosophila neuroblasts, no single protein maintains an api-
cal localization past telophase, so how is apical/basal
polarity re-established at each neuroblast cell division?
What are the anchors and motors that bind to Miranda or
Pon and deliver them to the basal cortex, and how is this
process triggered by entry into mitosis? In both Drosophila
and C. elegans, how do apical/anterior proteins drive spindle
rotation, and what are the cortical anchors and what are the
motors? What is the cause and effect of each aspect of spin-
dle asymmetry? Given the rapid pace of this field, we
expect answers to many of these questions soon, perhaps
by the time you read this review!

Update

Recent work reveals a role for the tumor suppressor genes /g/
and /g in establishing a neuroblast cell polarity. Although
they function in epithelial cells to restrict proteins to the api-
cal membrane domain [20°], in neuroblasts they are required
to restrict proteins such as Miranda, Prospero and Pon to the
basal cortex. These proteins relocate uniformly around the
cortex or onto the mitotic spindle and centrosomes in the
absence of g/ or dlg function [59°,60°].
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