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Polarity establishment is a key developmental process, but what determines its timing is poorly understood.
New research in Caenorhabditis elegans demonstrates that the PAR polarity system extensively reconfigures
before becoming competent to polarize. By inhibiting membrane localization of anterior PAR proteins, AIR-1
(aurora A) and PLK-1 (polo kinase) prevent premature polarization.

Polarity, the asymmetric organization of
cellular components, is a near universal
aspect of animal cells. Yet, we all started
life as asingle cell zygote, without a defined
front or back and lacking predetermined
structures. This poses a clear question:
when and how does polarity arise during
development? Much insight has come
from studies in Caenorhabditis elegans,
which revealed a self-organizing molecular
network that polarizes the zygote by
creating two opposing PAR (partitioning
defective) protein domains [1,2]. In
mammals, PAR protein asymmetry arises
when apical and basolateral cellular
domains are formed, following compaction
of the 8-cell embryo [3]. In contrast, the
C. elegans oocyte polarizes shortly after
fertilization, triggered by a symmetry-
breaking cue from the mature sperm-
derived centrosome pair. This determines
the anterior—posterior body axis however,
C. elegans mutants that arrest in meiosis
without centrosome maturation eventually
polarize with a reverse orientation [4-7].
What, then, controls the correct
developmental timing and cue for
polarization? A new study from Reich etal.,
recently published in Current Biology,
shows that part of the answer lies in the
PAR system itself, which has to go
through a maturation phase before
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becoming competent to polarize the
embryo [8].

PAR proteins and many aspects of their
functional interactions have been
discovered through groundbreaking
genetic studies of early C. elegans
embryos by Ken Kemphues and
colleagues [9]. This work revealed two
classes of PAR proteins — one needed for
anterior identity and one for posterior
identity. The localization of PAR proteins
in the one-cell embryo corresponds with
these functions, but only after polarity
establishment. Following fertilization, the
oocyte pronucleus first needs to
complete meiosis | and Il. At the end of
this process, the anterior PAR (aPAR)
proteins PAR-3, PAR-6 and PKC-3
occupy the entire cell membrane or
underlying cortex, while the posterior PAR
(pPAR) proteins PAR-1 and PAR-2 are
spread through the cytoplasm. Shortly
after completion of meiosis, this
configuration suddenly changes
(symmetry breaking) to one where the
aPAR and pPAR proteins form two
opposing domains at the cell cortex
(Figure 1).

How the PAR proteins achieve their
polarized localization has been
intensively studied. Reorganization of the
actomyosin cytoskeleton beneath the

cell membrane contributes an important
mechanism [2]. The proximity of the
paternal centrosome pair locally inhibits
actomyosin contractility, which triggers
an anterior-directed cortical actomyosin
flow and removes the aPAR proteins
from the posterior pole through
advective transport. This allows the
pPAR proteins to load onto the cortex.
Mutually inhibitory interactions between
the two groups of PAR proteins then
establish and maintain a stable polarized
state [2]. In the absence of cortical flows,
a secondary mechanism for symmetry
breaking becomes apparent, in which
centrosomal microtubules locally protect
PAR-2 from inhibitory phosphorylation by
PKC-3 [10]. While not essential, this
mechanism does serve to accelerate the
process of polarization in wild-type
embryos. The timing of symmetry
breaking depends on maturation of the
centrosome, and an experimentally
induced delay or block in centrosome
maturation causes a delay or failure in
polarization [5,11,12]. These
observations led to a model in which
maturation of the paternal centrosome
provides a temporal cue in the formation
of a single axis of polarity upon
completion of meiosis. However, the
reverse polarity in meiotically-arrested
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Meiosis |

Meiosis Il

Figure 1. Schematic representation of polarity establishment in the C. elegans zygote.
Localization of the PAR proteins at the cell cortex is indicated in blue (posterior PAR proteins) and red (anterior PAR proteins). AIR-1 plays a critical role in
preventing premature cortex association of the anterior PAR proteins in meiosis |. Following meiosis, centrosomal AIR-1 serves as the symmetry breaking
cue by locally inhibiting cortical actomyosin contractility.

embryos, and why wild-type embryos do
not respond to cues from the meiotic
spindle, remained unresolved.

Previous studies had noted that PAR-1
and PAR-2 initially localize to the plasma
membrane of immature oocytes, and
become cytoplasmic during oocyte
maturation [13-15]. Whether this behavior
reflects some functionality of the PAR
system had not been explored. In the new
study, Reich et al. hypothesize that the
PAR system itself may be regulated in its
ability to mediate polarization, and that
this regulation helps to ensure that
embryos do not polarize early in response
to non-centrosomal cues. The authors
started their investigation with a careful
determination of the dynamics of the PAR
system. C. elegans oocytes are arrested
in prophase of meiosis | until the major
sperm protein (MSP) triggers meiotic
maturation, which in turn causes ovulation
into the spermatheca and fertilization.
Before maturation, oocytes display a PAR
localization that is the inverse of the
situation before symmetry breaking of the
embryo: PAR-1 and PAR-2 are localized
to the cortex, while PAR-6 and PKC-3 are
in the cytoplasm (Figure 1). The onset of
maturation then triggers a reconfiguration
in which PAR-1,2 relocate to the
cytoplasm. After a period in which neither
anterior nor posterior PAR proteins are
enriched at the cortex, the anterior PAR
proteins begin to accumulate at the
cortex at the end of meiosis |. Importantly,
the pre-maturation state and initial steps
of PAR network reconfiguration are not
determined by mutual inhibition. For
example, RNA interference of par-2 does
not cause a precocious cortical
accumulation of PAR-6, and PAR-2 was
still cleared from the oocyte membrane in

the absence of par-6. By the end of
meiosis |, however, the PAR proteins
show mutual antagonism.

Even during the antagonism-
independent phase, the aPAR proteins are
in principle competent to antagonize the
pPAR proteins. Elegant experiments
showed that induced targeting of PKC-3 to
the membrane causes both a recruitment
of PAR-6 and a loss of PAR-2 from the
membrane. This indicates the presence of
amechanism that actively keeps the aPAR
proteins from the membrane until meiosis |
completes. To identify this mechanism,
the authors investigated candidate
kinases and found that the Aurora A kinase
AIR-1 and POLO kinase PLK-1 are
required to prevent premature
accumulation of the aPAR proteins at the
oocyte membrane. This is an interesting
finding since AIR-1 and PLK-1 are ideally
positioned, as cell-cycle related kinases,
to temporally couple PAR network
reorganization to development of the
embryo. Two observations support that
AIR-1-PLK-1 indeed control the
polarization ability of the PAR system.
First, embryos arrested in meiosis |
polarized prematurely when air-1 was
depleted. Second, in wild-type embryos,
depletion of air-1 resulted in polarity
defects, including reversed polarity and bi-
polarity. Thus, a prerequisite maturation
step appears to prevent the PAR network
responding to cryptic symmetry breaking
cues, such as the meiotic spindle, and
ensures that polarization occurs only in
response to a signal from the sperm-
derived centrosomes.

The identification of air-1 as a regulator
of maturation of the PAR system comes
hot on the heels of two other studies that
identified key roles for AIR-1 in early
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embryonic polarity [16,17]. Zhao et al.
identified AIR-1 as the long sought-after
centrosome-associated symmetry-
breaking cue that locally downregulates
actomyosin contractility at the future
posterior pole (Figure 1) [16]. In addition,
this study uncovered an important role
for a non-centrosomal pool of AIR-1 in
suppressing cortical contractility during
late prophase. In the other recent study,
Klinkert et al. found that AIR-1 exerts a
dual role in polarity: a cytoplasmic AIR-1
pool preventing symmetry breaking early
inthe cell cycle, and a centrosomal AIR-1
pool mediating symmetry breaking [17].
Triggered by the observation that PAR-2
domains arise at both narrow ends of the
embryo, Klinkert et al. investigated
whether membrane curvature plays a
role in the spontaneous symmetry
breaking observed in air-1(RNAI)
embryos. By placing embryos in
microfabricated chambers, they
demonstrate that PAR-2 domains indeed
form preferentially in curved regions, and
postulate that high membrane curvature
contributes to PAR-2 loading and
symmetry breaking in the absence of a
centrosomal cue [17].

Together, these three studies place
AIR-1 at the center of key events in
C. elegans embryo polarization (Figure 1).
First, AIR-1 controls the timing of PAR
maturation. Then, centrosomal AIR-1 acts
as the symmetry breaking cue by locally
downregulating actomyosin
contractility — possibly through
accumulation at the mature centrosome
followed by diffusion. Finally, AIR-1
globally inhibits actomyosin contractility
after the cessation of cortical flows. These
novel insights also immediately raise new
questions. Most importantly, what are the
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Understanding the computational basis of spatial cognition requires observations of natural behaviour and
the underlying neural circuits, which are difficult to do simultaneously: however, recent studies show how
we might achieve this, combining rich virtual reality set-ups and the use of optogenetics in freely moving

animals.
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behaviour and similarities can be seen
between animals in the strategies they

All animals have to process spatial
information in order to control their

use to control orientation and navigation
[1,2]. These similarities suggest that the

4')

Gheck for
‘updates.

Current Biology 29, R623-R646, July 8, 2019 © 2019 Elsevier Ltd. R639


http://refhub.elsevier.com/S0960-9822(19)30601-3/sref1
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref1
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref1
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref1
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref1
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref2
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref2
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref2
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref2
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref3
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref3
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref3
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref3
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref4
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref4
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref4
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref4
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref5
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref5
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref5
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref5
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref5
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref6
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref6
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref6
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref6
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref6
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref7
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref7
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref7
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref7
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref8
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref8
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref8
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref8
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref8
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref8
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref9
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref9
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref9
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref9
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref10
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref10
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref10
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref10
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref10
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref11
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref11
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref11
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref11
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref11
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref12
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref12
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref12
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref12
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref12
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref13
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref13
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref13
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref13
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref13
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref14
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref14
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref14
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref14
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref15
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref15
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref15
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref15
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref15
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref15
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref16
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref16
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref16
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref16
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref16
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref16
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref17
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref17
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref17
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref17
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref17
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref17
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref18
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref18
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref18
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref18
http://refhub.elsevier.com/S0960-9822(19)30601-3/sref18
mailto:p.r.graham@sussex.ac.uk
mailto:f.steinbeck@sussex.ac.uk
https://doi.org/10.1016/j.cub.2019.05.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2019.05.031&domain=pdf

	Cell Polarity: Getting the PARty Started
	References


