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Cell biclogy in development

Review

Getting to know your neighbor: Cell polarization in

early embryos
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"Helen L. and Martin S. Kimmel Center for Biology and Medicine, the Skirball Insfitute of Biomolecular Medicine, and Department of Cell Biology, New York University

School of Medicine, New York, NY 10016

Polarization of early embryos along cell contact patterns —
referred to in this paper as radial polarization—provides
a foundation for the initial cell fate decisions and morpho-
genefic movements of embryogenesis. Although polarity
can be established through distinct upstream mechanisms
in Caenorhabditis elegans, Xenopus laevis, and mouse
embryos, in each species, it results in the restriction of PAR
polarity proteins to contact-free surfaces of blastomeres. In
turn, PAR proteins influence cell fates by affecting signaling
pathways, such as Hippo and Wnt, and regulate morpho-
genetic movements by directing cytoskeletal asymmetries.

Introduction
Early embryos in many species polarize along their radial axis
when blastomeres—the cells that result from the initial cleav-
age divisions of the egg—develop molecularly distinct con-
tacted and contact-free surfaces (Fig. 1 A). Conserved polarity
regulators, including the PAR (Partitioning defective) proteins,
localize asymmetrically and help to distinguish contacted (ba-
solateral) and contact-free (apical) surfaces. In some species,
such as Xenopus laevis and mouse, radial polarization leads to the
formation of an external epithelial cell layer that surrounds inter-
nal nonepithelial cells with differences in developmental poten-
tial. However, in other species, such as Caenorhabditis elegans,
radially polarized blastomeres do not become epithelial, and po-
larity is not required for cell fate decisions. Rather, radial polarity
directs cytoskeletal asymmetries important for the outward to in-
ward ingression movements of cells during gastrulation.

Radial polarity arises in two different ways from the cleav-
age of embryonic blastomeres. In one mechanism, cell-cell in-
teractions that form as a result of cleavage trigger polarity directly,
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potentially through the patterning action of cell surface adhe-
sion proteins such as E-cadherin. Alternatively, polarity can
arise as a result of asymmetric trafficking, when membrane dis-
tinct in composition from that at the cell surface is deposited
between cells undergoing cytokinesis. This review focuses on
the mechanisms of radial polarization in three model systems—
C. elegans, Xenopus, and mouse—in which the process has
been studied using both embryological manipulation and mo-
lecular analysis.

Radial polarization of blastomeres and
epithelial cell formation
The radial polarization of blastomeres is often, but not always,
the first step in forming an epithelial cell layer on the surface of
the embryo. Epithelial cells are characterized by their distinct
apical and basolateral surfaces as well as by defined junctional
complexes that maintain polarity, promote adhesion, and limit
diffusion across the cell layer (Fig. 1 B). Much of our under-
standing of epithelial cell formation arises from in vitro studies
of cultured mammalian cells and from in vivo genetic analyses
in Drosophila and C. elegans. The molecular events that lead to
epithelial cell formation have been reviewed recently in detail
(St Johnston and Ahringer, 2010; Roignot et al., 2013; Rodriguez-
Boulan and Macara, 2014) and are summarized briefly here for
a prototypical cell. Importantly, although many aspects of epi-
thelial cell formation are deeply conserved, the mechanisms of
epithelial cell formation can differ between species and even
among the various epithelial cell types within a given species.
Polarity is established and oriented by cues that arise from
cell—cell or cell-matrix interactions. These cell surface cues trans-
late polarity to the cortex by inducing the asymmetric localiza-
tion of apical and basolateral polarity regulators. Polarity regulators
fall into three main groups of proteins (Fig. 1 B; St Johnston and
Ahringer, 2010; Roignot et al., 2013; Rodriguez-Boulan and
Macara, 2014). The apical PAR group, which includes the PDZ
domain scaffolding proteins PAR-3 and PAR-6, and the atypical
PKC (aPKC) localize to the apical domain (PAR-6 and aPKC)

© 2014 Nance This article is distributed under the terms of an Attribution-Noncommercial-
Share Alike-No Mirror Sites license for the first six months after the publication date (see
http://www.rupress.org/terms). After six months it is available under a Creative Commons
License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at
http://creativecommons.org/licenses/by-nc-sa/3.0/).

JCB 823

920z Arenigad g0 uo 3senb Aq jpd 9001102 a0l/1.2E€ZS1/€28/2/902/4Pd-8o1e/qol/Bi0 ssaidny//:dpy woly papeojumoq



824

Figure 1. Blastomeres and epithelial cells. A
(A and B) A generic zygote, morula stage em-
bryos containing unpolarized then polarized
blastomeres (A), and a blastocyst stage em-
bryo containing polarized epithelial cells (B)
illustrate the concepts of blastomere polariza-

tion and subsequent epithelial cell formation.

(A) The zygote undergoes cleavage to first pro-
duce unpolarized blastomeres. Blastomeres
subsequently develop radial polarity by differ-
entiating their contacted (red) and contactfree
(green) surfaces. (B) Polarized blastomeres
eventually develop into fully polarized epi-
thelial cells. Cell surface domains of generic g
mammalian epithelial cells, along with repre-
sentative polarity and junction proteins found
within these domains, are shown. The develop-
mental stage when blastomeres polarize radi-
ally and the time required for cells to transition
to mature epithelia vary considerably among
species, as exemplified by the three model
systems that are the focus of this review. Crb,
Crumbs; Lgl, Lethal giant larvae.

Zygote

Epithelial cells

and to junctions (PAR-3). The Crumbs complex, which includes
the transmembrane protein Crumbs and several interacting pro-
teins, also localizes apically and is involved in maintaining this
domain. Finally, the Scribble complex, which includes the leu-
cine-rich repeat protein Scribble, the membrane-associated
guanylate kinase Discs large, and Lethal giant larvae, localizes
to the basolateral surface. Together with the kinase PAR-1, the
Scribble complex antagonizes proteins in the apical PAR and
Crumbs groups to help restrict them to the apical surface. Like-
wise, the apical PAR and Crumbs groups prevent PAR-1 and
Scribble group proteins from localizing to the apical domain.
Thus, polarity establishment occurs through a series of mutually
antagonistic interactions between apical and basolateral polarity
regulators. At least in Drosophila and C. elegans, PAR-3 appears
to sit at or near the top of the hierarchy of polarity regulators, as
it is required for the localization of proteins in all three polarity
groups (Bilder et al., 2003; Tanentzapf and Tepass, 2003; Harris
and Peifer, 2004; Achilleos et al., 2010).

Through mechanisms that are poorly understood, polarity
regulators promote the formation of tight junctions (TJs) at the
boundary between apical and basolateral surfaces (Fig. 1 B). TJs
include the scaffolding protein ZO-1, which aids in TJ assembly,
and proteins, such as Claudins, that help form a permeability
barrier (Giinzel and Fromm, 2012). Finally, adherens junctions
(AJs) form between adjacent epithelial cells (AJ position varies
among species but is basal to the TJ in mammals) to promote
adhesion (Fig. 1 B). AJs include homophilic adhesion proteins
of the classic cadherin family and catenin adaptors that couple
the cadherin cytoplasmic tail to cortical F-actin and signaling
proteins (Harris and Tepass, 2010b; Nelson et al., 2013).

It is important to note that the radial polarization of blas-
tomeres is a transient state that often, but not always, leads to
the formation of a mature epithelium. The models that are the
focus of this review highlight this point. In C. elegans, blastomeres
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polarize radially at the four-cell stage, but epithelial cells do not
form until a much later stage of embryogenesis, and the two pro-
cesses can be mechanistically uncoupled (Anderson et al., 2008).
In Xenopus embryos, radial polarity and signs of epithelial for-
mation (the presence of TJs) are both evident at the two-cell
stage. Finally, in mouse embryos, radial polarity develops at the
eight-cell stage, but mature epithelia do not form until several
divisions later.

C. elegans

Cell polarity is first evident in the C. elegans embryo soon after
fertilization, when a signal from the sperm centrosome polar-
izes the zygote along its anterior—posterior (A/P) axis (St Johnston
and Ahringer, 2010; Nance and Zallen, 2011). Similar to the api-
cobasal polarity of epithelial cells, A/P polarity of the zygote is
mediated by PAR proteins. PAR-3, PAR-6, and PKC-3/aPKC be-
come enriched at the anterior cortex in response to the sperm
cue (Fig. 2A). As PAR-3, PAR-6, and PKC-3 asymmetry develops,
the RING domain protein PAR-2 and the serine—threonine ki-
nase PAR-1 localize in a complementary pattern to the posterior
cortex (Fig. 2 A). Although PAR-3, PAR-6, and PKC-3 are es-
sential for establishing polarity, PAR-2 and PAR-1 help to main-
tain it by inhibiting the anterior PAR proteins from localizing to
the posterior cortex. This is accomplished at least in part by
PAR-1, which phosphorylates PAR-3 to remove it from the cor-
tex (Motegi et al., 2011). Together, anterior and posterior PAR
proteins form complementary domains that polarize other corti-
cal and cytoplasmic components of the zygote, preparing it for
asymmetric division.

During the four-cell stage, the axis of PAR asymmetry
switches as the embryo begins to polarize radially. Before radial
polarization, PAR-3, PAR-6, and PKC-3 are enriched symmet-
rically at the cortex of all somatic cells (the single germline pre-
cursor retains the A/P PAR asymmetry pattern of the zygote).
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Figure 2. A/P and radial polarity in the C. elegans embryo. (A) The zygote polarizes along its A/P axis, distributing PAR proteins to distinct anterior and
posterior domains. PAR-3, PAR-6, and PKC-3/aPKC enrich at the anterior cortex, whereas PAR-1 and PAR-2 concentrate at the posterior cortex. (B) Dur-
ing the four-cell stage (an eight-cell embryo is shown), the axis of PAR protein asymmetry switches from A/P to contacted and contact free as the embryo
polarizes radially. PAR-3, PAR-6, and PKC-3 are found at contactfree surfaces of cells, whereas PAR-1 and PAR-2 are found at contacted surfaces. The
single germline precursor cell (asterisk) does not polarize radially and instead retains the A/P asymmetry of PAR proteins seen in the zygote. (C) Radial
polarization is initiated and maintained by a contactinduced asymmetry in Rho GTPase activity. The RhoGAP PAC-1 binds to the cortex adjacent to contact
sites, where it is predicted to locally inactivate CDC-42 (CDC-42-GDP). Active CDC-42 (CDC-42-GTP) is thus restricted to contactfree surfaces where it

recruits PAR-3, PAR-6, and PKC-3.

Polarization occurs quickly—within 15-20 min—and results in
the disappearance of PAR-3, PAR-6, and PKC-3 from contact
sites and their enrichment at contact-free surfaces (Fig. 2 B;
Etemad-Moghadam et al., 1995; Hung and Kemphues, 1999;
Nance and Priess, 2002; Nance et al., 2003). Creating ectopic
contacts by combining embryos causes PAR-3 to redistribute
based on the contact pattern, and removing cell contacts by iso-
lating blastomeres causes PAR-3 to localize pancortically (Nance
and Priess, 2002). Therefore, cell-cell contact, rather than an
extraembryonic signal, such as the eggshell, provides a continu-
ous cue needed for radial polarization.

PAR-2 and PAR-1 localize in a complementary fashion to
cell contact sites, and depleting PAR-3 or PAR-6 at this stage
causes PAR-2 and PAR-1 to spread to contact-free surfaces (Nance
and Priess, 2002; Nance et al., 2003). The exclusion of PAR-2
and PAR-1 from contact-free surfaces is likely mediated by
PKC-3, which depends on PAR-3 and PAR-6 for its cortical lo-
calization (Tabuse et al., 1998; Nance et al., 2003). PKC-3 phos-
phorylates PAR-2 within its localization domain to block cortical
association (Hao et al., 2006), and PAR-1 depends on PAR-2 for
its localization (Motegi et al., 2011). In contrast, PAR-2 is not
needed to maintain PAR-3 asymmetry within blastomeres
(Nance and Priess, 2002), although forcing PAR-2 to bind con-
tact-free surfaces strips PAR-3 off of these sites (Hao et al.,
2006). The lack of a role for PAR-2 in maintaining radial polar-
ity may reflect the nature of the polarity cue: cell contact cues
are read continuously (Nance and Priess, 2002; Anderson et al.,
2008), allowing polarity to be adjusted dynamically as contact
patterns change. Therefore, the same mechanisms that establish
radial polarity likely also function to maintain it.

Polarized blastomeres in C. elegans remain tightly adher-
ent but do not form junctions with one another and do not dif-
ferentiate into epithelial cells (the first epithelia appear during
organogenesis, several hours later; Nance and Priess, 2002). In
contrast to frog or mouse embryos, polarity is not needed for
cell fate specification but rather is important for the first cell

movements of gastrulation (Nance et al., 2003). Gastrulation
begins at the 26-cell stage when the two endodermal cells in-
gress by constricting their contact-free (apical) surfaces (Nance
and Priess, 2002; Lee and Goldstein, 2003). Nonmuscle myosin
accumulates specifically at apical surfaces and is required for
ingression. In embryos depleted of PAR-3 at this stage, myosin
fails to accumulate apically, and ingression movements are im-
paired (Nance et al., 2003). The connection between PAR polarity
and the asymmetric accumulation of nonmuscle myosin in gas-
trulating endodermal cells is not yet known. Attractive candidates
include Rho GTPases, which can interact with PAR proteins and
also regulate myosin activity (Nance and Zallen, 2011).

It is not yet known how blastomeres recognize contacts
outside of the cell and translate this information to the adjacent
cortex. However, the factor that breaks cortical PAR protein
symmetry in response to cell contact cues is known. The Rho
GTPase-activating protein (RhoGAP) PAC-1/ARHGAP21 was
identified in a genetic screen for embryos that fail to develop
radial polarity (Anderson et al., 2008). Cell contacts recruit PAC-1
to the adjacent cortex, where it breaks symmetry within the cell
by excluding PAR-3, PAR-6, and PKC-3 from contact sites.
RhoGAPs are inhibitors of Rho GTPases (Cherfils and Zeghouf,
2013), and the Rho GTPase target of PAC-1 important for radial
polarization is CDC-42. CDC-42 is cortically enriched in blas-
tomeres but does not become asymmetric. However, PAC-1 lo-
cally inactivates CDC-42 at cell contact sites, leaving CDC-42
active at contact-free surfaces where it localizes PAR-3, PAR-6,
and PKC-3 (Fig. 2 C). Active CDC-42 likely recruits or stabi-
lizes PAR-6 directly because PAR-6 contains a semi—CDC-42/
Rac interactive binding (CRIB) domain that specifically binds
to active CDC-42 (Gotta et al., 2001), and deleting the semi-
CRIB domain largely prevents PAR-6 cortical localization
(Aceto et al., 2006; Anderson et al., 2008). PAR-6 binds PKC-3
and is required for its cortical association in blastomeres (Nance
etal., 2003; Aceto et al., 2006), suggesting that CDC-42 recruits
PKC-3 through PAR-6. However, it is not yet clear how CDC-42
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controls PAR-3 localization because PAR-3 lacks a CRIB do-
main and can localize to contact-free surfaces even when PAR-6
is absent (Nance et al., 2003). CDC-42 has many effectors that
regulate cytoskeletal organization and trafficking (Harris and
Tepass, 2010a) and could direct PAR-3 and PAR-6 asymmetry
through entirely different downstream effectors.

How is CDC-42 activated at contact-free surfaces? Rho
guanine nucleotide exchange factors (RhoGEFs) are enzymes
that activate Rho GTPases (Cherfils and Zeghouf, 2013). Of the
23 predicted C. elegans RhoGEFs, at least two—CGEF-1 and
ECT-2—function redundantly to activate CDC-42 in blasto-
meres. CGEF-1 and ECT-2 were identified in an overexpression
screen for their ability to recruit PAR-6 to cell contacts and
therefore depolarize blastomeres (Chan and Nance, 2013). Both
proteins localize pancortically, and removing them simultane-
ously causes a partial loss of PAR-6 from the cortex, suggesting
that CDC-42 is activated throughout the cortex by CGEF-1,
ECT-2, and additional RhoGEFs. Therefore, the radial polariza-
tion of blastomeres occurs as a result of competition between
RhoGEFs, which activate CDC-42 at all cell surfaces, and the
RhoGAP PAC-1, which inactivates CDC-42 specifically at cell
contact sites. Although PAC-1 is found at the contact in two-cell
embryos, blastomeres at this stage are not yet radially polarized
(Anderson et al., 2008). One possibility is that the relative bal-
ance of RhoGEF and RhoGAP activity at cell contacts does not
favor CDC-42 inactivation until the four-cell stage.

Xenopus

Frog embryos are large and rich in yolk and use a mode of cleav-
age that simultaneously divides the dense cytoplasm into blas-
tomeres and differentiates apical and basolateral membranes.
Blastomeres in the Xenopus embryo adopt epithelial character
and begin to assemble TJs at first cleavage (Cardellini et al., 1996;
Fesenko et al., 2000). Remarkably, TJs and polarity can form in
the complete absence of cell adhesion, and polarity persists when
blastomeres are separated from one another (Miiller and Hausen,
1995; Cardellini et al., 1996; Fesenko et al., 2000; Chalmers
et al., 2003). Thus, although in C. elegans contact is essential for
forming and maintaining polarity, it is important for neither in the
frog embryo. A reasonable though untested explanation is that the
presence of TJs at the onset of polarization in frogs, as well as
their absence in C. elegans, explains this difference.

During cleavage, the “new” (contacting) surfaces of each
cell arise from cytoplasmic vesicles that are delivered to the in-
gressing furrow during cytokinesis (Bluemink and de Laat, 1973;
Gawantka et al., 1992; Roberts et al., 1992). Accordingly, the
egg membrane remains on the contact-free surface of each cell
(Fig. 3 A). These membranes are molecularly distinct and pro-
vide blastomeres with a mechanism for distinguishing their api-
cal and basolateral surfaces. The membrane polarity that appears
during cleavage reflects a redirecting of at least some vesicular
traffic. For example, the membrane protein VSV G is delivered to
the oocyte surface when its RNA is injected before fertilization
but accumulates only at cell contacts (basolateral surfaces) when
the RNA is injected after fertilization (Roberts et al., 1992).

Membrane trafficking to the furrow is mediated in part by
furrow microtubules (MTs). MTs are arranged in parallel bundles
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at the ingressing furrow and are required for delivery of vesicles
(Danilchik et al., 1998; Takayama et al., 2002; Danilchik et al.,
2003), suggesting that vesicles travel along oriented MT tracks
toward the furrow (Fig. 3 A). However, injection of RNA encod-
ing VSV G showed that this protein accumulates at cell contacts
even when MTs are depolymerized (Roberts et al., 1992), indi-
cating that there are redundant basolateral delivery systems. A
similar organization of MTs has been observed in zebrafish em-
bryos, in which there is also exocytosis from perinuclear vesicles
to the ingressing furrow (Jesuthasan, 1998; Feng et al., 2002).

Despite substantial differences in the mechanisms that es-
tablish radial polarity in frog and worm embryos, the PAR pro-
teins aPKC and Par6b develop an analogous localization to the
apical cortex in Xenopus (Chalmers et al., 2003; Wang et al.,
2013). aPKC promotes the localization of apical polarity regu-
lator Crb3/Crumbs and antagonizes the localization of basolat-
eral regulators Parl and Lgl2 (Fig. 3 B; Chalmers et al., 2005;
Ossipova et al., 2007). In addition to the mislocalization of Parl,
Lgl2, and Crb3, blastomeres in embryos with compromised
aPKC activity lose TJs and polarity (Chalmers et al., 2005).
PAR proteins are not integral membrane proteins, although they
can regulate trafficking (Harris and Tepass, 2010a), so it is not
yet clear how targeted trafficking during cleavage leads to aPKC
and Par6b asymmetry.

Beginning at the 32-cell stage, a subset of superficial (outer)
cells undergoes oriented division perpendicular to the embryo
surface, producing a population of deep (inner) cells (Fig. 3 B;
Chalmers et al., 2003). Deep cells arise from the basolateral
portion of superficial cells and adopt fates distinct from superfi-
cial cells. In contrast to mouse embryos, where cells read their
position along the radial axis to adopt distinct fates (see next
section), superficial and deep cells arise from an asymmetric di-
vision; their fates are determined even if their position along the
radial axis is altered experimentally (Miiller and Hausen, 1995;
Chalmers et al., 2002). A key difference between superficial and
deep cells is the presence of aPKC at the contact-free surface
of superficial cells (Fig. 3 B). Parl, which aPKC restricts to
the basolateral surface of superficial cells through phosphoryla-
tion (Hurov et al., 2004; Suzuki et al., 2004; Ossipova et al.,
2007), helps to distinguish these two cell populations by inhibit-
ing Notch signaling, which is high in superficial cells and is re-
quired for their fate (Ossipova et al., 2007). An important Notch
pathway target of Parl is Mib (Mind bomb), a ubiquitin ligase
that promotes Notch ligand activity. Parl phosphorylates Mib,
causing it to degrade and leading to repressed Notch signal-
ing (Ossipova et al., 2009). In addition to its role in regulating
Notch signaling, Parl helps to generate deep cells by orienting
the mitotic spindle in superficial cells to favor asymmetric division
(Tabler et al., 2010). Finally, aPKC appears to have an additional
role in promoting superficial fates beyond restricting cortical Parl
and other proteins to basolateral surfaces: aPKC is also found in
the nucleus of superficial cells, and interfering with its function
there promotes deep cell fates (Sabherwal et al., 2009).

It was recently shown that Wnt—planar cell polarity (PCP)
signaling also contributes to the differentiation of deep cells by
polarizing the distribution of the Wnt coreceptor Lrp6 to baso-
lateral surfaces of superficial cells (Huang and Niehrs, 2014).
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Figure 3. Polarization of Xenopus embryos during cleavage. (A) Deposition of new (basolateral) membrane during cleavage. A dividing one-cell embryo
is shown, with membrane inherited from the egg and new membrane trafficked to the furrow. In the inset, concentrations of furrow MTs are seen at the base
of the ingressing cleavage furrow. Separate astral MTs are also present. (B) Formation of superficial (outer) and deep (inner) cell layers. All cells have a
superficial surface at the 32-cell stage. Asymmetric divisions over the next several cleavage cycles produce a population of deep cells that lie in the interior
of the embryo, as shown in a 128-cell embryo. Membranes of superficial cells are polarized, with aPKC and ParéB at apical surfaces and Par1 and Lrpé
at basolateral surfaces. Notch signaling, which is inhibited by Par1, is high in superficial cells (dark shading) and low in deep cells (light shading). Lrpé
asymmetry also creates differences in Wnt signaling between superficial and deep cells (not depicted).

After division, deep cells inherit Lrp6 and show high levels of
canonical Wnt signaling compared with superficial cells, pro-
moting their differentiation (Fig. 3 B). The Wnt-PCP pathway
component Dvl (Dishevelled), which is also enriched basolat-
erally, binds to the Lrp6 cytoplasmic tail and is required for
Lrp6 asymmetry (Dollar et al., 2005; Huang and Niehrs, 2014).
PAR proteins also contribute to Lrp6 localization because ex-
panding the basolateral domain by expressing a form of Parl
that cannot be phosphorylated by aPKC causes Lrp6 to localize
symmetrically (Huang and Niehrs, 2014). It will be important
to resolve how PAR and Wnt—PCP pathways intersect and to
determine whether Wnt—PCP signaling performs a permissive
or instructive role in polarizing superficial cells. It was recently
shown that B-catenin in chick neuroepithelial cells promotes
the expression and apical accumulation of aPKC (Herrera et al.,
2014), providing a possible mechanism linking the two path-
ways in the early frog embryo.

Mouse

Radial polarization in mouse shares some characteristics with
both C. elegans and Xenopus but also distinct differences. During
the eight-cell stage, mouse blastomeres compact with one another

by increasing intercellular adhesion, causing cell surfaces to
flatten (Fig. 4). Simultaneously, radial polarity develops, and
the contact-free surface of each blastomere forms a distinct api-
cal domain containing microvilli and enriched in actin and some
actin-binding proteins (Ducibella et al., 1977; Lehtonen and
Badley, 1980; Reeve and Ziomek, 1981; Louvet et al., 1996).
Over the next several rounds of division, some cells divide
asymmetrically, such that one daughter remains superficial
(outer cell) and the other becomes positioned in the interior of
the embryo, surrounded on all sides by cell contacts (inner cell).
TJs between outer cells begin to form at the onset of radial po-
larization and mature by the 32-cell stage (Fleming et al., 1989),
allowing the fluid-filled blastocoel cavity to form. Isolated blas-
tomeres that lack contact with other cells cannot polarize effi-
ciently (Ziomek and Johnson, 1980). However, polarized cells
can retain at least some aspects of their polarity once isolated
(Johnson and Ziomek, 1981). Thus, cell contacts are necessary
and sufficient to polarize cells but are dispensable for polarity
maintenance. This characteristic of mouse blastomeres is differ-
ent from C. elegans, in which contacts are needed for establish-
ing and maintaining polarity, and from Xenopus, in which
contacts are required for neither.

Radial polarity in embryos ¢« Nance
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Figure 4. Compaction and radial polariza-
tion in the eight-cell mouse embryo. During
the eight-cell stage, rounded nonpolar blas-
tomeres compact with one another and also
polarize along their radial axis. A 16-cell em-
bryo is shown on the right. Par3, ParéB, and
aPKC are restricted to contactfree surfaces,
whereas Par1/EMK1 and E-cadherin are
found at cell contacts.

(or
S

Before radial polarization, cells in the embryo are totipo-
tent. After polarization, outer and inner cells begin to express
distinct subsets of transcription factors and adopt different fates
(Johnson, 2009; Stephenson et al., 2012). Outer cells express
Cdx2 (Fig. 5 A), develop epithelial character, and differentiate
into the trophectoderm (TE). Inner cells, which are collectively
called the inner cell mass (ICM), lack Cdx2 and instead express
Sox2, Nanog, and Oct4. The ICM remains pluripotent, produc-
ing the embryo proper and extraembryonic endoderm (primitive
endoderm). At least until the 32-cell stage, forcing inner cells to
return to the embryo surface causes them to express Cdx2 and
differentiate into TE, whereas outer cells transplanted into the
interior of a group of host blastomeres can down-regulate Cdx2
and give rise to embryonic tissues (Ziomek and Johnson, 1982;
Ziomek et al., 1982; Suwinska et al., 2008; Tarkowski et al.,
2010). These findings suggest that cells read their position on
the radial axis to execute the TE versus ICM fate choice. The
molecular events that trigger this positional difference in fate
are beginning to emerge and are described next.

As in the worm and frog, radial polarization involves the
asymmetric localization of PAR proteins. Par3, Par6b, and the
aPKC proteins aPKCA and aPKC{ each become restricted to
contact-free surfaces as polarity develops, whereas Parl/EMK1
is found at contacted surfaces (Fig. 4; Pauken and Capco, 2000;
Plusa et al., 2005; Vinot et al., 2005). Experiments with recom-
bined cells have revealed that cell—cell contact, rather than divi-
sion plane, determines the pattern of Par6b asymmetry but that
its asymmetry eventually becomes fixed and resistant to new
contact patterns (Vinot et al., 2005). Basolateral polarity regula-
tors Scribble and Lgl1 are present at cell contacts, and depletion
of aPKC or Par6b causes these proteins to expand to the con-
tact-free surfaces of outer cells (Hirate et al., 2013). In chimeric
embryos, cells lacking Par3 or aPKCNM preferentially adopt po-
sitions in the interior of the embryo (Plusa et al., 2005; Dard
et al., 2009), although the cellular basis for this positional prefer-
ence is unknown. One possibility is that removing PAR function
causes differences in cell fate that result in adhesive changes,
leading to the new position. Alternatively, removing PAR pro-
teins could inhibit junction formation, resulting in inappropriate
cell sorting. Consistent with both of these models, knocking
down Par6b interferes with TE specification and also disrupts
TJ formation (Alarcon, 2010).

An essential goal of future studies will be to identify the
cell contact cues that induce radial polarization. One appeal-
ing model is that adhesion proteins, which could enrich at cell
contacts through homophilic or heterophilic interactions with
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Compacted 8-cell embryo
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partners on touching cells, transduce polarity information from
the cell surface to the adjacent cortex. The homophilic adhesion
protein E-cadherin is an attractive candidate. In cultured epithe-
lial cell models, E-cadherin is required for the formation of con-
tact-induced apicobasal polarity and is one of the first proteins to
accumulate at nascent contact sites (Harris and Tepass, 2010b;
Nelson et al., 2013). E-cadherin (Cdh1) in the embryo becomes
enriched at cell contacts as radial polarization initiates (Fig. 4;
Vestweber et al., 1987). In embryos lacking both maternal and
zygotic sources of E-cadherin, aPKC( is no longer restricted to
contact-free surfaces of outer cells but is instead found around
the entire cell cortex of both inner and outer cells (Stephenson
et al., 2010). This finding is consistent with an instructive role
for E-cadherin in triggering polarity by inducing PAR protein
asymmetry. However, in addition to defective polarity, mu-
tant embryos lacking E-cadherin have poor cell—cell adhesion
(Stephenson et al., 2010), making its molecular role in polar-
ization unclear. Does homophilic binding of E-cadherin at cell
contacts recruit a factor to the cortex that breaks symmetry within
the cell? Or alternatively, is E-cadherin simply required for cells
to make sufficient contact with one another such that a cad-
herin-independent polarity cue can operate? It will be difficult
to resolve these potential functions unless a symmetry-breaking
factor that E-cadherin recruits to the cortex is identified.

An exciting recent development is the identification of
several members of the Hippo signaling pathway as a relay that
translates polarity state into cell fate. The Hippo pathway is a
signaling cascade that can respond to cellular interactions to
regulate the nuclear localization of transcriptional coactivator
Yap (Schroeder and Halder, 2012; Yu and Guan, 2013). When
Hippo signaling occurs, Yap is phosphorylated and localizes to
the cytoplasm; when the pathway is inactive, Yap localizes to
the nucleus, where it pairs with Tead family transcription fac-
tors to regulate target genes. In the early embryo, Yap is nuclear
in outer cells and cytoplasmic in inner cells, indicating that the
Hippo pathway is off in outside cells and on in inside cells.
Tead4 and Yap (together with the related Taz protein) induce
Cdx2 expression and repress Sox2 expression in outer cells,
promoting TE fate (Fig. 5 A; Yagi et al., 2007; Nishioka et al.,
2008, 2009; Wicklow et al., 2014). Differences in cell position
alter Hippo signaling because outer cells forced into an internal
position lose nuclear Yap and fail to express Cdx2 (Nishioka
et al., 2009). Recently, it was shown that the Notch signaling
pathway, which is active specifically in outer cells, cooperates
with Tead4 to directly induce Cdx2 expression (Rayon et al.,
2014). Inappropriately activating Notch signaling within inner

16-cell embryo (central slice)
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cells can cause these cells to adopt superficial positions, express
Cdx2, and differentiate into TE. The Notch pathway appears to
function in parallel to the Hippo pathway, and it is currently un-
known how Notch activity is limited to outer cells.

How does the Hippo signaling pathway interpret cell posi-
tion? Several upstream components of the pathway have polarized
distributions in outer cells. Lats1/2 kinases, which phosphory-
late Yap to prevent its nuclear accumulation, are found at con-
tact-free surfaces within outer cells but are mostly cytoplasmic
within inner cells (Fig. 5 B; Cockburn et al., 2013). Inhibiting or
knocking down Lats1/2 reduces Yap phosphorylation and results
in the ectopic expression of Cdx2 within inner cells (Nishioka
et al.,, 2009; Leung and Zernicka-Goetz, 2013; Lorthongpanich
et al., 2013). The cortical protein Amot (Angiomotin) also shows
asymmetries and is required (together with related Amotl2)
to activate the Hippo pathway (Hirate et al., 2013; Leung and
Zernicka-Goetz, 2013). In outer cells, Amot is found at contact-
free surfaces, whereas in inner cells, it is phosphorylated and
enriched at all cell surfaces, eventually becoming expressed at
high levels specifically in inner cells (Fig. 5, A and B). Amot
can interact with actin, E-cadherin, and Yap and can be phos-
phorylated by Lats, suggesting that it may integrate cell contact
information with Hippo signaling activity. Although the mecha-
nistic details are still emerging, the association between Amot
and E-cadherin may be particularly important for asymmetric
Hippo signaling (Hirate et al., 2013). E-cadherin is required
to exclude Yap and Cdx2 from the nucleus of some inner cells
(Nishioka et al., 2009; Stephenson et al., 2010), suggesting that
it may be needed for Hippo signaling, although it is difficult to
discount an indirect requirement here for proper adhesion. The
interaction between Amot and E-cadherin is promoted by Nf2/
Merlin, a pancortical regulator of Hippo signaling that is also re-
quired for inner cell specification (Cockburn et al., 2013; Hirate
et al., 2013). Importantly, Amot only colocalizes with E-cadherin
within inner cells, where its function is required, because Amot is
excluded from basolateral surfaces in outer cells (Fig. 5, A and B;
Hirate et al., 2013; Leung and Zernicka-Goetz, 2013).

The asymmetric localization of Amot and Lats1/2, as well
as inner—outer differences in Hippo signaling, is determined
by cell polarity. In embryos lacking Par6b or both aPKCA and
aPKCC, nuclear Yap and Cdx2 expression is low or lacking in
outer cells, indicating that Hippo signaling was active in both
inner and outer cells (Hirate et al., 2013). This effect depends
on cell adhesion, as dissociated cells lacking Par6b have nuclear
Yap, like wild-type dissociated cells. Therefore, both cell polar-
ity and cell adhesion are required for asymmetric Hippo signal-
ing. Interestingly, the daughters of some asymmetric divisions
can transiently localize to outer surfaces even though they appear
apolar (Anani et al., 2014). These cells are eventually internal-
ized but can activate Hippo signaling while still on the surface of
the embryo, suggesting that cell polarity rather than position per
se dictates Hippo activity. Loss of Par6b or aPKC activity causes
Amot to be symmetric in outer cells and therefore to colocalize
with E-cadherin at contact sites in outer cells (Hirate et al., 2013).
An appealing model is that sequestration of Amot to contact-free
surfaces in outer cells, through the direct or indirect action of
PAR proteins, prevents Amot from associating with E-cadherin

A Late stage morula

m= E-cadherin |

DYap |] E-cadherin

Figure 5. Hippo signdling in outer and inner cells of the mouse embryo.
(A) Hippo signaling patterns inner and outer cell fates in the morula. Yap is
found in the cytoplasm in inner cells (where Hippo signaling is active) and
in the nucleus in outer cells. In outer cells, Yap together with Tead4 (not
depicted) is required for the expression of Cdx2, a transcription factor that
promotes TE differentiation. Yap asymmetry is directed by Amot, which is
found all around the surfaces of inner cells but only at contactfree surfaces
of outer cells. Amot and the interacting protein E-cadherin colocalize only
in inner cells. (B) Model for polarity and adhesion-mediated Hippo path-
way asymmetry in outer and inner cells. In outer cells, nonphosphorylated
Amot interacts with apical actin, Nf2, and Lats, sequestering Lats and pre-
venting Hippo pathway activity. Consequently, Yap is nuclear. In inner
cells, phosphorylated Amot complexes with Nf2 and Lats at AJs, leading to
Hippo pathway activity and restriction of Yap to the cytoplasm. The model
is based on Hirate and Sasaki (2014). P, phosphorylation.

at contact sites, thereby inhibiting Hippo signaling (Fig. 5 B).
One possible mechanism of sequestering Amot to contact-free
surfaces in outer cells is through actin binding: because Amot can
bind actin, actin binding is influenced by Lats-mediated phos-
phorylation, and actin is enriched at contact-free surfaces in these
cells (Fig. 5 B; Hirate et al., 2013). Going forward, it will be im-
portant to learn how E-cadherin interaction influences Amot or
other pathway members, how PAR proteins exclude Amot from
contact sites in outer cells, and whether Lats1/2 asymmetry in
outer cells contributes to Hippo pathway activity.
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Conclusions and future directions
A comparison of blastomere polarization in worm, frog, and
mouse embryos illustrates significant mechanistic variation in how
polarity is established. However, in each species, polarization cues
lead to the accumulation of PAR-3, PAR-6, and aPKC at contact-
free surfaces. An important challenge in both worm and mouse, in
which contacts initiate polarity, is to identify the cell surface cues
that initiate polarity and learn how it is translated to the cortex to
induce PAR asymmetry. E-cadherin is an attractive candidate, at
least in mouse in which it is known to be needed for polarity. De-
termining whether E-cadherin performs an instructive role in po-
larity, separate from its contribution to adhesion, is an important
goal for future studies. More is known in C. elegans about how
cortical polarity is broken—through a PAC-1-mediated asymme-
try in Rho GTPase signaling between contacted and contact-free
surfaces. It has not yet been tested whether PAC-1 homologues in
mouse (ARHGAP21 and ARHGAP23) or asymmetries in Rho
GTPase signaling are needed for radial polarization. Although cell
contacts are dispensable for radial polarity in frogs (even though
PAR asymmetries follow cell contact patterns), it is possible that
contact cues operate redundantly with the vesicle-trafficking path-
ways that polarize cells during cleavage. Conversely, asymmetric
vesicle trafficking may contribute to polarity establishment in
mouse or worms. When more is known about the trafficking
mechanisms that polarize frog blastomeres, it will be interesting to
learn whether there are similarities to the formation of the blasto-
derm epithelium in Drosophila. This initial epithelial cell layer
polarizes at the same time as it forms through the inward growth
of cell membranes from the egg surface (Lecuit and Wieschaus,
2000) and thus is not simply patterned by cell contact cues. In-
deed, E-cadherin is not required to initiate polarity in the develop-
ing blastoderm epithelium in flies, as PAR-3 (Baz) can localize
apically when E-cadherin is depleted (Harris and Peifer, 2004).

Once localized, PAR proteins are likely to have very differ-
ent targets in each species. For example, PAR proteins do not
regulate cell fate in worm blastomeres, as they do in frog and
mouse, but instead control cytoskeletal asymmetries. Surpris-
ingly little is known in any system about how PAR proteins inter-
face with direct downstream effectors to elaborate polarity, and
that holds true in early embryos as well. A particularly exciting
area for future investigation will be to determine how PAR pro-
teins interface with the Wnt pathway in frogs and the Hippo path-
way in mouse to control cell fate decisions and to understand how
the activity of these signaling pathways is spatially regulated.
I thank the Nance laboratory for helpful discussions and comments on the man-
uscript and apologize to authors whose work | was unable to cite as a result of
space consfraints.

This review was supported in part by grants o J. Nance from the Na-
tional Institutes of Health (ROTGMO078341 and ROTGM0O98492). lllustrations

were provided by Neil Smith, www.neilsmithillusiration.co.uk.
The author declares no competing financial interests.

Submitted: 15 July 2014
Accepted: 9 September 2014

References
Aceto, D., M. Beers, and K.J. Kemphues. 2006. Interaction of PAR-6 with CDC-42 is

required for maintenance but not establishment of PAR asymmetry in C. ele-
gans. Dev. Biol. 299:386-397. http://dx.doi.org/10.1016/j.ydbio.2006.08.002

JCB « VOLUME 206 « NUMBER 7 « 2014

Achilleos, A., A.M. Wehman, and J. Nance. 2010. PAR-3 mediates the initial
clustering and apical localization of junction and polarity proteins during
C. elegans intestinal epithelial cell polarization. Development. 137:1833—
1842. http://dx.doi.org/10.1242/dev.047647

Alarcon, V.B. 2010. Cell polarity regulator PARDG6B is essential for trophec-
toderm formation in the preimplantation mouse embryo. Biol. Reprod.
83:347-358. http://dx.doi.org/10.1095/biolreprod.110.084400

Anani, S., S. Bhat, N. Honma-Yamanaka, D. Krawchuk, and Y. Yamanaka. 2014.
Initiation of Hippo signaling is linked to polarity rather than to cell po-
sition in the pre-implantation mouse embryo. Development. 141:2813—
2824. http://dx.doi.org/10.1242/dev.107276

Anderson, D.C., J.S. Gill, RM. Cinalli, and J. Nance. 2008. Polarization of
the C. elegans embryo by RhoGAP-mediated exclusion of PAR-6
from cell contacts. Science. 320:1771-1774. http://dx.doi.org/10.1126/
science.1156063

Bilder, D., M. Schober, and N. Perrimon. 2003. Integrated activity of PDZ pro-
tein complexes regulates epithelial polarity. Nat. Cell Biol. 5:53-58.
http://dx.doi.org/10.1038/ncb897

Bluemink, J.G., and S.W. de Laat. 1973. New membrane formation during cy-
tokinesis in normal and cytochalasin B-treated eggs of Xenopus laevis.
1. Electron microscope observations. J. Cell Biol. 59:89-108. http://dx
.doi.org/10.1083/jcb.59.1.89

Cardellini, P, G. Davanzo, and S. Citi. 1996. Tight junctions in early amphibian
development: detection of junctional cingulin from the 2-cell stage and
its localization at the boundary of distinct membrane domains in dividing
blastomeres in low calcium. Dev. Dyn. 207:104-113. http://dx.doi.org/
10.1002/(SICI)1097-0177(199609)207:1<104::AID-AJA10>3.0.CO;2-0

Chalmers, A.D., D. Welchman, and N. Papalopulu. 2002. Intrinsic differences
between the superficial and deep layers of the Xenopus ectoderm control
primary neuronal differentiation. Dev. Cell. 2:171-182. http://dx.doi.org/
10.1016/S1534-5807(02)00113-2

Chalmers, A.D., B. Strauss, and N. Papalopulu. 2003. Oriented cell divisions
asymmetrically segregate aPKC and generate cell fate diversity in the early
Xenopus embryo. Development. 130:2657-2668. http://dx.doi.org/10.1242/
dev.00490

Chalmers, A.D., M. Pambos, J. Mason, S. Lang, C. Wylie, and N. Papalopulu.
2005. aPKC, Crumbs3 and Lgl2 control apicobasal polarity in early ver-
tebrate development. Development. 132:977-986. http://dx.doi.org/10
.1242/dev.01645

Chan, E., and J. Nance. 2013. Mechanisms of CDC-42 activation during contact-
induced cell polarization. J. Cell Sci. 126:1692—-1702. http://dx.doi.org/
10.1242/jcs.124594

Cherfils, J., and M. Zeghouf. 2013. Regulation of small GTPases by GEFs,
GAPs, and GDIs. Physiol. Rev. 93:269-309. http://dx.doi.org/10.1152/
physrev.00003.2012

Cockburn, K., S. Biechele, J. Garner, and J. Rossant. 2013. The Hippo path-
way member Nf2 is required for inner cell mass specification. Curr. Biol.
23:1195-1201. http://dx.doi.org/10.1016/j.cub.2013.05.044

Danilchik, M.V., W.C. Funk, E.E. Brown, and K. Larkin. 1998. Requirement
for microtubules in new membrane formation during cytokinesis of
Xenopus embryos. Dev. Biol. 194:47-60. http://dx.doi.org/10.1006/dbio
.1997.8815

Danilchik, M. V., S.D. Bedrick, E.E. Brown, and K. Ray. 2003. Furrow micro-
tubules and localized exocytosis in cleaving Xenopus laevis embryos.
J. Cell Sci. 116:273-283. http://dx.doi.org/10.1242/jcs.00217

Dard, N., T. Le, B. Maro, and S. Louvet-Vallée. 2009. Inactivation of aPKClambda
reveals a context dependent allocation of cell lineages in preimplantation
mouse embryos. PLoS ONE. 4:¢7117. http://dx.doi.org/10.1371/journal.
pone.0007117

Dollar, G.L., U. Weber, M. Mlodzik, and S.Y. Sokol. 2005. Regulation of Lethal
giant larvae by Dishevelled. Nature. 437:1376-1380. http://dx.doi.org/
10.1038/nature04116

Ducibella, T., T. Ukena, M. Karnovsky, and E. Anderson. 1977. Changes in cell
surface and cortical cytoplasmic organization during early embryogen-
esis in the preimplantation mouse embryo. J. Cell Biol. 74:153-167.
http://dx.doi.org/10.1083/jcb.74.1.153

Etemad-Moghadam, B., S. Guo, and K.J. Kemphues. 1995. Asymmetrically
distributed PAR-3 protein contributes to cell polarity and spindle align-
ment in early C. elegans embryos. Cell. 83:743-752. http://dx.doi.org/10
.1016/0092-8674(95)90187-6

Feng, B., H. Schwarz, and S. Jesuthasan. 2002. Furrow-specific endocytosis
during cytokinesis of zebrafish blastomeres. Exp. Cell Res. 279:14-20.
http://dx.doi.org/10.1006/excr.2002.5579

Fesenko, I., T. Kurth, B. Sheth, T.P. Fleming, S. Citi, and P. Hausen. 2000. Tight
junction biogenesis in the early Xenopus embryo. Mech. Dev. 96:51-65.
http://dx.doi.org/10.1016/S0925-4773(00)00368-3

Fleming, T.P., J. McConnell, M.H. Johnson, and B.R. Stevenson. 1989.
Development of tight junctions de novo in the mouse early embryo: control

920z Atenige g0 uo 1senb Aq Jpd y90.0v 102 A0l/L.ZE€2S L/E28/L/90Z/3Pd-al01ue/qol/Bi10 ssaidnyy/:dny wol pspeojumoq


http://dx.doi.org/10.1242/dev.047647
http://dx.doi.org/10.1095/biolreprod.110.084400
http://dx.doi.org/10.1242/dev.107276
http://dx.doi.org/10.1126/science.1156063
http://dx.doi.org/10.1126/science.1156063
http://dx.doi.org/10.1038/ncb897
http://dx.doi.org/10.1083/jcb.59.1.89
http://dx.doi.org/10.1083/jcb.59.1.89
http://dx.doi.org/10.1002/(SICI)1097-0177(199609)207:1<104::AID-AJA10>3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1097-0177(199609)207:1<104::AID-AJA10>3.0.CO;2-0
http://dx.doi.org/10.1016/S1534-5807(02)00113-2
http://dx.doi.org/10.1016/S1534-5807(02)00113-2
http://dx.doi.org/10.1242/dev.00490
http://dx.doi.org/10.1242/dev.00490
http://dx.doi.org/10.1242/dev.01645
http://dx.doi.org/10.1242/dev.01645
http://dx.doi.org/10.1242/jcs.124594
http://dx.doi.org/10.1242/jcs.124594
http://dx.doi.org/10.1152/physrev.00003.2012
http://dx.doi.org/10.1152/physrev.00003.2012
http://dx.doi.org/10.1016/j.cub.2013.05.044
http://dx.doi.org/10.1006/dbio.1997.8815
http://dx.doi.org/10.1006/dbio.1997.8815
http://dx.doi.org/10.1242/jcs.00217
http://dx.doi.org/10.1371/journal.pone.0007117
http://dx.doi.org/10.1371/journal.pone.0007117
http://dx.doi.org/10.1038/nature04116
http://dx.doi.org/10.1038/nature04116
http://dx.doi.org/10.1083/jcb.74.1.153
http://dx.doi.org/10.1016/0092-8674(95)90187-6
http://dx.doi.org/10.1016/0092-8674(95)90187-6
http://dx.doi.org/10.1006/excr.2002.5579
http://dx.doi.org/10.1016/S0925-4773(00)00368-3
http://dx.doi.org/10.1016/j.ydbio.2006.08.002

of assembly of the tight junction-specific protein, ZO-1. J. Cell Biol.
108:1407-1418. http://dx.doi.org/10.1083/jcb.108.4.1407

Gawantka, V., H. Ellinger-Ziegelbauer, and P. Hausen. 1992. B 1-integrin is a
maternal protein that is inserted into all newly formed plasma membranes
during early Xenopus embryogenesis. Development. 115:595-605.

Gotta, M., M.C. Abraham, and J. Ahringer. 2001. CDC-42 controls early cell
polarity and spindle orientation in C. elegans. Curr. Biol. 11:482-488.
http://dx.doi.org/10.1016/S0960-9822(01)00142-7

Giinzel, D., and M. Fromm. 2012. Claudins and other tight junction proteins.
Compr Physiol. 2:1819-1852.

Hao, Y., L. Boyd, and G. Seydoux. 2006. Stabilization of cell polarity by the C.
elegans RING protein PAR-2. Dev. Cell. 10:199-208. http://dx.doi.org/
10.1016/j.devcel .2005.12.015

Harris, K.P., and U. Tepass. 2010a. Cdc42 and vesicle trafficking in polarized
cells. Traffic. 11:1272—-1279. http://dx.doi.org/10.1111/j.1600-0854.2010
01102.x

Harris, T.J., and M. Peifer. 2004. Adherens junction-dependent and -independent
steps in the establishment of epithelial cell polarity in Drosophila. J. Cell
Biol. 167:135-147. http://dx.doi.org/10.1083/jcb.200406024

Harris, T.J., and U. Tepass. 2010b. Adherens junctions: from molecules to morpho-
genesis. Nat. Rev. Mol. Cell Biol. 11:502-514. http://dx.doi.org/10.1038/
nrm2927

Herrera, A., M. Saade, A. Menendez, E. Marti, and S. Pons. 2014. Sustained
Wnht/B-catenin signalling causes neuroepithelial aberrations through the
accumulation of aPKC at the apical pole. Nat. Commun. 5:4168. http://
dx.doi.org/10.1038/ncomms5168

Hirate, Y., and H. Sasaki. 2014. The role of angiomotin phosphorylation in
the Hippo pathway during preimplantation mouse development. Tissue
Barriers. 2:¢28127. http://dx.doi.org/10.4161/tisb.28127

Hirate, Y., S. Hirahara, K. Inoue, A. Suzuki, V.B. Alarcon, K. Akimoto, T. Hirai,
T. Hara, M. Adachi, K. Chida, et al. 2013. Polarity-dependent distribu-
tion of angiomotin localizes Hippo signaling in preimplantation embryos.
Curr:. Biol. 23:1181-1194. http://dx.doi.org/10.1016/j.cub.2013.05.014

Huang, Y.L., and C. Niehrs. 2014. Polarized Wnt signaling regulates ectodermal
cell fate in Xenopus. Dev. Cell. 29:250-257. http://dx.doi.org/10.1016/
j-devcel.2014.03.015

Hung, T.J., and K.J. Kemphues. 1999. PAR-6 is a conserved PDZ domain-
containing protein that colocalizes with PAR-3 in Caenorhabditis elegans
embryos. Development. 126:127-135.

Hurov, J.B., J.L. Watkins, and H. Piwnica-Worms. 2004. Atypical PKC phos-
phorylates PAR-1 kinases to regulate localization and activity. Curr: Biol.
14:736-741. http://dx.doi.org/10.1016/j.cub.2004.04.007

Jesuthasan, S. 1998. Furrow-associated microtubule arrays are required for the
cohesion of zebrafish blastomeres following cytokinesis. J. Cell Sci.
111:3695-3703.

Johnson, M.H. 2009. From mouse egg to mouse embryo: polarities, axes, and
tissues. Annu. Rev. Cell Dev. Biol. 25:483-512. http://dx.doi.org/10.1146/
annurev.cellbio.042308.113348

Johnson, M.H., and C.A. Ziomek. 1981. Induction of polarity in mouse 8-cell
blastomeres: specificity, geometry, and stability. J. Cell Biol. 91:303-308.
http://dx.doi.org/10.1083/jcb.91.1.303

Lecuit, T., and E. Wieschaus. 2000. Polarized insertion of new membrane from a
cytoplasmic reservoir during cleavage of the Drosophila embryo. J. Cell
Biol. 150:849-860. http://dx.doi.org/10.1083/jcb.150.4.849

Lee, J.Y., and B. Goldstein. 2003. Mechanisms of cell positioning during C. ele-
gans gastrulation. Development. 130:307-320. http://dx.doi.org/10.1242/
dev.00211

Lehtonen, E., and R.A. Badley. 1980. Localization of cytoskeletal proteins in pre-
implantation mouse embryos. J. Embryol. Exp. Morphol. 55:211-225.

Leung, C.Y., and M. Zernicka-Goetz. 2013. Angiomotin prevents pluripotent
lineage differentiation in mouse embryos via Hippo pathway-dependent
and -independent mechanisms. Nat. Commun. 4:2251. http://dx.doi.org/
10.1038/ncomms3251

Lorthongpanich, C., D.M. Messerschmidt, S.W. Chan, W. Hong, B.B. Knowles,
and D. Solter. 2013. Temporal reduction of LATS kinases in the early pre-
implantation embryo prevents ICM lineage differentiation. Genes Dev.
27:1441-1446. http://dx.doi.org/10.1101/gad.219618.113

Louvet, S., J. Aghion, A. Santa-Maria, P. Mangeat, and B. Maro. 1996. Ezrin be-
comes restricted to outer cells following asymmetrical division in the pre-
implantation mouse embryo. Dev. Biol. 177:568-579. http://dx.doi.org/
10.1006/dbio.1996.0186

Motegi, F., S. Zonies, Y. Hao, A.A. Cuenca, E. Griffin, and G. Seydoux. 2011.
Microtubules induce self-organization of polarized PAR domains in
Caenorhabditis elegans zygotes. Nat. Cell Biol. 13:1361-1367. http://
dx.doi.org/10.1038/ncb2354

Miiller, H.A., and P. Hausen. 1995. Epithelial cell polarity in early Xenopus develop-
ment. Dev. Dyn. 202:405-420. http://dx.doi.org/10.1002/aja.1002020410

Nance, J., and J.R. Priess. 2002. Cell polarity and gastrulation in C. elegans.
Development. 129:387-397.

Nance, J., and J.A. Zallen. 2011. Elaborating polarity: PAR proteins and the
cytoskeleton. Development. 138:799-809. http://dx.doi.org/10.1242/dev
053538

Nance, J., EEM. Munro, and J.R. Priess. 2003. C. elegans PAR-3 and PAR-6
are required for apicobasal asymmetries associated with cell adhe-
sion and gastrulation. Development. 130:5339-5350. http://dx.doi.org/
10.1242/dev.00735

Nelson, W.J., D.J. Dickinson, and W.I. Weis. 2013. Roles of cadherins and caten-
ins in cell-cell adhesion and epithelial cell polarity. Prog. Mol. Biol. Transl.
Sci. 116:3-23. http://dx.doi.org/10.1016/B978-0-12-394311-8.00001-7

Nishioka, N., S. Yamamoto, H. Kiyonari, H. Sato, A. Sawada, M. Ota, K. Nakao,
and H. Sasaki. 2008. Tead4 is required for specification of trophectoderm
in pre-implantation mouse embryos. Mech. Dev. 125:270-283. http://
dx.doi.org/10.1016/j.mod.2007.11.002

Nishioka, N., K. Inoue, K. Adachi, H. Kiyonari, M. Ota, A. Ralston, N. Yabuta,
S. Hirahara, R.O. Stephenson, N. Ogonuki, et al. 2009. The Hippo signal-
ing pathway components Lats and Yap pattern Tead4 activity to distin-
guish mouse trophectoderm from inner cell mass. Dev. Cell. 16:398-410.
http://dx.doi.org/10.1016/j.devcel.2009.02.003

Ossipova, O., J. Tabler, J.B. Green, and S.Y. Sokol. 2007. PAR1 specifies cili-
ated cells in vertebrate ectoderm downstream of aPKC. Development.
134:4297-4306. http://dx.doi.org/10.1242/dev.009282

Ossipova, O., J. Ezan, and S.Y. Sokol. 2009. PAR-1 phosphorylates Mind bomb
to promote vertebrate neurogenesis. Dev. Cell. 17:222-233. http://dx.doi
.org/10.1016/j.devcel.2009.06.010

Pauken, C.M., and D.G. Capco. 2000. The expression and stage-specific localiza-
tion of protein kinase C isotypes during mouse preimplantation develop-
ment. Dev. Biol. 223:411-421. http://dx.doi.org/10.1006/dbio.2000.9763

Plusa, B., S. Frankenberg, A. Chalmers, A.K. Hadjantonakis, C.A. Moore, N.
Papalopulu, V.E. Papaioannou, D.M. Glover, and M. Zernicka-Goetz.
2005. Downregulation of Par3 and aPKC function directs cells towards
the ICM in the preimplantation mouse embryo. J. Cell Sci. 118:505-515.
http://dx.doi.org/10.1242/jcs.01666

Rayon, T., S. Menchero, A. Nieto, P. Xenopoulos, M. Crespo, K. Cockburn, S.
Caiion, H. Sasaki, A.K. Hadjantonakis, J.L.. de la Pompa, et al. 2014.
Notch and hippo converge on cdx2 to specify the trophectoderm lineage
in the mouse blastocyst. Dev. Cell. 30:410-422. http://dx.doi.org/10
.1016/j.devcel.2014.06.019

Reeve, W.J., and C.A. Ziomek. 1981. Distribution of microvilli on dissociated
blastomeres from mouse embryos: evidence for surface polarization at
compaction. J. Embryol. Exp. Morphol. 62:339-350.

Roberts, S.J., D.S. Leaf, H.P. Moore, and J.C. Gerhart. 1992. The establishment
of polarized membrane traffic in Xenopus laevis embryos. J. Cell Biol.
118:1359-1369. http://dx.doi.org/10.1083/jcb.118.6.1359

Rodriguez-Boulan, E., and I.G. Macara. 2014. Organization and execution of
the epithelial polarity programme. Nat. Rev. Mol. Cell Biol. 15:225-242.
http://dx.doi.org/10.1038/nrm3775

Roignot, J., X. Peng, and K. Mostov. 2013. Polarity in mammalian epithelial
morphogenesis. Cold Spring Harb. Perspect. Biol. 5:a013789. http://
dx.doi.org/10.1101/cshperspect.a013789

Sabherwal, N., A. Tsutsui, S. Hodge, J. Wei, A.D. Chalmers, and N. Papalopulu.
2009. The apicobasal polarity kinase aPKC functions as a nuclear de-
terminant and regulates cell proliferation and fate during Xenopus pri-
mary neurogenesis. Development. 136:2767-2777. http://dx.doi.org/10
.1242/dev.034454

Schroeder, M.C., and G. Halder. 2012. Regulation of the Hippo pathway by cell
architecture and mechanical signals. Semin. Cell Dev. Biol. 23:803-811.
http://dx.doi.org/10.1016/j.semcdb.2012.06.001

Stephenson, R.O., Y. Yamanaka, and J. Rossant. 2010. Disorganized epithe-
lial polarity and excess trophectoderm cell fate in preimplantation em-
bryos lacking E-cadherin. Development. 137:3383-3391. http://dx.doi
.org/10.1242/dev.050195

Stephenson, R.O., J. Rossant, and P.P. Tam. 2012. Intercellular interactions, posi-
tion, and polarity in establishing blastocyst cell lineages and embryonic
axes. Cold Spring Harb. Perspect. Biol. 4:a008235. http://dx.doi.org/
10.1101/cshperspect.a008235

St Johnston, D., and J. Ahringer. 2010. Cell polarity in eggs and epithelia:
parallels and diversity. Cell. 141:757-774. http://dx.doi.org/10.1016/
j-cell.2010.05.011

Suwinska, A., R. Czotowska, W. Ozdzenski, and A.K. Tarkowski. 2008.
Blastomeres of the mouse embryo lose totipotency after the fifth cleav-
age division: expression of Cdx2 and Oct4 and developmental potential
of inner and outer blastomeres of 16- and 32-cell embryos. Dev. Biol.
322:133-144. http://dx.doi.org/10.1016/j.ydbio.2008.07.019

Suzuki, A., M. Hirata, K. Kamimura, R. Maniwa, T. Yamanaka, K. Mizuno, M.
Kishikawa, H. Hirose, Y. Amano, N. Izumi, et al. 2004. aPKC acts upstream

Radial polarity in embryos ¢« Nance

831

920z Atenige g0 uo 1senb Aq Jpd y90.0v 102 A0l/L.ZE€2S L/E28/L/90Z/3Pd-al01ue/qol/Bi10 ssaidnyy/:dny wol pspeojumoq


http://dx.doi.org/10.1242/dev.053538
http://dx.doi.org/10.1242/dev.053538
http://dx.doi.org/10.1242/dev.00735
http://dx.doi.org/10.1242/dev.00735
http://dx.doi.org/10.1016/B978-0-12-394311-8.00001-7
http://dx.doi.org/10.1016/j.mod.2007.11.002
http://dx.doi.org/10.1016/j.mod.2007.11.002
http://dx.doi.org/10.1016/j.devcel.2009.02.003
http://dx.doi.org/10.1242/dev.009282
http://dx.doi.org/10.1016/j.devcel.2009.06.010
http://dx.doi.org/10.1016/j.devcel.2009.06.010
http://dx.doi.org/10.1006/dbio.2000.9763
http://dx.doi.org/10.1242/jcs.01666
http://dx.doi.org/10.1016/j.devcel.2014.06.019
http://dx.doi.org/10.1016/j.devcel.2014.06.019
http://dx.doi.org/10.1083/jcb.118.6.1359
http://dx.doi.org/10.1038/nrm3775
http://dx.doi.org/10.1101/cshperspect.a013789
http://dx.doi.org/10.1101/cshperspect.a013789
http://dx.doi.org/10.1242/dev.034454
http://dx.doi.org/10.1242/dev.034454
http://dx.doi.org/10.1016/j.semcdb.2012.06.001
http://dx.doi.org/10.1242/dev.050195
http://dx.doi.org/10.1242/dev.050195
http://dx.doi.org/10.1101/cshperspect.a008235
http://dx.doi.org/10.1101/cshperspect.a008235
http://dx.doi.org/10.1016/j.cell.2010.05.011
http://dx.doi.org/10.1016/j.cell.2010.05.011
http://dx.doi.org/10.1016/j.ydbio.2008.07.019
http://dx.doi.org/10.1083/jcb.108.4.1407
http://dx.doi.org/10.1016/S0960-9822(01)00142-7
http://dx.doi.org/10.1016/j.devcel.2005.12.015
http://dx.doi.org/10.1016/j.devcel.2005.12.015
http://dx.doi.org/10.1111/j.1600-0854.2010.01102.x
http://dx.doi.org/10.1111/j.1600-0854.2010.01102.x
http://dx.doi.org/10.1083/jcb.200406024
http://dx.doi.org/10.1038/nrm2927
http://dx.doi.org/10.1038/nrm2927
http://dx.doi.org/10.1038/ncomms5168
http://dx.doi.org/10.1038/ncomms5168
http://dx.doi.org/10.4161/tisb.28127
http://dx.doi.org/10.1016/j.cub.2013.05.014
http://dx.doi.org/10.1016/j.devcel.2014.03.015
http://dx.doi.org/10.1016/j.devcel.2014.03.015
http://dx.doi.org/10.1016/j.cub.2004.04.007
http://dx.doi.org/10.1146/annurev.cellbio.042308.113348
http://dx.doi.org/10.1146/annurev.cellbio.042308.113348
http://dx.doi.org/10.1083/jcb.91.1.303
http://dx.doi.org/10.1083/jcb.150.4.849
http://dx.doi.org/10.1242/dev.00211
http://dx.doi.org/10.1242/dev.00211
http://dx.doi.org/10.1038/ncomms3251
http://dx.doi.org/10.1038/ncomms3251
http://dx.doi.org/10.1101/gad.219618.113
http://dx.doi.org/10.1006/dbio.1996.0186
http://dx.doi.org/10.1006/dbio.1996.0186
http://dx.doi.org/10.1038/ncb2354
http://dx.doi.org/10.1038/ncb2354
http://dx.doi.org/10.1002/aja.1002020410

832

of PAR-1b in both the establishment and maintenance of mammalian
epithelial polarity. Curr. Biol. 14:1425-1435. http://dx.doi.org/10.1016/
j.cub.2004.08.021

Tabler, J.M., H. Yamanaka, and J.B. Green. 2010. PAR-1 promotes primary neu-
rogenesis and asymmetric cell divisions via control of spindle orientation.
Development. 137:2501-2505. http://dx.doi.org/10.1242/dev.049833

Tabuse, Y., Y. Izumi, F. Piano, K.J. Kemphues, J. Miwa, and S. Ohno. 1998.
Atypical protein kinase C cooperates with PAR-3 to establish embryonic
polarity in Caenorhabditis elegans. Development. 125:3607-3614.

Takayama, M., T. Noguchi, S. Yamashiro, and I. Mabuchi. 2002. Microtuble orga-
nization in Xenopus eggs during the first cleavage and its role in cytokine-
sis. Cell Struct. Funct. 27:163-171. http://dx.doi.org/10.1247/csf.27.163

Tanentzapf, G., and U. Tepass. 2003. Interactions between the crumbs, lethal
giant larvae and bazooka pathways in epithelial polarization. Nat. Cell
Biol. 5:46-52. http://dx.doi.org/10.1038/ncb896

Tarkowski, A.K., A. Suwinska, R. Czotowska, and W. Ozdzenski. 2010.
Individual blastomeres of 16- and 32-cell mouse embryos are able to de-
velop into foetuses and mice. Dev. Biol. 348:190-198. http://dx.doi.org/
10.1016/j.ydbio.2010.09.022

Vestweber, D., A. Gossler, K. Boller, and R. Kemler. 1987. Expression and
distribution of cell adhesion molecule uvomorulin in mouse preim-
plantation embryos. Dev. Biol. 124:451-456. http://dx.doi.org/10.1016
/0012-1606(87)90498-2

Vinot, S., T. Le, S. Ohno, T. Pawson, B. Maro, and S. Louvet-Vallée. 2005.
Asymmetric distribution of PAR proteins in the mouse embryo begins at the
8-cell stage during compaction. Dev. Biol. 282:307-319. http://dx.doi.org/
10.1016/j.ydbio.2005.03.001

Wang, S., S.W. Cha, A.M. Zorn, and C. Wylie. 2013. Par6b regulates the dynam-
ics of apicobasal polarity during development of the stratified Xenopus
epidermis. PLoS ONE. 8:¢76854. http://dx.doi.org/10.1371/journal.pone
.0076854

Wicklow, E., S. Blij, T. Frum, Y. Hirate, R.A. Lang, H. Sasaki, and A. Ralston.
2014. HIPPO pathway members restrict SOX2 to the inner cell mass where
it promotes ICM fates in the mouse blastocyst. PLoS Genet. In press.

Yagi, R., M.J. Kohn, I. Karavanova, K.J. Kaneko, D. Vullhorst, M.L. DePamphilis,
and A. Buonanno. 2007. Transcription factor TEAD4 specifies the
trophectoderm lineage at the beginning of mammalian development.
Development. 134:3827-3836. http://dx.doi.org/10.1242/dev.010223

Yu, EX., and K.L. Guan. 2013. The Hippo pathway: regulators and regulations.
Genes Dev. 27:355-371. http://dx.doi.org/10.1101/gad.210773.112

Ziomek, C.A., and M.H. Johnson. 1980. Cell surface interaction induces po-
larization of mouse 8-cell blastomeres at compaction. Cell. 21:935-942.
http://dx.doi.org/10.1016/0092-8674(80)90457-2

Ziomek, C.A., and M.H. Johnson. 1982. The roles of phenotype and position in
guiding the fate of 16-cell mouse blastomeres. Dev. Biol. 91:440-447.
http://dx.doi.org/10.1016/0012-1606(82)90050-1

Ziomek, C.A., M.H. Johnson, and A.H. Handyside. 1982. The developmental
potential of mouse 16-cell blastomeres. J. Exp. Zool. 221:345-355. http://
dx.doi.org/10.1002/jez.1402210310

JCB « VOLUME 206 « NUMBER 7 « 2014

920z Atenige g0 uo 1senb Aq Jpd y90.0v 102 A0l/L.ZE€2S L/E28/L/90Z/3Pd-al01ue/qol/Bi10 ssaidnyy/:dny wol pspeojumoq


http://dx.doi.org/10.1016/j.cub.2004.08.021
http://dx.doi.org/10.1016/j.cub.2004.08.021
http://dx.doi.org/10.1242/dev.049833
http://dx.doi.org/10.1247/csf.27.163
http://dx.doi.org/10.1038/ncb896
http://dx.doi.org/10.1016/j.ydbio.2010.09.022
http://dx.doi.org/10.1016/j.ydbio.2010.09.022
http://dx.doi.org/10.1016/0012-1606(87)90498-2
http://dx.doi.org/10.1016/0012-1606(87)90498-2
http://dx.doi.org/10.1016/j.ydbio.2005.03.001
http://dx.doi.org/10.1016/j.ydbio.2005.03.001
http://dx.doi.org/10.1371/journal.pone.0076854
http://dx.doi.org/10.1371/journal.pone.0076854
http://dx.doi.org/10.1242/dev.010223
http://dx.doi.org/10.1101/gad.210773.112
http://dx.doi.org/10.1016/0092-8674(80)90457-2
http://dx.doi.org/10.1016/0012-1606(82)90050-1
http://dx.doi.org/10.1002/jez.1402210310
http://dx.doi.org/10.1002/jez.1402210310

