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Abbreviations used in this paper: aPKC, atypical protein kinase C;
ARM, armadillo; DaPKC, PDZ-domain protein Bazooka and the atypical
protein kinase C; LAP, leucine-rich repeat and PDZ domain.

Unlike the adherens junction, other cell–cell contact
sites exhibit pronounced differences between vertebrate
and insect epithelia. In vertebrates, tight junctions located
just apical to the adherens junctions seal the epithelium
against diffusion between the cells (“gate function”) and
also provide a barrier for lipids and proteins within the
membrane (“fence function”) (Yeaman et al., 1999). The
structure of tight junctions is not well understood, though
several constituents are known (Furuse et al., 1998; Izumi
et al., 1998; Tsukita and Furuse, 1999; Yeaman et al., 1999).
Unlike apically located tight junctions, insect septate junctions are found just basal to the adherens junction. Septate-junction ultrastructure, which is characterized by a
striated pattern between cells, also differs from that of
tight junctions (Tepass and Hartenstein, 1994). Because
tight junctions are not apparent in insect tissues, septate
junctions have been considered their functional equivalent
(Bryant, 1997). However, this supposition is questionable
given recent discoveries of molecules necessary for the formation of different junctions (Bilder and Perrimon, 2000;
Tanentzapf et al., 2000; Wodarz et al., 2000).
Scribble and Disc-large are two components of septate
junctions in Drosophila (Woods and Bryant, 1991; Bilder
and Perrimon, 2000). Together with Lethal-giant-larvae,
they block the invasion of apical and adherens-junctions
proteins into basolateral domains. For example, in embryos mutant for any of these three genes, the apical
marker Crumbs and the adherens-junction marker ARM
are no longer restricted to their proper domains (Bilder et
al., 2000). The scribble gene encodes one of the leucinerich repeat and PDZ domain (LAP) linker proteins, which
are so named because they contain both of these protein–
protein interaction domains (Bilder and Perrimon, 2000;
Borg et al., 2000; Legouis et al., 2000).
Like Scribble, other basolaterally located members of
the LAP family are involved in maintaining the basolateral domain. For example, the scribble homolog ERBIN is
necessary for the basolateral location of the mammalian
epidermal growth factor receptor homolog Her-2/ErbB2
(Legouis et al., 2000). Furthermore, the LET-413 gene encodes a LAP protein that is required for situating adherens junctions and apical markers in C. elegans (Legouis et
al., 2000), which is in striking similarity to the scribble phenotype in Drosophila (Bilder and Perrimon, 2000). There-
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Polarized epithelial layers protect tissues from the harsh
conditions of the outside world, such as the outside of an
embryo or the lumen of a gut. This “outside” is faced by
an epithelial cell’s apical domain, which contains a set of
membrane proteins and cytoskeletal elements that is distinct from the proteins found on the cell’s basolateral domain (Yeaman et al., 1999). Establishing the differences
that define these domains is one of the fundamental challenges confronting an epithelial cell. Several recent papers
in the Journal of Cell Biology (Hunter and Wieschaus,
2000; Lecuit and Wieschaus, 2000; Sisson et al., 2000;
Tanentzapf et al., 2000; Wodarz et al., 2000) use Drosophila to explore this process, and they showed surprising
parallels among epithelia in Drosophila, vertebrates, and
Caenorhabditis elegans.
In the early Drosophila embryo, the synchronized emergence of epithelial polarity provides a unique tool for
studying the determinants of apical–basal polarity. The
embryo’s first 13 nuclear divisions occur in a syncytium;
subsequently, about 6,000 nuclei move just below the cell
surface. In synchronized motion, the membranes between
the nuclei invaginate and, just one hour later, each nucleus
is contained within a polarized cell exhibiting well defined
apical, basal, and lateral domains. Although these domains
share some similarities in Drosophila and vertebrate epithelia, morphological differences have hindered attempts
to draw parallels across species.
One feature of apical–basal polarity that is conserved is
the adherens junction, which is the major site of epithelial
cell–cell contact (Yeaman et al., 1999; Gumbiner, 2000).
The adherens junction is one component of the junctional
complex that divides apical and basolateral membrane
domains. In Drosophila, C. elegans, and vertebrate epithelia, the core elements of adherens junctions are cadherin adhesion proteins whose intracellular domains interact with ␣-Catenin and ␤-Catenin/Armadillo (ARM)1
proteins (Fig. 1).

Figure 1. Proteins that compose different junctional complexes
in Drosophila and vertebrate cells are conserved and localize to
equivalent membrane domains. See text for further details.

signaling, “gate” or “fence,” functions associated with vertebrate tight junctions (Yeaman et al., 1999) are also
found in this domain of invertebrate epithelia.
Because some apical markers are retained in crumbs
and disc lost mutant clones, additional determinants for
apical domains must exist. Knust and co-workers now
show that the PDZ-domain protein Bazooka and the atypical protein kinase C (DaPKC) are two key components of
such an apical determinant in the Drosophila embryo
(Wodarz et al., 2000). The bazooka gene was implicated in
establishing cell polarity by its mutant phenotype and its
similarity to the Par-3 gene, which is necessary for orienting mitotic spindles in early cell divisions of C. elegans embryos (Etemad-Moghadam et al., 1995; Kuchinke et al.,
1998). Because in C. elegans and vertebrates aPKCs bind
to Bazooka homologs (Izumi et al., 1998; Tabuse et al.,
1998), Knust and co-workers explored the role of the single DaPKC gene found in the Drosophila genome. Analysis of DaPKC and bazooka mutants revealed that the apical localization of each protein depended on the other
(Wodarz et al., 2000). This indicates that Bazooka is not
only an anchor for DaPKC, but also depends on DaPKC
function for its localization, consistent with the phosphorylation of its murine homolog m-PAR-3 by the aPKC isoform (Lin et al., 2000).
Along with aPKCs, Par-3 homologs are constituents of
large complexes that include Par-6 and CDC42 (Joberty et
al., 2000; Lin et al., 2000; Qiu et al., 2000). CDC42 is a
small GTPase that regulates multiple elements of the actin
cytoskeleton (Kaibuchi et al., 1999) and selective
membrane transport to the basolateral membrane (Kro-
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Figure 2. Establishment of polarity is tightly coupled to cellularization in Drosophila embryos. The temporal order of membrane insertion is translated into spatial differences by the isolation of different membrane domains from the main site of
insertion (Hunter and Wieschaus, 2000; Lecuit and Wieschaus,
2000). (A) Shortly after the initial stage of cellularization, (B) a
first set of junctional complexes, marked by ARM, is formed
just below the embryonic cell surface. These complexes seal off
the most basal membrane domain that forms the furrow canals.
(C) As cellularization proceeds, the initial set (red) of junctions
move basally together with the furrow canals. A second set of
junctions (blue) is formed just below the cell surface and separates the apical and lateral domains. Membrane insertion basal
to these junctions continues to extend the lateral domain. (D)
The furrow canals will form the basal membrane domains and
shortly thereafter, as the embryo initiates gastrulation, the unusual basal junctions disappear.
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fore, LAP proteins provide an example of a familiar theme
found in many specialized membrane domains, including epithelial junctions, synapses, and Drosophila rhabdomeres. The functional assembly of each of these membrane domains depends on PDZ domain–containing
proteins clustering distinct transmembrane and cytoskeletal proteins and excluding others (for reviews see Fanning
and Anderson, 1999; Garner et al., 2000).
A similar mechanism may also operate in defining the
apical surface. Crumbs is an apical transmembrane protein
whose interaction with the PDZ-protein Disc lost is critical
to establishing epithelial polarity in the fly embryo (Tepass
et al., 1990; Bhat et al., 1999; Klebes and Knust, 2000;
Tanentzapf et al., 2000). The importance of this interaction
is stressed by the finding that most of Crumbs’ function can
be provided by a truncated form of Crumbs that retains
only the transmembrane domain and the short cytoplasmic
domain that interacts with Disc lost (Wodarz et al., 1995;
Klebes and Knust, 2000). Crumbs overexpression results in
a relative expansion of apical domains, whereas loss of
Crumbs disrupts the structure of the embryonic epithelium
(Tepass et al., 1990; Wodarz et al., 1995). Because Crumbs
null mutations have such severe phenotypes, the primary
consequences of its loss are not easily characterized.
Tepass and co-workers circumvented this difficulty by
examining the signals that specify apical and lateral surfaces in the follicle-cell epithelium (Tanentzapf et al.,
2000). In this epithelium, which surrounds each cluster of
germline cells from which Drosophila oocytes develop, tissue integrity was maintained despite the loss of apical polarity. In ovaries that lacked germ cells, basal and lateral
markers remained separate in follicle cells. In contrast,
apical and lateral markers were no longer clearly segregated and Crumbs expression was lost from the apical surface. These specific mislocalization results indicate that
the apical signal is provided by the germ cells.
The authors went on to induce mosaic follicle epithelia
in which some cells had lost the crumbs or disc lost genes
(Tanentzapf et al., 2000). Both mutations caused a partial
loss of apical markers, consistent with the hypothesis that
Crumbs acts through Disc lost (Bhat et al., 1999; Klebes
and Knust, 2000; Tanentzapf et al., 2000). This idea was
further strengthened by the colocalization of Disc lost and
Crumbs to apical membranes. Both were especially enriched in the lateral domains just apical to the adherens
junctions, a site which corresponds to that of tight junctions in vertebrates (Tanentzapf et al., 2000). Although no
morphological specialization in this region is distinguishable, it will be interesting to see whether some of the cell

it is moved basally. These initial junctions contain the
junctional proteins ARM, Cadherin, and Disc-lost (Bhat
et al., 1999; Hunter and Wieschaus, 2000; Lecuit and Wieschaus, 2000), a composition very similar to the second
junctional complex formed later during cellularization in a
more conventional position, separating the apical and lateral membrane domains. To form the unusual set of basal
junctions, cells require the Nullo protein; in its absence elements of basal junctions are scattered along the lateral
domains (Hunter and Wieschaus, 2000). Whereas homologs of other junctional-complex components are found
in C. elegans and vertebrates, Nullo is a novel protein, consistent with its role in a process unique to Drosophila.
The finding that membranes insert in a restricted site
during cellularization (Lecuit and Wieschaus, 2000) adds
strong support to a model previously proposed for polarized cells in vertebrate epithelia. In this model the Sec6/8
multiprotein complex acts to restrict delivery of secretory
vesicles to the basolateral membrane (Grindstaff et al.,
1998; Yeaman et al., 1999). The direct observation of such
restricted insertion in Drosophila is a testimony to the advantages that this system offers for deciphering the signals
that tell a cell what is up and what is down.

Krämer The Ups and Downs of Life in an Epithelium

F17

I am grateful to James Waddle, Ellen A. Lumpkin, and an anonymous reviewer for helpful suggestions for the manuscript.
Work in the author's laboratory is supported by grants form the National Institutes of Health (EY10199) and the Welch Foundation (I-1300).
Submitted: 22 August 2000
Revised: 2 October 2000
Accepted: 2 October 2000
References
Bhat, M.A., S. Izaddoost, Y. Lu, K.O. Cho, K.W. Choi, and H.J. Bellen. 1999.
Discs Lost, a novel multi-PDZ domain protein, establishes and maintains epithelial polarity. Cell. 96:833–845.
Bilder, D., and N. Perrimon. 2000. Localization of apical epithelial determinants by the basolateral PDZ protein Scribble. Nature. 403:676–680.
Bilder, D., M. Li, and N. Perrimon. 2000. Cooperative regulation of cell polarity
and growth by Drosophila tumor suppressors. Science. 289:113–116.
Borg, J.P., S. Marchetto, A. Le Bivic, V. Ollendorff, F. Jaulin-Bastard, H. Saito,
E. Fournier, J. Adelaide, B. Margolis, and D. Birnbaum. 2000. ERBIN: a basolateral PDZ protein that interacts with the mammalian ERBB2/HER2 receptor. Nat. Cell Biol. 2:407–414.
Bryant, P.J. 1997. Junction genetics. Dev. Genet. 20:75–90.
Etemad-Moghadam, B., S. Guo, and K.J. Kemphues. 1995. Asymmetrically distributed PAR-3 protein contributes to cell polarity and spindle alignment in
early C. elegans embryos. Cell. 83:743–752.
Fanning, A.S., and J.M. Anderson. 1999. Protein modules as organizers of
membrane structure. Curr. Opin. Cell Biol. 11:432–439.
Furuse, M., H. Sasaki, K. Fujimoto, and S. Tsukita. 1998. A single gene product,
claudin-1 or -2, reconstitutes tight junction strands and recruits occludin in
fibroblasts. J. Cell Biol. 143:391–401.
Garner, C.C., J. Nash, and R.L. Huganir. 2000. PDZ domains in synapse assembly and signalling. Trends Cell Biol. 10:274–280.
Grindstaff, K.K., C. Yeaman, N. Anandasabapathy, S.C. Hsu, E. RodriguezBoulan, R.H. Scheller, and W.J. Nelson. 1998. Sec6/8 complex is recruited to
cell–cell contacts and specifies transport vesicle delivery to the basal-lateral
membrane in epithelial cells. Cell. 93:731–740.
Gumbiner, B.M. 2000. Regulation of cadherin adhesive activity. J. Cell Biol.
148:399–404.
Hunter, C., and E. Wieschaus. 2000. Regulated expression of nullo is required
for the formation of distinct apical and basal adherens junctions in the
Drosophila blastoderm. J. Cell Biol. 150:391–402.
Izumi, Y., T. Hirose, Y. Tamai, S. Hirai, Y. Nagashima, T. Fujimoto, Y. Tabuse,
K.J. Kemphues, and S. Ohno. 1998. An atypical PKC directly associates and
colocalizes at the epithelial tight junction with ASIP, a mammalian homologue
of Caenorhabditis elegans polarity protein PAR-3. J. Cell Biol. 143:95–106.
Joberty, G., C. Petersen, L. Gao, and I.G. Macara. 2000. The cell-polarity protein Par6 links Par3 and atypical protein kinase C to Cdc42. Nat. Cell Biol.
2:531–539.
Kaibuchi, K., S. Kuroda, and M. Amano. 1999. Regulation of the cytoskeleton

Downloaded from http://rupress.org/jcb/article-pdf/151/4/F15/1294928/0008113.pdf by guest on 18 April 2021

schewski et al., 1999). How this well-conserved complex
cooperates in integrating the polarization of membrane
domains and cytoskeletal elements is unknown. Interestingly, Bazooka is not only necessary for polarity in epithelial cells, but it also orients asymmetric cell divisions in the
nervous system (Schaefer et al., 2000; Wodarz et al., 2000;
Yu et al., 2000), which is similar to the role of the Par-3
complex in the C. elegans embryo (Etemad-Moghadam et
al., 1995).
The extent to which the determinants of apical–basal polarity and the components of epithelial junctions are conserved suggests that the basic mechanism by which apical–
basal polarity is established is also universal. It is therefore
intriguing to study cellularization, the one hour during
Drosophila embryogenesis in which 6,000 polarized cells
are formed. Two recent papers from the Wieschaus laboratory closely examine this time window (Hunter and Wieschaus, 2000; Lecuit and Wieschaus, 2000) and present two
striking findings. First, the emergence of polarity in the epithelium is tightly integrated with the process of cellularization. Second, the Drosophila embryo not only establishes
cellular junctions in a synchronized manner, it actually
does so twice in each cell (Fig. 2).
Lecuit and Wieschaus (2000) probed the growth of the
invaginating membranes to address a long-standing question: what is the source of the membranes that fuel the dramatic extension of the plasmalemma during cellularization? By following the fate of the newly synthesized Neu
transmembrane protein, they established that secretion
from the Golgi complex is the predominant source of new
membranes. This result is further supported by the study of
Sullivan and co-workers in this issue of the Journal of Cell
Biology (Sisson et al., 2000). These authors made use of an
antibody against the Lava lamp protein, a novel peripheral
Golgi protein, which was isolated as a result of its association with microtubules and actin filaments. Disruption of
the Golgi complex organization by the injection of antiLava lamp antibodies or Brefeldin A into early embryos
dramatically inhibited cellularization (Sisson et al., 2000).
By labeling emerging or preexisting surface membranes
using the Neu protein or lectin-coated beads, Lecuit and
Wieschaus also demonstrated that insertion of these Golgiderived membranes preferentially occurs at a defined site:
the apical most region of the lateral domain (Lecuit and
Wieschaus, 2000). To their surprise, after an initial phase of
unrestricted diffusion in the membrane, the newly added
membrane was excluded from the leading edge of the invaginating membrane, the furrow canal. This result is inconsistent with the prevailing model, which proposes that
the bulk of membrane is inserted at the leading edge (Loncar and Singer, 1995). The functional isolation of the furrow canal membranes could be important for the specific
assembly of the actin cytoskeleton at the leading edge of
the invaginating membranes. Contraction of this localized
actomyosin network at the leading edge is one of the elements thought to provide the force for membrane invagination (Schejter and Wieschaus, 1993; Sisson et al., 2000).
The fence that separates the furrow canal membranes
appears to be formed by a first junctional complex just apical to the furrow canal (Fig. 2). As the membranes invaginate, these initial junctions, which eventually separate the
basal and lateral domains, stay close to the furrow canal as

Sisson, J.C., C. Field, R. Ventura, A. Royou, and W. Sullivan. 2000. Lava lamp,
a novel peripheral Golgi protein, is required for Drosophila cellularization.
J. Cell Biol. 151:905–917.
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.
Tanentzapf, G., C. Smith, J. McGlade, and U. Tepass. 2000. Apical, lateral and
basal polarization cues contribute to the development of the follicular epithelium during Drosophila oogenesis. J. Cell Biol. 151:891–904.
Tepass, U., and V. Hartenstein. 1994. The development of cellular junctions in
the Drosophila embryo. Dev. Biol. 161:563–596.
Tepass, U., C. Theres, and E. Knust. 1990. crumbs encodes an EGF-like protein
expressed on apical membranes of Drosophila epithelial cells and required
for organization of epithelia. Cell. 61:787–799.
Tsukita, S., and M. Furuse. 1999. Occludin and claudins in tight-junction
strands: leading or supporting players? Trends Cell Biol. 9:268–273.
Wodarz, A., U. Hinz, M. Engelbert, and E. Knust. 1995. Expression of crumbs
confers apical character on plasma membrane domains of ectodermal epithelia of Drosophila. Cell. 82:67–76.
Wodarz, A., A. Ramrath, A. Grimm, and E. Knust. 2000. Drosophila atypical
kinase C associates with Bazooka and controls polarity of epithelia and neuroblasts. J. Cell Biol. 150:1361–1374.
Woods, D.F., and P.J. Bryant. 1991. The discs-large tumor suppressor gene of
Drosophila encodes a guanylate kinase homolog localized at septate junctions. Cell. 66:451–464.
Yeaman, C., K.K. Grindstaff, and W.J. Nelson. 1999. New perspectives on mechanisms involved in generating epithelial cell polarity. Physiol. Rev. 79:73–98.
Yu, F., X. Morin, Y. Cai, X. Yang, and W. Chia. 2000. Analysis of partner of inscuteable, a novel player of Drosophila asymmetric divisions, reveals two
distinct steps in inscuteable apical localization. Cell. 100:399–409.

The Journal of Cell Biology, Volume 151, 2000

F18

Downloaded from http://rupress.org/jcb/article-pdf/151/4/F15/1294928/0008113.pdf by guest on 18 April 2021

and cell adhesion by the Rho family GTPases in mammalian cells. Annu.
Rev. Biochem. 68:459–486.
Klebes, A., and E. Knust. 2000. A conserved motif in Crumbs is required for
E-cadherin localisation and zonula adherens formation in Drosophila. Curr.
Biol. 10:76–85.
Kroschewski, R., A. Hall, and I. Mellman. 1999. Cdc42 controls secretory and
endocytic transport to the basolateral plasma membrane of MDCK cells.
Nat. Cell Biol. 1:8–13.
Kuchinke, U., F. Grawe, and E. Knust. 1998. Control of spindle orientation in
Drosophila by the Par-3-related PDZ-domain protein Bazooka. Curr. Biol.
8:1357–1365.
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.
Legouis, R., A. Gansmuller, S. Sookhareea, J.M. Bosher, D.L. Baillie, and M.
Labouesse. 2000. LET-413 is a basolateral protein required for the assembly
of adherens junctions in Caenorhabditis elegans. Nat. Cell Biol. 2:415–422.
Lin, D., A.S. Edwards, J.P. Fawcett, G. Mbamalu, J.D. Scott, and T. Pawson.
2000. A mammalian PAR-3–PAR-6 complex implicated in Cdc42/Rac1 and
aPKC signalling and cell polarity. Nat. Cell Biol. 2:540–547.
Loncar, D., and S.J. Singer. 1995. Cell membrane formation during the cellularization of the sycytial blastoderm of Drosophila. Proc. Natl. Acad. Sci. USA.
92:2199–2203.
Qiu, R.G., A. Abo, and G.S. Martin. 2000. A human homolog of the C. elegans
polarity determinant Par-6 links Rac and Cdc42 to PKC signaling and cell
transformation. Curr. Biol. 10:697–707.
Schaefer, M., A. Shevchenko, and J.A. Knoblich. 2000. A protein complex containing Inscuteable and the Galpha-binding protein Pins orients asymmetric
cell divisions in Drosophila. Curr. Biol. 10:353–362.
Schejter, E.D., and E. Wieschaus. 1993. Functional elements of the cytoskeleton in the early Drosophila embryo. Annu. Rev. Cell Biol. 9:67–99.

