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The Crumbs proteins are evolutionarily conserved apical transmembrane proteins.
Drosophila Crumbs was discovered via its crucial role in epithelial polarity during fly em-
bryogenesis. Crumbs proteins have variable extracellular domains but a highly conserved
intracellular domain that can bind FERM and PDZ domain proteins. Mammals have three
Crumbs genes and this review focuses on Crumbs3, the major Crumbs isoform expressed in
mammalian epithelial cells. Although initial work has highlighted the role of Crumbs3 in
polarity, more recent studies have found it has an important role in tissue morphogenesis
functioning as a linker between the apical membrane and the actin cytoskeleton. In addi-
tion, recent publications have linked Crumbs3 to growth control via regulation of the Hippo/
Yap pathway.

Epithelia polarize into apical and basolateral
membranes with unique protein composi-

tions. This polarization is crucial for proper
epithelial functions such as ion transport and
barrier protection. In mammalian epithelia, a
seal known as the tight junction separates the
apical and basolateral membranes (Shin et al.
2006; Nelson 2009). The tight junction is com-
posed of transmembrane proteins, primarily
claudins that are organized by scaffold proteins
such as the zonula occludens. Another junc-
tion important for polarity is the adherens
junction, which sits on the lateral membrane
basal to the tight junction. Its primary constit-
uents are the cadherins. Adherens junctions are
mediators of cell–cell adhesion, a component
of polarity in epithelial sheets and tubes (Nel-
son et al. 2013).

Work over the last 20 years has indicated that
apicobasal polarity is initiated and maintained

by mutual antagonism of apical and basolateral
protein complexes. In lower organisms, such as
Drosophila, polarity is maintained solely by an-
tagonistic polarity complexes. In mammalian
cells, this biochemical polarization is further
enforced by the tight junction seal (Shin et al.
2006). There are two main evolutionarily con-
served apical polarity complexes: the Crumbs
complex and the partitioning defective (Par)
complex (Pieczynski and Margolis 2011). The
Crumbs complex consists of three major pro-
teins, Crumbs, protein associated with lin-7 one
(Pals1; Stardust in Drosophila), and PALS1 as-
sociated tight junction protein (Patj), all of
which are highly conserved from invertebrates
to vertebrates. A similarly evolutionarily con-
served polarity complex is the Par complex
that consists of Par3, Par6, and atypical protein
kinase C (aPKC) (Pieczynski and Margolis
2011). aPKC is a crucial component of the apical
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polarity complex as phosphorylation is felt to
be the main biochemical effector mechanism
that results in membrane polarization. This re-
view will focus on the Crumbs complex and in
particular the Crumbs3 protein, which is the
major Crumbs isoform found in mammalian
epithelia. Although Crumbs was initially iden-
tified as a polarity protein, recent studies have
shown that it has multiple functions in epithe-
lial cells.

THE CRUMBS PROTEINS

Crumbs was first identified in Drosophila as a
regulator of epithelial polarity. In Drosophila
development, Crumbs is crucial for polariza-
tion of the ectoderm that is formed after gas-
trulation. The external cuticle, which is derived
from this ectoderm, is disrupted when Crumbs
is not present leading to a speckled (crumbs-
like) appearance (Tepass et al. 1990). The
Drosophila Crumbs protein has a large extracel-
lular domain with 30 epidermal growth factor
(EGF)-like repeats, a single-span transmem-
brane region and a conserved cytoplasmic car-
boxyl terminus. The intracellular carboxyl ter-
minus contains a FERM (F for 4.1 protein, E
for ezrin, R for radixin, and M for moesin)-
binding domain and a PDZ (P for postsynaptic
density-95, D for discs large, and Z for zonula
occludens1)-binding domain. In vertebrates,
there are three Crumbs genes termed Crumbs1,
Crumbs2, and Crumbs3. Crumbs1 and Crumbs2
have large extracellular domains like the Dro-
sophila Crumbs, whereas Crumbs3 has a very
short extracellular domain (Makarova et al.
2003). Crumbs1 is primarily localized to the
retinal pigmented epithelium of the eye and
mutations in the gene have been linked to reti-
nal dystrophies (Alves et al. 2014). Many of
these mutations are found in the extracellular
domain of Crumbs1, which is consistent with
the finding that mutations in the extracellular
domain of Drosophila Crumbs leads to abnor-
mal photoreceptor morphogenesis in flies
(Alves et al. 2014). Knockout of Crumbs1 in
mice leads to photoreceptor degeneration after
9 months of age (van de Pavert et al. 2004).
Crumbs2 gene expression has been detected in

brain, testis, uterus, eye, and embryonic tissue
(van den Hurk et al. 2005). Knockout of
Crumbs2 in mice results in embryonic lethality
at the late gastrulation stage (Xiao et al. 2011).
Recent work has described patients with
Crumbs2 mutations resulting in ventriculo-
megaly and nephrotic syndrome (Ebarasi et al.
2015; Slavotinek et al. 2015).

The Crumbs3 gene is expressed in the ma-
jority of mammalian epithelia (Makarova et al.
2003). Crumbs3 exists in two variants as a result
of alternate splicing of the final exon of the
Crumbs3 gene. This alternate splicing results
in a 22–amino acid difference in the carboxyl
terminus, altering the sequence of the PDZ-
binding domain (Fan et al. 2007). Crumbs3a
has the carboxy-terminal sequence glutamic
acid–arginine–leucine–isoleucine(ERLI)ami-
no acids, which comprise its PDZ-binding mo-
tif. Crumbs3b has a different carboxyl termi-
nus, ending in the sequence cysteine–leucine–
proline–isoleucine (CLPI) that does not bind
PDZ domains. The mechanisms regulating the
abundance of each splice variant are not yet
determined. The function of the Crumbs3 pro-
tein is discussed extensively below.

CRUMBS-BINDING PARTNERS

Crumbs binds to the conserved polarity pro-
teins Pals1 (Drosophila Stardust) and Par6 via
its PDZ-binding carboxy-terminal sequence,
ERLI (Fig. 1) (Hurd et al. 2003; Lemmers
et al. 2004). Pals1/Stardust is a membrane-
associated guanylate kinase (MAGUK) protein
with the core complex of PDZ, Src homology
domain 3 (SH3), and guanylate kinase domain
(GUK) (Kamberov et al. 2000; Funke et al.
2005). Loss-of-function of Pals1/Stardust in
Drosophila closely phenocopies loss of Crumbs
(Bachmann et al. 2001; Hong et al. 2001). The
complex of Crumbs3 bound to Pals1 has been
studied at a crystallographic level. Although the
Crumbs3 ERLI carboxy-terminal sequence is
a classic PDZ-binding motif, these structural
studies show that the PDZ, SH3, and GUK do-
mains are all required for the high-affinity in-
teraction between Crumbs3 and Pals1 (Li et al.
2014). The binding of Pals1 to Crumbs appears
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to be of a much higher affinity than the binding
of Crumbs to Par6 (Whitney et al. 2016). At its
amino terminus, Pals1 has two L27 domains
(Doerks et al. 2000). One of these L27 domains
binds to the small PDZ scaffold protein Lin-7
(Kamberov et al. 2000). The other L27 domains
bind the multi-PDZ domain proteins, Patj and
multiple PDZ domain protein 1 (Mupp1) (Roh
et al. 2002; Assemat et al. 2013). Patj has multi-
ple PDZ domains and can connect the Crumbs3
complex to proteins of the tight junction such
as the zonula occludens proteins (Adachi et al.
2009). The nature and extent of the interaction
of the Par complex with the Crumbs complex
varies depending on the epithelia in which it is
studied. There are multiple regulatory factors
that control these interactions, including aPKC

as well as small G proteins such as Cdc42 (Pie-
czynski and Margolis 2011; Tepass 2012; Whit-
ney et al. 2016).

Several proteins have also been identified
that bind to the Crumbs FERM-binding do-
main (Fig. 2). Yurt was shown to bind the
FERM-binding domain of Drosophila Crumbs
and function as a negative regulator of Crumbs
(Laprise et al. 2006). Studies have also indicated
that the mammalian orthologs of Yurt, YMO1,
EHM2, and EPB41L5 have a similar function in
mammalian cells and form a novel complex
with Crumbs3 and Pals1 (Laprise et al. 2006,
2009; Gosens et al. 2007). In Drosophila
Crumbs, the FERM-binding domain interacts
with the expanded protein to regulate growth
control (see below) (Grzeschik et al. 2010; Ling
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ZO-3Apical 

Lateral
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aPKC

Lateral proteins
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Figure 1. Crumbs3 PDZ domain interactions. Through its carboxy-terminal tail (circle), Crumbs3 can bind two
PDZ domain proteins, Pals1 (protein associated with lin-7 one) and Par6. Par6 can bind Par3 as well as atypical
protein kinase C (aPKC), and aPKC can regulate basolateral polarity complexes via phosphorylation. Pals1 binds
Patj (PALS1 associated tight junction protein) and Lin-7 via L27 domains. Patj has 10 PDZ domains that can
mediate numerous interactions including to transmembrane tight junction proteins such as claudins and
junctional adhesion molecules (JAMs), as well as to tight junction scaffolding proteins such as zonula occlu-
dens 3 (ZO-3).
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et al. 2010; Robinson et al. 2010). The third
family of proteins that bind to the FERM do-
main are members of the ezrin–radixin–moe-
sin (ERM) family of proteins (Medina et al.
2002). ERM proteins link the cell membrane
to the underlying actin cytoskeleton and serve
as scaffolds for cell signaling (Fehon et al. 2010;
Ponuwei 2016). Recently, a structure has been
published of Crumbs3 binding to moesin. The
structure shows that when Crumbs3 binds to
ERM proteins via its FERM-binding motif, it
loses its ability to bind PDZ partners such as
Pals1 (Wei et al. 2015). The Crumbs3b isoform
only has the FERM-binding domain and thus
may have unique functions (Fan et al. 2007;
Tilston-Lunel et al. 2016).

FUNCTIONS OF THE CRUMBS3 PROTEIN

Control of Polarity

The role of Crumbs3 in epithelial polarity has
been extensively studied. Overexpression of
Crumbs3 leads to an expansion of the apical
surface and defects in tight junctions (Roh

et al. 2003; Lemmers et al. 2004). Knockdown
of Crumbs3 in Madin–Darby canine kidney
(MDCK) cells altered cilia generation but did
not affect polarity or tight junctions when cells
were grown in monolayer culture (Fan et al.
2004). In contrast, restoration of Crumbs3 in
MCF10a breast epithelial cells promoted tight
junction formation (Fogg et al. 2005). More
marked effects of Crumbs3 knockdown were
seen when cells were grown in three-dimension-
al culture systems. MDCK cells form a sphere of
cells with a perfect lumen in three-dimensional
culture but this is impaired in cells where
Crumbs3 is knocked down (Torkko et al.
2008; Schluter et al. 2009).

However, surprisingly our group and others
were not able to show an obvious defect in po-
larity or cell–cell junctions in Crumbs3 knock-
out mice (Whiteman et al. 2014; Charrier et al.
2015). Loss of Crumbs3 did lead to a significant
decrease in the expression of Pals1 and Patj.
However, despite losing almost all the proteins
of the Crumbs complex, tight junctions ap-
peared normal. Lumen-containing structures
such as the tubule of the kidney and bronchiole

Apical

Crumbs3

Actin

Hippo pathway

Yap transcription

YURT/EBP4.1L5

Lateral antagonist
 of Crumbs

Merlin/expanded
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Figure 2. FERM-binding partners of Crumbs3. Through its FERM-binding domain (rectangle), Crumbs3 can
connect to FERM domain-containing proteins. Crumbs3 can connect the apical membrane to the actin cyto-
skeleton and regulate the cell cortex via ezrin–radixin–moesin (ERM) proteins. Crumbs3 also binds Yurt family
proteins, which negatively regulate Crumbs polarity signaling. Crumbs3 interacts with FERM domain proteins
that regulate the Hippo/Yap pathway to control cell proliferation.
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of the lung were able to develop (Whiteman
et al. 2014; Charrier et al. 2015). This was in
marked contrast to what was seen in Crumbs3
knockdown cells in three-dimensional culture
(Torkko et al. 2008; Schluter et al. 2009). How-
ever, it should be noted that Crumbs3 knockout
mice die at birth as a result of lung defects. The
cause of this death is not clear but increased
glycosylated material in bronchial lumens and
alveoli appeared to have blocked the initiation
of breathing. In the kidney, we found that the
vast majority of tubules formed normally but
we did detect a small number of cysts. These
cysts could be related to polarity defects or
loss of cilia in a small subset of cells, although
in most renal cells cilia were detected (White-
man et al. 2014).

There may be several reasons why the polar-
ity defects were not more marked in the
Crumbs3 knockout mice. The simplest explana-
tion is that Crumbs3 is not primarily involved in
polarity regulation. As discussed below, its main
effects may be primarily related to actomyosin
dynamics or growth control. A second explana-
tion is that there is redundancy in polarity sig-
naling. One form of redundancy would come in
the form of Crumbs2 expression. Knockout of
Crumbs2 in mice leads to embryonic death
at gastrulation very similar to what is seen
with loss of Drosophila Crumbs (Xiao et al.
2011). However, we did not detect Crumbs1
or Crumbs2 overexpression in tissues that had
lost Crumbs3 (Whiteman et al. 2014).

It seems that the most likely explanation is
that other polarity proteins in particular, the
Par proteins, can initiate or maintain polarity
in the absence of the Crumbs complex. For ex-
ample, there are no polarity defects in the ab-
sence of Crumbs early in the development of the
renal tubule of the fly. However, Drosophila Par3
also known as Bazooka is essential for polarity
at this stage (Campbell et al. 2009). In fact, there
are several tissues in Drosophila in which
Crumbs is not essential for polarity possibly
because of redundancy with other polarity pro-
teins (Tepass 2012). However, just like Dro-
sophila, there are likely to be a fraction of cells/
tissues in mammals in which Crumbs3 is re-
quired for polarity (Szymaniak et al. 2015).

MEMBRANE CYTOSKELETAL INTERACTIONS
AND TISSUE MORPHOGENESIS

If Crumbs3 is not essential for polarity what
might be its function in epithelia and other
cells? Again, studies in Drosophila point to these
other functions. In Drosophila, the trachea orig-
inates from ten small groupings (placodes) of
epithelial cells. The placodes then invaginate
because of apical constriction to form a sac
that matures into tube-like structures. These
tubes fuse to form the trachea and respiratory
system. Crumbs aggregates at the dorsal surface
that is the site of apical constriction. Crumbs
controls this apical constriction via its FERM-
binding domain and its binding partner,
moesin (Letizia et al. 2011; Klose et al. 2013).
The Crumbs/moesin interaction likely ties the
apical membrane to the underlying cytoskele-
ton to promote apical constriction and cellular
movement. Similar roles for Crumbs and its
binding partner moesin have been found in
the actomyosin contraction essential for cell
movement required for dorsal closure of the
Drosophila embryo (Flores-Benitez and Knust
2015).

These results in Drosophila foreshadowed
the defects in the Crumbs3 knockout mice. In
addition to the pulmonary defects seen in these
knockout mice, another major phenotype was
abnormal intestinal development (Whiteman
et al. 2014; Charrier et al. 2015). In the mouse,
the small intestine is a tube-shaped structure at
E14.5, but by E15.5 morphogenic movements
have occurred leading to a villus structure (Wal-
ton et al. 2016). These villi are finger-like pro-
jections that increase the surface area of the in-
testine to allow for increased absorption of
nutrients. Further increase in surface area is me-
diated by microvilli that coat the apical surface
of the villi. The villi should be present as indi-
vidual projections into the lumen but in
Crumbs3 knockout mice these villi are fused.
In addition, the intestinal microvilli are short
and disorganized. These intestinal defects close-
ly phenocopy ezrin knockout mice that also dis-
play villus fusion and shortened microvilli
(Saotome et al. 2004; Casaletto et al. 2011). As
ezrin is a member of the ERM family of proteins
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it binds to Crumbs3 via the FERM domain
(Whiteman et al. 2014; Tilston-Lunel et al.
2016). Thus, there are likely parallels between
Crumbs and moesin control of morphogenesis
in Drosophila and Crumbs3 and ezrin control of
mammalian intestinal development. In the
Crumbs3 knockout mice, we detected mem-
brane blebbing another phenotype consistent
with loss of Crumbs interaction with ERM pro-
teins (Charras et al. 2006; Casaletto et al. 2011).
Additional studies have highlighted a role for
Crumbs3 in the control of the actin cytoskele-
ton. In testes, it was found that Crumbs3 could
interact with the Arp2/3 complex that regulates
actin branching (Gao et al. 2016). In another
study, it was shown that Crumbs3 through
EHM2 (a homolog of Drosophila yurt) can pro-
mote Rho activation and actomyosin reorgani-
zation (Loie et al. 2015). Taken together, these
results indicate an important role for Crumbs3
in the control of the actin cytoskeleton. It can be
argued that, in the Crumbs3 knockout mice,
the predominant phenotype is the defect in the
linkage between the apical membrane and the
actomyosin cytoskeleton.

GROWTH CONTROL

Another potential function for Crumbs3 is the
regulation of growth control. In Drosophila, it is
known that increased or decreased Crumbs ex-
pression leads to cellular overgrowth (Sotillos
et al. 2004; Lu and Bilder 2005; Chen et al.
2010; Ling et al. 2010). Initial studies attributed
this to loss of polarity and possible defects in
localization of growth factors or their receptors
(Hariharan and Bilder 2006). However, more
recent studies have indicated that the aberrant
growth induced by loss of Crumbs is caused by
dysregulation of the Hippo pathway. The Hippo
pathway is known to be an important regulator
of cell growth (Elbediwy et al. 2016; Sun and
Irvine 2016). In Drosophila, the Hippo and
Warts kinases regulate the transcription coacti-
vator Yorkie. When Yorkie is in the nucleus, it
activates cell proliferation. Hippo and Warts
function to phosphorylate Yorkie and exclude
it from the nucleus. The Warts kinase is activat-
ed through phosphorylation by the Hippo ki-

nase and Hippo and Warts kinases are brought
together by several linker proteins that can be
controlled by upstream signaling. The Dro-
sophila Crumbs protein can control the activity
of the Hippo and Warts kinases through linker
proteins such as the FERM domain protein, Ex-
panded (Robinson et al. 2010; Sun and Irvine
2016). When Crumbs is at the apical mem-
brane, acting as a marker of a fully polarized
cell, it can bind Expanded, activate the Hippo
pathway, and block Yorkie nuclear action. The
role of Crumbs in cell growth has been best
studied in the Drosophila wing (Chen et al.
2010; Ling et al. 2010; Robinson et al. 2010).
In the Drosophila wing, loss of Crumbs does
not alter polarity because of redundancy with
other polarity proteins such as Par3. However,
loss of Crumbs leads to loss of Hippo signaling
and maintenance of Yorkie in the nucleus lead-
ing to hyperproliferation.

Mammalian cells have two Warts homologs,
Lats1 and Lats2, two Hippo homologs, Mst1 and
Mst2, and two Yorkie homologs, Yap and Taz.
The Expanded homologs have been more diffi-
cult to identify and this role may be served by
multiple proteins, including merlin/neurofibro-
matosis2 and the angiomotins (Sun and Irvine
2016). In mammalian cells, there are more lim-
ited studies showing the connection between
Crumbs genes and cellular overgrowth. A group
of studies from Varelas and coworkers, however,
have pointed to a connection with Crumbs3.
Their initial work showed that the Crumbs3
complex interacts with Yap and Taz (Varelas
et al. 2010). They found that Yorkie localizes to
the cytoplasm in confluent mouse mammary
epithelial cells. Knockdown of Crumbs3 in con-
fluent cells led to the movement of Yap to the
nucleus. This indicates that Crumbs3 may play
an important role in epithelial proliferation sim-
ilar to what is seen with Crumbs in Drosophila.
In more recent work, these investigators have
looked at the lung abnormalities in Crumbs3
knockout mice (Szymaniak et al. 2015). They
focused on the cells that lead to the development
of the mouse lung proximal airway. In these cells,
it was found that loss of Crumbs3 leads to ab-
normal activation of the Yap pathway. In addi-
tion, there were differentiation and polarity de-
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fects in the proximal airways. These defects may
have been responsible for the abnormal devel-
opment of the lungs and death of the Crumbs3
mice. It is important to note that the Crumbs3
knockout mice do not have a global problem
with growth control (Whiteman et al. 2014).
In general, the organs are not larger and these
defects in Hippo/Yap signaling are not seen
globally in the mouse. However, as in Dro-
sophila, it is likely that Crumbs3 has different
cellular functions depending on the cell type
and context.

Finding that loss of Crumbs3 leads to in-
creased Yap signaling in the nucleus could
have important implications for human cancer.
Enhanced Yap signaling has been found in many
cancers and correlates with a worse prognosis
(Zanconato et al. 2016). In cancer, Crumbs3 is
down-regulated in the process of epithelial to
mesenchymal transition. This transition is in-
duced by transcription factors such as Snail and
Zeb1 that have direct effects on the Crumbs3
promoter (Aigner et al. 2007; Whiteman et al.
2008). In a mouse model, down-regulation of
Crumbs3 leads to enhanced proliferation and
metastasis (Karp et al. 2008), and recent work
shows that down-regulation of Crumbs3 may
lead to a worse prognosis in human cancer
(Mao et al. 2015).

CONCLUDING REMARKS

In summary, we have a good understanding of
Crumbs3 targeting and binding partners. How-
ever, we are still trying to understand its role in
vivo in mammalian tissues. Findings to date
indicate that Crumbs3 controls several physio-
logic processes, including cell polarity, actin
dynamics, and cell growth. There is likely cross
talk between these Crumbs pathways. For ex-
ample, actin dynamics may regulate the Hippo
pathway (Elbediwy et al. 2016). In addition,
members of the Yurt family may antagonize
Crumbs polarity signaling while enhancing
Crumbs regulation of the actin cytoskeleton
(Loie et al. 2015). Crumbs does not appear to
have all these effects in all cells; rather, there are
subsets of cells that require Crumbs3 for these
various actions. In addition, redundancy with

other Crumbs genes and other polarity pro-
teins such as Par3 make the interpretation
more complex. Finally, the physiologic role of
Crumbs3 may only be revealed when animals
are stressed with environmental changes or
disease. Additional studies with tissue-specific
knockouts of Crumbs3 will be revealing in this
regard.

REFERENCES

Adachi M, Hamazaki Y, Kobayashi Y, Itoh M, Tsukita S,
Furuse M. 2009. Similar and distinct properties of
MUPP1 and Patj, two homologous PDZ domain-con-
taining tight-junction proteins. Mol Cell Biol 29: 2372–
2389.

Aigner K, Dampier B, Descovich L, Mikula M, Sultan A,
Schreiber M, Mikulits W, Brabletz T, Strand D, Obrist P,
et al. 2007. The transcription factor ZEB1 (dEF1) pro-
motes tumour cell dedifferentiation by repressing master
regulators of epithelial polarity. Oncogene 26: 6979–
6988.

Alves CH, Pellissier LP, Wijnholds J. 2014. The CRB1 and
adherens junction complex proteins in retinal develop-
ment and maintenance. Prog Retin Eye Res 40: 35–52.

Assemat E, Crost E, Ponserre M, Wijnholds J, Le Bivic A,
Massey-Harroche D. 2013. The multi-PDZ domain pro-
tein-1 (MUPP-1) expression regulates cellular levels of
the PALS-1/PATJ polarity complex. Exp Cell Res 319:
2514–2525.

Bachmann A, Schneider M, Theilenberg E, Grawe F, Knust
E. 2001. Drosophila Stardust is a partner of Crumbs in the
control of epithelial cell polarity. Nature 414: 638–643.

Campbell K, Knust E, Skaer H. 2009. Crumbs stabilises
epithelial polarity during tissue remodelling. J Cell Sci
122: 2604–2612.

Casaletto JB, Saotome I, Curto M, McClatchey AI. 2011.
Ezrin-mediated apical integrity is required for intestinal
homeostasis. Proc Natl Acad Sci 108: 11924–11929.

Charras GT, Hu CK, Coughlin M, Mitchison TJ. 2006. Re-
assembly of contractile actin cortex in cell blebs. J Cell Biol
175: 477–490.

Charrier LE, Loie E, Laprise P. 2015. Mouse Crumbs3 sus-
tains epithelial tissue morphogenesis in vivo. Sci Rep 5:
17699.

Chen CL, Gajewski KM, Hamaratoglu F, Bossuyt W,
Sansores-Garcia L, Tao C, Halder G. 2010. The apical–
basal cell polarity determinant Crumbs regulates Hippo
signaling in Drosophila. Proc Natl Acad Sci 107: 15810–
15815.

Doerks T, Bork P, Kamberov E, Makarova O, Muecke S,
Margolis B. 2000. L27, a novel heterodimerization do-
main in receptor targeting proteins Lin-2 and Lin-7.
Trends Biochem Sci 25: 317–318.

Ebarasi L, Ashraf S, Bierzynska A, Gee HY, McCarthy HJ,
Lovric S, Sadowski CE, Pabst W, Vega-Warner V, Fang H,
et al. 2015. Defects of CRB2 cause steroid-resistant ne-
phrotic syndrome. Am J Hum Genet 96: 153–161.

The Crumbs3 Polarity Protein

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a027961 7



Elbediwy A, Vincent-Mistiaen ZI, Thompson BJ. 2016. YAP
and TAZ in epithelial stem cells: A sensor for cell polarity,
mechanical forces and tissue damage. BioEssays 38: 644–
653.

Fan S, Hurd TW, Liu CJ, Straight SW, Weimbs T, Hurd EA,
Domino SE, Margolis B. 2004. Polarity proteins control
ciliogenesis via kinesin motor interactions. Curr Biol 14:
1451–1461.

Fan S, Fogg V, Wang Q, Chen XW, Liu CJ, Margolis B. 2007.
A novel Crumbs3 isoform regulates cell division and cil-
iogenesis via importin b interactions. J Cell Biol 178:
387–398.

Fehon RG, McClatchey AI, Bretscher A. 2010. Organizing
the cell cortex: The role of ERM proteins. Nat Rev Mol
Cell Biol 11: 276–287.

Flores-Benitez D, Knust E. 2015. Crumbs is an essential
regulator of cytoskeletal dynamics and cell–cell adhesion
during dorsal closure in Drosophila. eLife 4: e07398.

Fogg VC, Liu CJ, Margolis B. 2005. Multiple regions of
Crumbs3 are required for tight junction formation in
MCF10A cells. J Cell Sci 118: 2859–2869.

Funke L, Dakoji S, Bredt DS. 2005. Membrane-associated
guanylate kinases regulate adhesion and plasticity at cell
junctions. Annu Rev Biochem 74: 219–245.

Gao Y, Lui WY, Lee WM, Cheng CY. 2016. Polarity protein
Crumbs homolog-3 (CRB3) regulates ectoplasmic spe-
cialization dynamics through its action on F-actin orga-
nization in Sertoli cells. Sci Rep 6: 28589.

Gosens I, Sessa A, den Hollander AI, Letteboer SJ, Belloni V,
Arends ML, Le Bivic A, Cremers FP, Broccoli V, Roepman
R. 2007. FERM protein EPB41L5 is a novel member of the
mammalian CRB–MPP5 polarity complex. Exp Cell Res
313: 3959–3970.

Grzeschik N, Parsons L, Allott M, Harvey K, Richardson H.
2010. Lgl, aPKC, and Crumbs regulate the Salvador/
Warts/Hippo pathway through two distinct mecha-
nisms. Curr Biol 20: 573–581.

Hariharan IK, Bilder D. 2006. Regulation of imaginal disc
growth by tumor-suppressor genes in Drosophila. Annu
Rev Genet 40: 335–361.

Hong Y, Stronach B, Perrimon N, Jan LY, Jan YN. 2001.
Drosophila Stardust interacts with Crumbs to control po-
larity of epithelia but not neuroblasts. Nature 414: 634–
638.

Hurd TW, Gao L, Roh MH, Macara IG, Margolis B. 2003.
Direct interaction of two polarity complexes implicated
in epithelial tight junction assembly. Nat Cell Biol 5: 137–
142.

Kamberov E, Makarova O, Roh M, Liu A, Karnak D, Straight
S, Margolis B. 2000. Molecular cloning and characteriza-
tion of Pals, proteins associated with mLin-7. J Biol Chem
275: 11425–11431.

Karp CM, Tan TT, Mathew R, Nelson D, Mukherjee C, De-
genhardt K, Karantza-Wadsworth V, White E. 2008. Role
of the polarity determinant crumbs in suppressing
mammalian epithelial tumor progression. Cancer Res
68: 4105–4115.

Klose S, Flores-Benitez D, Riedel F, Knust E. 2013. Fosmid-
based structure–function analysis reveals functionally
distinct domains in the cytoplasmic domain of Dro-
sophila crumbs. G3 (Bethesda) 3: 153–165.

Laprise P, Beronja S, Silva-Gagliardi NF, Pellikka M, Jensen
AM, McGlade CJ, Tepass U. 2006. The FERM protein
Yurt is a negative regulatory component of the Crumbs
complex that controls epithelial polarity and apical mem-
brane size. Dev Cell 11: 363–374.

Laprise P, Lau KM, Harris KP, Silva-Gagliardi NF, Paul SM,
Beronja S, Beitel GJ, McGlade CJ, Tepass U. 2009. Yurt,
Coracle, Neurexin IV and the Naþ,Kþ-ATPase form a
novel group of epithelial polarity proteins. Nature 459:
1141–1145.

Lemmers C, Michel D, Lane-Guermonprez L, Delgrossi
MH, Medina E, Arsanto JP, Le Bivic A. 2004. CRB3 binds
directly to Par6 and regulates the morphogenesis of the
tight junctions in mammalian epithelial cells. Mol Biol
Cell 15: 1324–1333.

Letizia A, Sotillos S, Campuzano S, Llimargas M. 2011.
Regulated Crb accumulation controls apical constriction
and invagination in Drosophila tracheal cells. J Cell Sci
124: 240–251.

Li Y, Wei Z, Yan Y, Wan Q, Du Q, Zhang M. 2014. Structure
of Crumbs tail in complex with the PALS1 PDZ–SH3–
GK tandem reveals a highly specific assembly mechanism
for the apical Crumbs complex. Proc Natl Acad Sci 111:
17444–17449.

Ling C, Zheng Y, Yin F, Yu J, Huang J, Hong Y, Wu S, Pan D.
2010. The apical transmembrane protein Crumbs func-
tions as a tumor suppressor that regulates Hippo signal-
ing by binding to Expanded. Proc Natl Acad Sci 107:
10532–10537.

Loie E, Charrier LE, Sollier K, Masson JY, Laprise P. 2015.
CRB3A controls the morphology and cohesion of cancer
cells through Ehm2/p114RhoGEF-dependent signaling.
Mol Cell Biol 35: 3423–3435.

Lu H, Bilder D. 2005. Endocytic control of epithelial polarity
and proliferation in Drosophila. Nat Cell Biol 7: 1232–
1239.

Makarova O, Roh MH, Liu CJ, Laurinec S, Margolis B. 2003.
Mammalian Crumbs3 is a small transmembrane protein
linked to protein associated with Lin-7 (Pals1). Gene 302:
21–29.

Mao X, Li P, Ren Y, Li J, Zhou C, Yang J, Liu P. 2015. Cell
polarity protein CRB3 is an independent favorable prog-
nostic factor for clear cell renal cell carcinoma. Int J Oncol
46: 657–666.

Medina E, Williams J, Klipfell E, Zarnescu D, Thomas G,
Le Bivic A. 2002. Crumbs interacts with moesin and b

(Heavy)-spectrin in the apical membrane skeleton of
Drosophila. J Cell Biol 158: 941–951.

Nelson WJ. 2009. Remodeling epithelial cell organization:
Transitions between front–rear and apical–basal polari-
ty. Cold Spring Harb Perspect Biol 1: a000513.

Nelson WJ, Dickinson DJ, Weis WI. 2013. Roles of cadherins
and catenins in cell–cell adhesion and epithelial cell po-
larity. Prog Mol Biol Trans Sci 116: 3–23.

Pieczynski J, Margolis B. 2011. Protein complexes that con-
trol renal epithelial polarity. Am J Physiol Renal Physiol
300: F589–F601.

Ponuwei GA. 2016. A glimpse of the ERM proteins. J Biomed
Sci 23: 35.

Robinson BS, Huang J, Hong Y, Moberg KH. 2010. Crumbs
regulates Salvador/Warts/Hippo signaling in Drosophila

B. Margolis

8 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a027961



via the FERM-domain protein Expanded. Curr Biol 20:
582–590.

Roh MH, Makarova O, Liu CJ, Shin K, Lee S, Laurinec S,
Goyal M, Wiggins R, Margolis B. 2002. The Maguk pro-
tein, Pals1, functions as an adapter, linking mammalian
homologues of Crumbs and Discs Lost. J Cell Biol 157:
161–172.

Roh MH, Fan S, Liu CJ, Margolis B. 2003. The Crumbs3–
Pals1 complex participates in the establishment of polar-
ity in mammalian epithelial cells. J Cell Sci 116: 2895–
2906.

Saotome I, Curto M, McClatchey AI. 2004. Ezrin is essential
for epithelial organization and villus morphogenesis in
the developing intestine. Dev Cell 6: 855–864.

Schluter MA, Pfarr CS, Pieczynski J, Whiteman EL, Hurd
TW, Fan S, Liu CJ, Margolis B. 2009. Trafficking of
Crumbs3 during cytokinesis is crucial for lumen forma-
tion. Mol Biol Cell 20: 4652–4663.

Shin K, Fogg VC, Margolis B. 2006. Tight junctions and cell
polarity. Annu Rev Cell Dev Biol 22: 207–235.

Slavotinek A, Kaylor J, Pierce H, Cahr M, DeWard SJ,
Schneidman-Duhovny D, Alsadah A, Salem F, Schmajuk
G, Mehta L. 2015. CRB2 mutations produce a phenotype
resembling congenital nephrosis, Finnish type, with ce-
rebral ventriculomegaly and raised a-fetoprotein. Am J
Hum Genet 96: 162–169.

Sotillos S, Diaz-Meco MT, Caminero E, Moscat J, Campu-
zano S. 2004. DaPKC-dependent phosphorylation of
Crumbs is required for epithelial cell polarity in Dro-
sophila. J Cell Biol 166: 549–557.

Sun S, Irvine KD. 2016. Cellular organization and cytoskel-
etal regulation of the Hippo signaling network. Trends
Cell Biol 26: 694–704.

Szymaniak AD, Mahoney JE, Cardoso WV, Varelas X. 2015.
Crumbs3-mediated polarity directs airway epithelial cell
fate through the hippo pathway effector Yap. Dev Cell 34:
283–296.

Tepass U. 2012. The apical polarity protein network in Dro-
sophila epithelial cells: Regulation of polarity, junctions,
morphogenesis, cell growth, and survival. Annu Rev Cell
Dev Biol 28: 655–685.

Tepass U, Theres C, Knust E. 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.

Tilston-Lunel AM, Haley KE, Schlecht NF, Wang Y, Chatter-
ton AL, Moleirinho S, Watson A, Hundal HS, Prystowsky
MB, Gunn-Moore FJ, et al. 2016. Crumbs 3b promotes

tight junctions in an ezrin-dependent manner in mam-
malian cells. J Mol Cell Biol 8: 439–455.

Torkko JM, Manninen A, Schuck S, Simons K. 2008. Deple-
tion of apical transport proteins perturbs epithelial cyst
formation and ciliogenesis. J Cell Sci 121: 1193–1203.

van den Hurk JA, Rashbass P, Roepman R, Davis J, Voesenek
KE, Arends ML, Zonneveld MN, van Roekel MH, Cam-
eron K, Rohrschneider K, et al. 2005. Characterization of
the Crumbs homolog 2 (CRB2) gene and analysis of its role
in retinitis pigmentosa and Leber congenital amaurosis.
Mol Vis 11: 263–273.

van de Pavert SA, Kantardzhieva A, Malysheva A, Meuleman
J, Versteeg I, Levelt C, Klooster J, Geiger S, Seeliger MW,
Rashbass P, et al. 2004. Crumbs homologue 1 is required
for maintenance of photoreceptor cell polarization and
adhesion during light exposure. J Cell Sci 117: 4169–
4177.

Varelas X, Samavarchi-Tehrani P, Narimatsu M, Weiss A,
Cockburn K, Larsen BG, Rossant J, Wrana JL. 2010.
The Crumbs complex couples cell density sensing to Hip-
po-dependent control of the TGF-b–SMAD pathway.
Dev Cell 19: 831–844.

Walton KD, Freddo AM, Wang S, Gumucio DL. 2016. Gen-
eration of intestinal surface: An absorbing tale. Develop-
ment 143: 2261–2272.

Wei Z, Li Y, Ye F, Zhang M. 2015. Structural basis for the
phosphorylation-regulated interaction between the cyto-
plasmic tail of cell polarity protein crumbs and the actin-
binding protein moesin. J Biol Chem 290: 11384–11392.

Whiteman EL, Liu CJ, Fearon ER, Margolis B. 2008. The
transcription factor snail represses Crumbs3 expression
and disrupts apico-basal polarity complexes. Oncogene
27: 3875–3879.

Whiteman EL, Fan S, Harder JL, Walton KD, Liu CJ, Soofi A,
Fogg VC, Hershenson MB, Dressler GR, Deutsch GH, et
al. 2014. Crumbs3 is essential for proper epithelial devel-
opment and viability. Mol Cell Biol 34: 43–56.

Whitney DS, Peterson FC, Kittell AW, Egner JM, Prehoda
KE, Volkman BF. 2016. Binding of Crumbs to the Par-6
CRIB-PDZ module is regulated by Cdc42. Biochemistry
55: 1455–1461.

Xiao Z, Patrakka J, Nukui M, Chi L, Niu D, Betsholtz C,
Pikkarainen T, Vainio S, Tryggvason K. 2011. Deficiency
in Crumbs homolog 2 (Crb2) affects gastrulation and
results in embryonic lethality in mice. Dev Dyn 240:
2646–2656.

Zanconato F, Cordenonsi M, Piccolo S. 2016. YAP/TAZ at
the roots of cancer. Cancer Cell 29: 783–803.

The Crumbs3 Polarity Protein

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a027961 9



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


