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PARtitioning Numb

Polarity, which is defined as a structural and/or functional asymme-
try, is a fundamental property of eukaryotic cells. Some types of cell
are intrinsically polarized in situ, for example, epithelial cells and
neurons, whereas others become polarized transiently in response
to external cues, for example, migrating cells, lymphocytes and
phagocytes. During metazoan development, cell polarity is neces-
sary for the establishment of the body axis, morphogenetic move-
ments and cell-fate determination in a range of contexts. Cell fate is
often specified by asymmetric cell division, in which fate determi-
nants become differentially distributed between daughter cells
(reviewed by Suzuki & Ohno, 2006; Betschinger & Knoblich, 2004).

During the past decade, it has become apparent that polarity is
largely regulated by a conserved set of proteins referred to as the
partition-defective (PAR) proteins (Macara, 2004). In
Caenorhabditis elegans zygotes and Drosophila oocytes, a com-
plex consisting of Par3, Par6 and atypical protein kinase C (aPKC)
localizes selectively to the anterior pole of the egg cortex (Etemad-
Moghadam et al, 1995; Benton & St Johnston, 2003), whereas in
both invertebrate and vertebrate epithelia this complex concen-
trates at apical junctional complexes and/or the apical plasma
membrane (Wodarz et al, 2000; Izumi et al, 1998). A second
kinase, Par1, localizes to the posterior pole of C. elegans zygotes
(Guo & Kemphues, 1995) and Drosophila oocytes (Benton & 
St Johnston, 2003), and to the basolateral membranes of epithelia
(Bohm et al, 1997). Maintenance of these non-overlapping distrib-
utions is thought to be the result of mutually antagonistic phospho-
regulation: encroachment of the Par3–Par6–aPKC complex into the
posterior pole of the egg is limited by the Par1-mediated phospho-
rylation of Par3, which disrupts its interaction with aPKC (Benton &
St Johnston, 2003). Conversely, phosphorylation of Par1 by aPKC
inhibits both its kinase activity and its ability to localize to the
anterior pole of the cell (Suzuki et al, 2004; Hurov et al, 2004).
These mutually antagonistic phosphorylation events therefore func-
tion to maintain cellular asymmetry in the presence of continuing
cytoplasmic diffusion.

The polarized distribution of aPKC is also crucial for asymmetric
cell division. In several model systems—including neuroblasts 
and sensory organ precursor (SOP) cells in Drosophila, and mam-
malian epidermal basal cells—a polarized distribution of the
Par3–Par6–aPKC complex is necessary for the proper segregation of
fate determinants between daughter cells (Betschinger & Knoblich,
2004; Lechler & Fuchs, 2005).

One such cell-fate determinant, Numb, was originally identified
as a regulator of Drosophila SOP differentiation (Uemura et al,
1989); however, it has subsequently been found to function in a
range of other binary cell-fate decisions in both neuronal and non-
neuronal tissues (Betschinger & Knoblich, 2004; Roegiers & Jan,

2004). In Drosophila, Numb localizes opposite the Par3–Par6–aPKC
complex in both mitotic SOP cells undergoing the pI division (Rhyu
et al, 1994) and neuroblasts (Knoblich et al, 1995), and becomes
segregated into one of the two daughter cells. The adoption of dis-
tinct cell fates by the daughter cell that contains Numb is thought to
result largely from the ability of Numb to functionally antagonize the
Notch signalling pathway through a direct interaction with the cyto-
plasmic domain of Notch (Betschinger & Knoblich, 2004). In mam-
mals, Numb is widely expressed and is essential for normal develop-
ment. Mice lacking Numb exhibit profound defects in angiogenic
remodelling and neural-tube closure, and lack several neuronal cell
lineages (Zhong et al, 2000; Zilian et al, 2001). An asymmetric distri-
bution of Numb has been reported in mitotic neural progenitors in
the mouse forebrain (Zhong et al, 1996), retinal precursors
(Cayouette et al, 2001), isolated cortical progenitors (Shen et al,
2002) and muscle satellite cells (Conboy & Rando, 2002). In mam-
malian epithelial cells, endogenous Numb is localized primarily to
the basolateral cortex (Dho et al, 2006), indicating that Numb also
maintains a polarized distribution in non-mitotic cells.

Although it is clear that the polarized distribution of Numb is
essential for its function, the mechanisms by which this pattern is
achieved are poorly understood. In the 24 January issue of The
EMBO Journal, Jane McGlade and colleagues reported that Numb is
a substrate for aPKC, and that this phosphorylation is necessary to
maintain its asymmetric localization in both mammalian epithelial
cells and mitotic Drosophila SOP cells (Smith et al, 2007).

The McGlade laboratory has previously shown that Numb can
be displaced from cortical binding sites in non-polarized cells 
by treatment with phorbol esters or by the activation of certain 
G-protein-coupled receptors that signal through PKC (Dho et al,
2006). In their more recent study, the authors show that Numb is
phosphorylated directly by PKC in vitro and in vivo, and they use
mass spectroscopy to identify two evolutionarily conserved PKC
sites—Ser 7 and Ser 295—that seem to be preferentially phospho-
rylated by aPKC isoforms. A mutant construct lacking both of the
phosphorylation sites (Numb2A) localized normally to the cortex
of non-polarized (HeLa) cells; however, in contrast to the wild-
type protein, the mutant was not displaced by either phorbol ester
treatment or expression of a constitutively active mutant 
of aPKCζ. These observations indicate that phosphorylation of
Numb by aPKC is sufficient to destabilize its interaction with 
cortical binding partners. 

In mammalian epithelial cells, the Par3–Par6–aPKC complex
localizes predominantly to apically-located tight junctions, where
it is necessary for the establishment of epithelial polarity (Suzuki &
Ohno, 2006; Macara 2004). As noted above, the McGlade labora-
tory has previously shown that endogenous Numb localizes pri-
marily to the basolateral cortex of polarized Madin–Darby canine
kidney (MDCK) cells (Dho et al, 2006), thereby raising the possibili-
ty that aPKC might negatively regulate the association of Numb
with apical membranes. Now the authors show directly that the dis-
tributions of aPKC and Numb in MDCK cells do not significantly
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overlap and are, in fact, complementary. Furthermore, in contrast to
the wild-type protein, the phosphorylation-deficient Numb2A
mutant fails to segregate to the basolateral pole in MDCK mono-
layers, and instead is uniformly distributed on both apical and baso-
lateral membranes. In addition, the depletion of endogenous
aPKCλ—but not PKCα—by RNA interference also resulted in the
association of endogenous Numb with the apical membrane, indi-
cating that the PKC-mediated phosphorylation of Numb at these
regulatory sites is indeed isoform-specific. Together, these findings
clearly show that phosphorylation of Numb by aPKCλ is necessary
for its exclusion from the apical pole of MDCK cells.

As mentioned above, both Ser 7 and Ser 295 are evolutionarily
conserved. To confirm that aPKC-mediated phosphorylation is a
conserved mechanism for regulating Numb localization, the authors
next examined the behaviour of a panel of phosphorylation-site
mutants in Drosophila SOP cells. Mass-spectroscopy analysis of
dNumb indicated that Ser 52 and possibly Ser 304, which corre-
spond to Ser 7 and Ser 295, respectively, in mouse Numb, were
indeed phosphorylated by aPKC in vitro, as were several other con-
served serine residues. In dividing SOP (pI) cells, Numb typically
concentrates at the anterior cell cortex, opposite aPKC (Fig 1). Wild-
type dNumb, which was ectopically expressed in pI cells by using a
tissue-specific promoter, localized similarly to the endogenous pro-
tein. As in mammalian cells, mutation of a single serine, Ser52Ala,
was insufficient to randomize the distribution of the mutant protein.
However, a mutant lacking all five conserved PKC sites (Numb5A)
failed to concentrate at the anterior cell border and clearly extended
to the posterior cortex. Interestingly, a mutant in which Ser 52 was
retained but the other four PKC sites were mutated (Numb4A) local-
ized normally, implying that phosphorylation of Ser 52 is necessary,
but not sufficient, for displacement of Numb from the posterior pole
of the cell. Together, these observations indicate that phosphoryla-
tion of Numb by aPKC is an evolutionarily conserved mechanism for

achieving its asymmetric distribution in polarized cells. It should 
be noted that localization of Numb is at least in part dependent on
its interaction with Lethal giant larvae (Lgl) through the adaptor 
protein Partner of numb (Pon). Importantly, association of Lgl with
the cell cortex is also inhibited by aPKC-mediated phosphorylation
(Betschinger et al, 2003). However, because non-phosphorylatable
Numb mutants can associate with the cortex even in the presence of
endogenous aPKC, alternative Lgl-independent modes of interaction
must exist.

In addition to Ser 7 and Ser 295, McGlade and colleagues iden-
tified seven other phosphorylation sites on mouse Numb, implying
that other aspects of Numb function are also regulated by
phosphorylation events. Numb is a member of a family of cytoplas-
mic adaptor proteins, referred to as clathrin-associated sorting pro-
teins (CLASPS), which link transmembrane cargo proteins, such as
Notch, to the clathrin endocytic machinery (Traub, 2005). Numb
interacts directly with α-adaptin, which is a component of the
adaptor protein 2 (AP-2)  clathrin adaptor complex (Santolini et al,
2000); this interaction is necessary for the ability of Numb to antag-
onize Notch signalling (Berdnik et al, 2002), presumably by medi-
ating its endocytosis. The Drosophila Numb-associated kinase
(NAK) is closely related to the mammalian adaptin-associated
kinase (AAK), which regulates the association of cargo with the 
AP-2 complex (Conner & Schmid, 2002). It will be interesting to
determine whether mammalian Numb is phosphorylated by AAK,
and whether this affects its interaction with the endocytic machin-
ery. Numb has also been localized to endosomal compartments in
non-polarized cells, where it might function in post-endocytic recy-
cling (Smith et al, 2004). As polarized recycling of membrane con-
stituents is an important mechanism for maintaining cell polarity, it
will also be fascinating to determine whether Numb selectively
associates with basolaterally-directed recycling pathways, and
whether phosphorylation regulates this function as well.
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Fig 1 | A conserved mechanism for the maintenance of Numb asymmetry in

polarized cells. In epithelial cells, atypical protein kinase C (aPKC) is concentrated

in apical junctional complexes and/or the apical cell cortex at steady state, whereas

Numb is restricted to basolateral membranes. Encroachment of Numb into the

apical pole of the cell results in its phosphorylation by aPKC, preventing its

association with apical membranes. In mitotic Drosophila sensory organ

precursor cells (pI), aPKC is concentrated in the posterior cortex.

Phosphorylation-dependent displacement of Numb from the posterior pole

causes Numb to concentrate anteriorly. Upon cell division, Numb is concentrated

in the anterior daughter cell (pIIb), which adopts a developmental fate different

than that of the posterior daughter (pIIa).



reviews

©2007 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION EMBO reports VOL 8 | NO 3 | 2007

l i terature repor t

235

Etemad-Moghadam B, Guo S, Kemphues KJ (1995) Asymmetrically distributed
PAR-3 protein contributes to cell polarity and spindle alignment in early
C. elegans embryos. Cell 83: 743–752

Guo S, Kemphues KJ (1995) par-1, a gene required for establishing polarity in
C. elegans embryos, encodes a putative Ser/Thr kinase that is
asymmetrically distributed. Cell 81: 611–620

Hurov JB, Watkins JL, Piwnica-Worms H (2004) Atypical PKC phosphorylates
PAR-1 kinases to regulate localization and activity. Curr Biol 14: 736–741

Izumi Y, Hirose T, Tamai Y, Hirai S, Nagashima Y, Fujimoto T, Tabuse Y,
Kemphues KJ, Ohno S (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

Knoblich JA, Jan LY, Jan YN (1995) Asymmetric segregation of Numb and
Prospero during cell division. Nature 377: 624–627

Lechler T, Fuchs E (2005) Asymmetric cell divisions promote stratification and
differentiation of mammalian skin. Nature 437: 275–280

Macara IG (2004) Par proteins: partners in polarization. Curr Biol 14:
R160–R162

Rhyu MS, Jan LY, Jan YN (1994) Asymmetric distribution of numb protein
during division of the sensory organ precursor cell confers distinct fates to
daughter cells. Cell 76: 477–491

Roegiers F, Jan YN (2004) Asymmetric cell division. Curr Opin Cell Biol 16:
195–205

Santolini E, Puri C, Salcini AE, Gagliani MC, Pelicci PG, Tacchetti C, Di Fiore PP
(2000) Numb is an endocytic protein. J Cell Biol 151: 1345–1352

Shen Q, Zhong W, Jan YN, Temple S (2002) Asymmetric Numb distribution is
critical for asymmetric cell division of mouse cerebral cortical stem cells
and neuroblasts. Development 129: 4843–4853

Smith CA, Dho SE, Donaldson J, Tepass U, McGlade CJ (2004) The cell fate
determinant numb interacts with EHD/Rme-1 family proteins and has a
role in endocytic recycling. Mol Biol Cell 15: 3698–3708

Smith CA et al (2007) aPKC-mediated phosphorylation regulates asymmetric
membrane localization of the cell fate determinant Numb. EMBO J 26:
468–480

Suzuki A, Ohno S (2006) The PAR-aPKC system: lessons in polarity. J Cell Sci
119: 979–987

Suzuki A et al (2004) aPKC acts upstream of PAR-1b in both the establishment
and maintenance of mammalian epithelial polarity. Curr Biol 14:
1425–1435

Traub LM (2005) Common principles in clathrin-mediated sorting at the Golgi
and the plasma membrane. Biochim Biophys Acta 1744: 415–437

Uemura T, Shepherd S, Ackerman L, Jan LY, Jan YN (1989) numb, a gene
required in determination of cell fate during sensory organ formation in
Drosophila embryos. Cell 58: 349–360

Wodarz A, Ramrath A, Grimm A, Knust E (2000) Drosophila atypical protein
kinase C associates with Bazooka and controls polarity of epithelia and
neuroblasts. J Cell Biol 150: 1361–1374

Zhong W, Feder JN, Jiang MM, Jan LY, Jan YN (1996) Asymmetric localization
of a mammalian numb homolog during mouse cortical neurogenesis.
Neuron 17: 43–53

Zhong W, Jiang MM, Schonemann MD, Meneses JJ, Pedersen RA, Jan LY, Jan YN
(2000) Mouse numb is an essential gene involved in cortical
neurogenesis. Proc Natl Acad Sci USA 97: 6844–6849

Zilian O, Saner C, Hagedorn L, Lee HY, Sauberli E, Suter U, Sommer L, Aguet M
(2001) Multiple roles of mouse Numb in tuning developmental cell fates.
Curr Biol 11: 494–501

James E. Casanova is at the
Department of Cell Biology,
University of Virginia Health
System, Charlottesville,
Virginia 22908-0732, USA
Tel: +1 434 243 4821; 
Fax: +1 434 982 3912;
E-mail: jec9e@virginia.edu

Keywords: asymmetric cell division; Numb; phosphorylation; 
protein kinase C
Submitted 23 January 2007; accepted 30 January 2007

EMBO reports (2007) 8, 233–235. doi:10.1038/sj.embor.7400928



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts false
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


