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SUMMARY

The Drosophila Discs large (Dlg) scaffolding protein
acts as a tumor suppressor regulating basolateral
epithelial polarity and proliferation. In mammals,
four Dlg homologs have been identified; however,
their functions in cell polarity remain poorly under-
stood. Here, we demonstrate that the X-linked
mental retardation gene product Dlg3 contributes
to apical-basal polarity and epithelial junction forma-
tion in mouse organizer tissues, as well as to planar
cell polarity in the inner ear. We purified complexes
associated with Dlg3 in polarized epithelial cells,
including proteins regulating directed trafficking
and tight junction formation. Remarkably, of the
four Dlg family members, Dlg3 exerts a distinct func-
tion by recruiting the ubiquitin ligases Nedd4 and
Nedd4-2 through its PPxY motifs. We found that
these interactions are required for Dlg3 monoubiqui-
tination, apical membrane recruitment, and tight
junction consolidation. Our findings reveal an unex-
pected evolutionary diversification of the vertebrate
Dlg family in basolateral epithelium formation.

INTRODUCTION

During embryogenesis, acquisition of cell polarity is essential for

epithelium formation, asymmetric cell division, or directed cell

migration. Loss of cell polarity is one of the hallmarks of cancer

progression. Genetic studies conducted in Drosophila led to

the identification of three cytoplasmic scaffolding proteins

required for both the control of cell polarity and proliferation:

Discs large (Dlg), Lethal giant larvae (Lgl), and Scribbled (Scrib).

In larvae that have a single mutation in one of these neoplastic
Developmen
tumor suppressor genes, epithelial cells from the imaginal discs

and the brain lobes overgrow, whereas loss of cell polarity leads

tometastatic tumor formation (Bilder et al., 2000). Dlg, Scrib, and

Lgl are essential to establish basolateral polarity and function at

the septate junction (SJ; Woods et al., 1996). In contrast, apical

polarity is established by the Crumbs complex (Roh et al., 2003;

Tepass et al., 1990) in conjunction with the PAR-aPKC (partition-

ing defective-atypical protein kinase C) complex (Ohno, 2001),

which both counteract the activity of the Dlg-Lgl-Scrib complex.

In vertebrate epithelial cells the apical junctional complex

(AJC) is formed by the apical tight junction (TJ) and the more

basally localized adherens junction (AJ; Shin et al., 2006; Tepass,

2003). The TJ functions as a fence separating the apical from

the basolateral membrane domain and also constitutes a barrier

against fluid diffusion. The AJ Cadherin-Catenin complex en-

sures cell-cell adhesion (Aberle et al., 1996). Both apical polarity

complexes, Crumbs and PAR-aPKC, play crucial roles in the

formation of the AJC and the maintenance of tissue architecture

(Lemmers et al., 2004; Suzuki et al., 2001). The Crumbs complex

is located apically (Tanentzapf and Tepass, 2003), whereas the

PAR-aPKC complex is localized close to the AJC (Izumi et al.,

1998). The Dlg complex is localized on the basolateral

membrane below the AJC (Naim et al., 2005). Given that the

DrosophilaDlg localizes to the SJ (Woods et al., 1996), onemight

expect the vertebrate Dlgs to localize and function at the func-

tional analog TJ. This apparent discrepancy illustrates the fact

that the membrane recruitment and molecular functions of the

vertebrate Dlg complexes in apical-basal (AB) polarity and AJC

formation are far from being understood.

In mammals, four Dlgs have been identified. These belong to

the MAGUK (membrane associated guanylate kinase) family

of adaptor proteins and contain three different types of pro-

tein-protein interaction (PPI) domains: three postsynaptic den-

sity-95/DLG/zonula occludens-1 (PDZ) domain, one Src homol-

ogy domain-3 (SH3), and one guanylate kinase-like (GUK)

domain. The Dlgs act, via these PPI domains, as scaffolds to

organize membrane regions and regulate ion channels, signaling
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molecules or other adaptor proteins (Sans et al., 2003). Several

knockout (KO) studies in mice highlighted a major role for the

Dlg homologs in central nervous system activity (Cuthbert

et al., 2007; Migaud et al., 1998), and accordingly, loss-of-func-

tion mutations in human DLG3 causes nonsyndromic X-linked

mental retardation (Tarpey et al., 2004). Several studies demon-

strated an important role for Dlg1 during embryonic and organ

development (Caruana and Bernstein, 2001; Mahoney et al.,

2006). Nevertheless, it remains unclear whether all mammalian

Dlgs function in establishing basolateral epithelial polarity or

whether they have functionally diverged during evolution.

The Nedd4 (neural precursor cell-expressed developmentally

downregulated 4) family of ubiquitin ligases (E3) consists of nine

members inmammals. The ancestral ligasesNedd4andNedd4-2

aremost closely related to each other and consist of a N-terminal

calcium/lipid and/or protein-binding C2 domain, three to four

WW (Tryptophan Tryptophan; Bork and Sudol, 1994) PPI

domains, and a C-terminal HECT (Homologous to E6-AP C

Terminus of the human papilloma virus) ubiquitin-ligase domain

(Huibregtse et al., 1995). Both Nedd4 and Nedd4-2 have iden-

tical specificity for ubiquitin-conjugating enzymes (Fotia et al.,

2006) and bind PPxY (PY) motifs in their key substrates via their

WW domains (Kanelis et al., 2001, 2006; Staub et al., 1996). In

mammals many potential substrates and/or binding partners of

the Nedd4 family have been described, including neurotrans-

mitter channels, growth factor receptors, and signaling proteins.

Adaptor proteins contribute to the specificity, diversity, and

overall function of both Nedd4 and Nedd4-2; thus, identification

and biochemical characterization of interactors greatly facilitate

our understanding of these E3 ligases.

Here, we describe that Dlg3 contributes to the establishment

of AB and planar cell polarity (PCP) in the mouse embryo. We

further identify Nedd4 and Nedd4-2 as Dlg3 interactors and

establish that this interaction results in Dlg3 monoubiquitination

and apical membrane recruitment. Importantly, we demonstrate

that the Dlg3-Nedd4(-2) PPI promotes TJ formation and has

contributed to paralog diversification among Dlgs.

RESULTS

Homozygous Dlg3 Mutations Cause Midgestational
Embryonic Lethality
We recently identified Dlg3 in a screen for X-linked genes

required for mouse embryonic development (Cox et al., 2010).

A hemizygous male (XY) mouse embryonic stem cell (mESC)

line with a gene-trap (GT) insertion in intron 10 of Dlg3

(GtP038A02) was used to generate completely mESC-derived

embryos via the tetraploid complementation method (Nagy

et al., 1993). At embryonic day (E) 9.0, Dlg3GtP038A02/Y embryos

displayed an array of phenotypic severity that ranged from

morphologically normal (data not shown) to a failure of embry-

onic turning (n = 5 out of 18, Figure 1C), which was associated

in rare cases with lack of anterior neural induction (n = 1 out of

18; Figure 1D).

To confirm our findings, we intercrossed hemizygous male

and heterozygous female mice carrying a null Dlg3tm1Grnt allele

on the inbred C57BL/6 background (Cuthbert et al., 2007). The

examination of Dlg3 mutant embryos at various stages of

development revealed no discernible defects prior to E8.0 (see
480 Developmental Cell 21, 479–491, September 13, 2011 ª2011 Els
Figure S1A available online). From E8.5 onward, Dlg3 mutants

are statistically underrepresented, and recovered mutants dis-

played incompletely penetrant defects in embryonic turning,

failure of chorioallantoic fusion, posterior truncations (n = 16

out of 38), and lack of anterior neural induction (n = 6 out of 38;

Figures 1A and 1B). Dlg3tm1Grnt null embryos also show occa-

sionally an open brain phenotype (n = 8 out of 38; Figures S1B

and S1C). Taken together, both theDlg3GtP038A02 andDlg3tm1Grnt

mutant alleles cause embryonic lethality with low penetrance.

Dlg3 Contributes to AB Polarity in the Mesendodermal
Lineage and PCP in the Inner Ear
In a mESC <-> tetraploid embryo chimera wild-type (WT) tetra-

ploid cells contribute only to extraembryonic tissues, such as

yolk sac and placenta, and to the gut tube of the early embryo

(Figure 1E; Kwon et al., 2008; Tam and Rossant, 2003). Surpris-

ingly, when tetraploid complementation experiments were per-

formed using the Dlg3GtP038A02/Y mutant mESC line (n = 29

chimeras generated in three independent experiments), WT

tetraploid cells contributed more extensively to the epithelial

lineages of the endoderm, including the fore- (n = 17), mid-

(n = 22), and hindgut (n = 28; Figures 1F and 1H–1K), when

compared to control experiments (Figures 1E and S1F). In a

subset of chimeras, WT tetraploid cells were also found in axial

mesendoderm tissues, namely the prechordal plate, notochord,

and ventral node (n = 11; Figures 1F, 1G, 1K, and S1F). This

contribution is specific because it was never observed in

chimeras produced with 68 other X-linked GT mutant mESC

lines (Cox et al., 2010) and rescues the Dlg3 mutant phenotype.

Our chimera analysis suggests that Dlg3 acts cell autonomously

in the axial mesendoderm and definitive endoderm lineages:

organizer tissues required for neural induction, neural tube

patterning and closure, as well as embryonic turning.

Lack of Dlg3 may result in defects in definitive endoderm and

axial mesendoderm specification and/or morphogenesis. To

discriminate between these possibilities, we examined differen-

tiation of these tissues using the Forkhead transcription factor

Foxa2 (Ang and Rossant, 1994) as a marker. Embryos were

also stained with an antibody directed against the apical cilia

marker, Arl13b (Caspary et al., 2007), to distinguish the axial

mesendoderm (notochord) from the definitive endoderm. Before

E8.0, the axial mesendoderm and definitive endoderm lineages

were established at comparable ratios, and no obvious morpho-

logical defects were discernible between WT and Dlg3 mutant

embryos (data not shown). At E8.5, we frequently observed an

enlarged ventral node region and kinked axial midline in mutant

embryos (8 out of 14; Figures 1L–1O), suggesting that the axial

mesendodermal elongation movement had failed.

To understand the origin of the node cell accumulation, we

examined the localization of AB polarity and AJC markers in

the mutant embryos. In WT posterior notochord cells, the AJ

protein E-cadherin is localized along the basolateral regions of

the PM (Figures 2A–2C) but is mislocalized at the apical PM in

mutant cells (Figures 2D–2F and S2G–S2I). Similar results were

observed with the TJ marker ZO-1 (Figures 2G–2L and S2I)

and apical polarity marker aPKC (Figures 2M–2R and S2I).

Loss of Dlg3 slightly, but significantly, increases the overall cell

proliferation, whereas the apoptosis rate is unchanged (Figures

S2A–S2F). Because no changes in proliferation rate were
evier Inc.



Figure 1. Homozygous Dlg3 Mutations Cause Midgestational Embryonic Lethality

(A–D) Lateral views of (A) WT and (B–D)Dlg3 homozygousmutant embryos at E9.0–E9.5. Note the similarity of the phenotype observedwith the two differentDlg3

mutant alleles: (B) Dlg3tm1Grnt and (C and D) Dlg3GtP038A02. White arrowheads indicate the tail bud (tb) truncation, absence of embryo turning, unfused allantois

(all), and in some embryos forebrain (fb) and midbrain (mb) deletions, whereas the hindbrain (hb) remains intact. At E9.0, the GT b-galactosidase (lacZ) reporter

gene is expressed ubiquitously.

(E–K) WT tetraploid embryos expressing a DsRed transgene were aggregated with (E) WT or (F–K) Dlg3GtP038A02/Y mESCs and isolated at E8.75–E9.0. (E–G) Red

arrowheads indicate WT tetraploid cells (red) contributing to (E) the yolk sac (ys) or to (F and G) the node (n), midgut (mg), foregut (fg), notochord (nc), and

prechordal plate (pcp). (H–K) Chimeras were immunostained with anti-RFP (red) in combination with anti-Foxa2 or anti-T (green) antibodies. DAPI (blue) has been

used to mark all nuclei. Optical sections were taken at the level (H) of the foregut, (I) midgut, (J) hindgut (node outlined by broken oval), and (K) notochord. White

arrows indicate tetraploid WT cells, expressing (H–J) the endoderm marker Foxa2 or (K) the notochord marker T.

(L–O)Whole-mount immunofluorescencecombinedwithconfocal imaging.Ventral viewsof thehindgutandnode region in (LandM)WTand(NandO)Dlg3homozygous

mutant embryos at E8.5.White dashed lines and ovalsmark themidline and the node, respectively. Embryoswere stained with DAPI (blue) andwith Foxa2 (green) and

Arl13b (red) antibodies.At the level of thenode, someDlg3mutantspresenta lateral expansionofFoxa2 andArl13b-positivecells compared to theWT (compare i and ii).

Scale bars represent 300 mm in (A)–(G), 50 mm in (H)–(K), and 75 mm in (L)–(O).

See also Figures S1 and S2.
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Figure 2. Loss of AB Cell Polarity in Dlg3 Mutant

WT and Dlg3 mutant embryos were whole-mount immunostained with the

indicated antibodies, and nuclei were marked with DAPI (blue) at E8.5. White

dashed ovals indicate the node. The levels of transverse optical sections (i and

ii) are marked by white dashed lines. Pictures show ventral views on themouse

node with the anterior facing up.

(A–F) Expression of the cilia marker Arl13b (red) and the AJ marker E-cadherin

(green) inWT and Dlg3mutant embryos. Note the loss of basolateral localization

of theAJmarkerE-cadherin inDlg3mutantcells indicatedbyarrowheads (i and ii).

(G–L) Overlapping expression of cilia (Arl13b; red) and TJ (ZO-1; green)

markers inDlg3mutant embryos in comparison withWT. Loss of cell polarity is

visible in higher magnification images (compare i and ii).

(M–R) Expression of apical epithelium (aPKC; red) and AJ (E-cadherin; green)

in WT and Dlg3mutant embryos. Note the ectopic localization of E-cadherin in

the apical PM (compare i and ii). Cells losing AB polarity are positive for the

axial mesendoderm and definitive endoderm marker Foxa2 (data not shown;

Figures S2G and S2H).
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observed in the axial mesendoderm (data not shown), enlarge-

ment of the node region in Dlg3 mutants could result from

abnormal anterior-posterior (AP) elongation of the notochord,

which depends on PCP-mediated convergence and extension

movements. To seek evidence for a possible function of Dlg3

in PCP, we investigated tissue polarity in the inner ear, which

revealed clear defects in Dlg3 mutant embryos at E18.5 (Figures

S1D and S1E). Thus, analogous to Drosophila Dlg, mammalian

Dlg3 influences both AB polarity (Woods et al., 1996) and PCP

(Bellaı̈che et al., 2001).

The Mammalian Dlg1–Dlg4 Show Different
Tissue-Specific and Subcellular Localization
Within the Dlg family, Dlg3 shows the earliest reported polarity

phenotype. To dissect possible functional differences and

redundancies between individual Dlgs, we investigated the

mRNA expression of Dlg1–Dlg4 during early mouse develop-

ment. Reverse transcriptase-polymerase chain reaction (RT-

PCR) analysis revealed that all four Dlgs are expressed from

gastrulation to the onset of organogenesis (Figure 3A). Whole-

mount in situ hybridizations showed that at E8.5, Dlg1, Dlg3,

and Dlg4 are expressed in the tail bud region at the junction

where presomitic mesodermal cells undergo mesenchymal-

epithelial transition to condense and form segmented somites

(Figure 3B). All Dlgs are expressed in epithelial neuroectodermal

cells of the head region, whereas Dlg2, Dlg3, and Dlg4 are

also expressed in the epithelial lining of the gut along the AP

axis (Figure 3B). Thus, the tissue-specific expression of the

different Dlg family members suggests a partially redundant

function in epithelial polarization in all three germ layers.

Next, we characterized the tissue distribution and the subcel-

lular localization of the Dlg proteins during gastrulation at E7.5.

Dlg1 is localized to all three germ layers, whereas Dlg2, Dlg3,

and Dlg4 show higher abundance in the mesoderm and endo-

derm compartment (Figure S3). The four Dlgs are found at cell

junctions in epithelial cell types, but interestingly, these proteins

are also present at clearly distinct intracellular localizations

(Figures 3C–3F). In ventral node cells only Dlg1 expression is

restricted to the basolateral membrane of epithelial cells, analo-

gous toDrosophilaDlg (Figure 3C). In contrast, Dlg2 andDlg3 are

located along the cell membranewith a peak in distribution at the

level of the apical membrane (Figures 3D and 3E). Dlg4 is found

along the PM and is not restricted to a particular compartment

(Figure 3F).

In stable transfected and polarized Madine Darby canine

kidney (MDCK) cells, a N-terminal tagged Strep-Flag-Dlg3

(SF-Dlg3) localizes to both cytoplasm and membrane, compa-

rable to endogenous Dlg3 in mouse embryos (compare Figures

3E and 3G). Whereas Dlg1 is strictly localized to the basolateral

membrane (Figure 3H), Dlg3 membrane localization extends to

the apical apex and AJC, where it colocalizes with TJ markers

(Figures 3I ad 3J). These unexpected findings suggest that

during evolution the different Dlgs have acquired paralog-

specific functions in the consolidation of polarized membrane

domains.
Scale bars represent 25mm.

See also Figures S1 and S2.
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Figure 3. The Mammalian Dlg1–Dlg4 Show Distinct mRNA Expres-

sion and Protein Localization

(A) RT-PCR analysis of the Dlg mRNA expression at E7.5–E9.5. Expression of

Actin mRNA has been used for normalization.

(B) Whole-mount in situ hybridization analysis of the four Dlgs’ mRNA at E8.5.

Note that the Dlgs are expressed in regions of epithelial-mesenchymal and

mesenchymal-epithelial transition. fb, forebrain; mb, midbrain; hb, hindbrain;

ba, branchial arches; st, septum transversum; mg, midgut; s, somites; pm,

presomitic mesoderm; hg, hindgut.

(C–F) Whole-mount localization studies of the Dlg proteins and the AJ marker

b-catenin in ventral (vn) and dorsal (dn) node cells. (C) Dlg1 colocalizes with

b-catenin at the basolateral PM and cell junctions. Note the absence of Dlg1 at

the apical PM (green arrowheads). (D and E) Dlg2 and Dlg3 are expressed in

the cytoplasm and along the PM with a higher expression at the apical region

(red arrowheads). (F) Dlg4 is present all around the PM, including the apical

domain (red arrowheads).
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Developmen
Identification of the Dlg3 Interactome in Polarized
Epithelial Cells
With the goal of understanding Dlg paralog diversification, we

screened for Dlg3 interaction partners in polarized MDCK cells

that establish fully functional junctions when grown at high

density. We performed tandem affinity purification (TAP) using

SF-Dlg3 in conditions optimized for the native purification of

protein complexes (Gloeckner et al., 2007). As a control, TAPs

were performed in parallel with untransfected MDCK cells. The

purified proteins were identified by liquid chromatography

coupled with tandem mass spectrometry (LC-MS/MS).

The identified Dlg3 interactome consists of polarity-associ-

ated proteins such as the TJ-associated protein 1 (TJAP1/Pilt),

a known interaction partner of Dlg1 (Kawabe et al., 2001) and

Dlg2, which shows similar apical localization as Dlg3 (Figure 4A).

Furthermore, we identified the protein phosphatase 1 that has

been recently described as being part of an AJC regulating

Par-3/aPKC activity (Hendrickx et al., 2009; Traweger et al.,

2008) and the motor protein Dynein required for vectorial trans-

port of vesicles to the apical surface (Lafont et al., 1994). We also

identified potential interactions of Dlg3 with Nedd4-2, an E3-

ubiquitin ligase involved in protein trafficking, and the Nedd4-

binding protein 3 (N4BP3; Murillas et al., 2002), a scaffolding

protein that recruits Nedd4. These observations, in combination

with our in vivo findings, strongly suggest a function of Dlg3 and

possibly also Nedd4(-2) in cell polarity and AJC formation.

Dlg3 Interaction with the E3-Ubiquitin Ligases Nedd4
and Nedd4-2 Increases during Cell Polarization
To characterize the Dlg3-Nedd4(-2) interaction, we immunopre-

cipitated recombinant SF-Dlg3 from polarized MDCK cells.

Using antibodies specific to the Nedd4 ubiquitin ligases

(Nedd4 and Nedd4-2) on immunoblots of the Strep eluate, we

detected endogenous Nedd4 and Nedd4-2, confirming our

TAP findings (Figure 4B). The interaction of Dlg3 with the

Nedd4 protein was confirmed in vivo by coimmunoprecipitation

(coIP) of the endogenous Nedd4 ligases from brain tissues

together with Dlg3 (Figure 4C). During epithelial polarization sub-

confluent cells first establish E-cadherin mediated contacts that

correspond to the ensuing AJs. This is followed by recruitment of

TJ-associated proteins. Evidence from our interactome studies

suggests that Dlg3 and Nedd4(-2) E3 ligases may establish

polarization-dependent protein associations (Figures 4A and

4B). To test this hypothesis, we immunoprecipitated SF-Dlg3

from stable MDCK transfectants grown under unpolarized or

polarized conditions. We observed that higher levels of endoge-

nous Nedd4(-2) ligases were pulled down from polarized cells

compared to unpolarized cells (Figures 4D and 4E).

Immunolocalization studies in MDCK transfectants revealed

that Nedd4(-2) and Dlg3 colocalize in the cytoplasm (Figure 4F
(G–J) Immunolocalization studies of stably expressed SF-Dlg3 in polarized

MDCK cells. Cells were stained against Flag-epitope (red) in combination

with antibodies specific for polarity markers (green). Note that, contrary to

Dlg1, SF-Dlg3 is not restricted to the basolateral membrane and is also found

at the TJ marked by ZO-1 and Sec8 (yellow arrowheads) and at the apical

membrane (white arrowheads).

Scale bars represent 500 mm in (B), 25 mm in (C)–(F), and 10 mm in (G–J).

See also Figure S3.
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Figure 4. Dlg3 Interacts with Cell Polarity and TJ-Associated Proteins

(A) Interactome of Dlg3-binding proteins in polarized MDCK cells.

(B) Confirmation of the identified Dlg3 interactome. The SF-tagged Dlg3 was immunoprecipitated from stably transfected MDCK cells using Streptavidin affinity

beads (IP Strep). The total lysate (right panel) and the IP (left panel) were split and subjected to anti-Nedd4, anti-Nedd4-2, anti-PP1, anti-TJAP1, anti-Dynein

intermediate chain (IC), and anti-Flag via western blotting. Note the specific detection of endogenous Nedd4 (two isoforms), Nedd4-2 (two isoforms), PP1, TJAP1,

and Dynein IC in the IP. MDCK cells expressing the SF tag alone were used as negative control.

(C) The Nedd4 ubiquitin ligases interact with Dlg3 in vivo. Brain tissues were used to specifically immunoprecipitate (IP) endogenous Nedd4. The lysate and IP

were split and subjected to anti-Dlg3 (top panel) and anti-Nedd4 (bottom panel). An anti-GFP antibody was used as a specificity control.

(D and E) Dlg3 and Nedd4 interaction increases with polarization. SF-Dlg3 was immunoprecipitated (IP Strep) from unpolarized (Unpol.) or polarized (Pol.) MDCK

cells. Equivalent amounts of SF-Dlg3 bait were pulled down from the different samples. Note that the amount of Nedd4 ligases immunoprecipitated is higher in

polarized cells in comparison with unpolarized cells. Five percent input of the total lysate is shown as a loading and specificity control. (E) Data from three

independent experiments were compiled and quantified using Photoshop. Interaction strength in the unpolarized conditions is arbitrarily set to 1. Errors bars

indicate standard deviation in the graphs (mean ± SD; p < 0.05).

(F) Colocalization studies of Dlg3 and the Nedd4 ligases during epithelial polarization. In unpolarized MDCK cells, SF-Dlg3 and Nedd4/Nedd4-2 localize mainly in

the cytoplasm (top panels; scale bar, 10 mm). In polarized MDCK cells, Dlg3 and Nedd4/Nedd4-2 colocalize at the PM and in the cytoplasm (middle panel; scale

bar, 10 mm). Transverse cryosection stained for Dlg3 and Nedd4(-2) at the level of the node at E8.5 (bottom panel; scale bar, 25 mm). Note the colocalization of

Dlg3 and Nedd4 at the apical PM (white arrowheads). ne, neurectoderm; vn, ventral node.

See also Figure S4.
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and S4A–S4F), whereas polarization led to an increased colocal-

ization at the apical membrane and AJC (Figure 4F). This is

consistent with the colocalization of Dlg3 and Nedd4(-2) at

the apical PM of neural ectoderm and ventral node cells at

E8.5 (Figure 4F). Taken together with the fast recruitment of

Dlg3 to the apical PM and TJ in a repolarization assay (Figures
484 Developmental Cell 21, 479–491, September 13, 2011 ª2011 Els
S4G–S4L), these data suggest that the Dlg3-Nedd4(-2) in-

teractions might be important for membrane recruitment during

cell polarization. Importantly, both the PPI with the apical trans-

port motor protein Dynein IC (Figure 4B) and the Sec8 com-

ponent of the exocyst complex (Figure 6B) depend on functional

Dlg3-Nedd4(-2) interactions (see below).
evier Inc.
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Dlg3 Is the Only Dlg Family Member Containing PY
Motifs for Nedd4(-2) Ligase Binding
To map the Dlg3 interaction domain with the Nedd4(-2) ligases,

we used a series of different Dlg3 deletionmutants in coIP exper-

iments (Figure 5A). We observed that the PDZ domain of Dlg3

weakly binds to the endogenous Nedd4(-2) ligases, whereas

Dlg3DPDZ does not. In contrast the deletion mutants of Dlg3

that were missing either the SH3 or GUK domain remained

capable of binding the endogenous Nedd4 and Nedd4-2

(Figure 5A).

A large number of Nedd4 interactors contain PY motifs that

mediate direct interaction with the WW domains of Nedd4

proteins (Kanelis et al., 2001, 2006). Sequence analysis of Dlg

proteins revealed that Dlg3 contains two PY motifs, which are

located before and in between the Nedd4(-2) interacting PDZ

domains (Figure 5C). Point mutations that resulted in an amino

acid substitution of Tyrosine for Alanine in both PY motifs com-

pletely abolished the interaction of Dlg3 with endogenous

Nedd4(-2) proteins (Figure 5B). Another remarkable feature

was the conservation of the Dlg3 PY motifs in vertebrates (Fig-

ure 5C), even though thesemotifs are absent in othermammalian

Dlgs and in Drosophila Dlg (Figure S5). We observed that only

Dlg3 is capable of binding to the Nedd4 and Nedd4-2 proteins

(Figure 5D).

Nedd4 Directly Catalyzes Dlg3 Monoubiquitination
Given the known function of the E3-ubiquitin ligase Nedd4 in

protein trafficking by monoubiquitination and in targeted protein

degradation by polyubiquitination, we tested the capacity of

NEDD4 to mediate Dlg3 ubiquitination. In the presence of

NEDD4 and after SF-Dlg3 IP after very stringent SDS boiling

conditions, we observed a slightly retarded band that is de-

tected with an anti-Flag as well as an anti-ubiquitin antibody,

providing evidence that NEDD4 can catalyze Dlg3 monoubiqui-

tination (Figure 6A). A catalytically inactive form of NEDD4,

NEDD4(C-A)-Myc, which still associates with Dlg3, cannot

promote SF-Dlg3 monoubiquitination (Figures 6A and S6).

We used a series of Dlg3 mutants to map the region targeted

for monoubiquitination by NEDD4 (Figure S6A). The Dlg3 mutant

for the NEDD4-binding motif (SF-Dlg3YA1+2) cannot bemonoubi-

quitinated, providing further evidence that Nedd4 directly targets

Dlg3. The SF-PDZ alone is notmodified by ubiquitin, which could

either be due to an inefficient association with Nedd4 (Figure 5A),

or it may indicate that ubiquitination takes place outside of this

region. Thus, we determined ubiquitination in C-terminal Dlg3

deletion mutants that are efficiently interacting with Nedd4 (Fig-

ure 5A). Whereas deletion of the GUK did not affect the extent of

monoubiquitination, removal of the SH3 domain caused a com-

plete loss ofNEDD4-mediated ubiquitin attachment (Figure S6A).

These results suggest that lysines within the SH3 domain are

either directly targeted for ubiquitin modification by NEDD4, or

the removal of the SH3 domain exerts a conformational change

that prevents ubiquitin attachment to Dlg3.

Dlg3-Nedd4(-2) Association Regulates Intracellular
Trafficking via the Exocyst Complex to Contribute
to Polarity and TJ Consolidation
During epithelialization the targeting of membrane-associated

proteins to cell junctions is controlled by the exocyst pathway
Developmen
(Hsu et al., 1999). Dlg3 interacts with the exocyst component

Sec8 to regulate microtubule (MT)-dependent neurotransmitter

intracellular trafficking from the endoplasmic reticulum to the

synaptic membrane (Sans et al., 2003). We found that the inter-

action of Dlg3 with the exocyst and Dynein apical transport

motor protein complexes also occurs in polarized MDCK cells

and specifically depends on the capacity of SF-Dlg3 to bind

the Nedd4(-2) ligases, whereas interaction with PP1 was not

affected by the PY mutations (Figure 6B).

To test whether Dlg3-Nedd4(-2) binding is involved in targeted

delivery of proteins to the apical membrane and TJ, we derived

cysts from untransfected MDCK cells and from MDCK cells

that stably expressed SF-Dlg3 or SF-Dlg3YA1+2. We observed

that SF-Dlg3YA1+2 overexpression results in abnormal polariza-

tion of the MDCK cysts, whereas SF-Dlg3 overexpression does

not (Figure S6C). In contrast to SF-Dlg3, SF-Dlg3YA1+2 mislocal-

izes to the basolateral PM of MDCK cells and is absent from both

the apical membrane and TJ (Figure S6C). Using a combination

of different siRNAs designed to knock down Nedd4 and/or

Nedd4-2 (Figures 6C and 6E–6G), we could confirm that

Nedd4 and Nedd4-2 are required for TJ formation in polarized

MDCK cells (Figures 6D, 6H, and 6I).

Finally, we tested the functional impact of the Dlg3-Nedd4(-2)

interaction in vivo. We stably expressed equal levels of SF-Dlg3

and SF-Dlg3YA1+2 in embryonic stem cells (ESCs) (Figure 7A) and

performed tetraploid complementation to generate completely

ESC-derived embryos. Strikingly, the overexpression of the

SF-Dlg3YA1+2 Nedd4(-2)-binding mutants dominantly interfered

with convergent and extension-mediated axis elongation,

whereas the overexpression of SF-Dlg3 had no discernible effect

on embryonic development between E7.75 and E8.5 (Figure 7B).

On the cellular level the SF-Dlg3YA1+2 Nedd4(-2)-binding mutant

did not reach the apical PM and TJ (Figures 7C–7F), thereby

affecting mainly TJ formation in the endoderm (Figures 7E and

7F) and mesendoderm (Figure 7G), eventually causing mem-

brane rupturing. Comparable to the Dlg3 null mutation, the

phenotype is specific and restricted to the mesendoderm and

endoderm because TJ formation is not affected in other lineages

such as the ectoderm (Figure 7H). Altogether, these results

strongly suggest that the E3 ligases Nedd4 and/or Nedd4-2

are necessary for the targeted delivery of Dlg3 to the apical

membrane to promote cell polarity and TJ consolidation.

DISCUSSION

We have uncovered a role for functional Dlg3-Nedd4(-2) PPIs in

apical epithelial polarity and TJ formation that is supported by

several lines of evidence. First, in polarized MDCK cells and in

the mouse embryos, Dlg3 and Nedd4(-2) accumulate at the

apical membrane domain and TJ. Second, Dlg3 interacts with

proteins associated with the formation of apical membrane

(PP1, Nedd4, and Nedd4-2) and TJ (TJAP1, Sec8) in polarized

MDCK cells and in vivo. Third, the combined knockdown of

Nedd4 and Nedd4-2 causes TJ formation defects in polarized

MDCK cells; and finally, the mislocalization of the Nedd4(-2)-

binding mutant form of Dlg3 causes severe polarization and TJ

formation defects in MDCK cells and mouse embryos.

These observations contrast with the current view that the

Dlgs function exclusively at the basolateral membrane, which
tal Cell 21, 479–491, September 13, 2011 ª2011 Elsevier Inc. 485



Figure 5. Dlg3, but Not Dlg1, Dlg2, or Dlg4, Interacts with Nedd4 and Nedd4-2

(A) The PDZ domains of Dlg3 contribute to Nedd4 binding. Different deletionmutants of SF-Dlg3 (left panel) were immunoprecipitated from transiently transfected

HEK293T cells via an IP Strep. The total lysate and the IP were split and subjected to anti-Nedd4 and anti-Flag via western blotting. Endogenous Nedd4 was

detected in the IP Strep in the presence of full-length SF-Dlg3, SF-Dlg3DGUK, SF-Dlg3DSH3, and also weakly in the presence of SF-PDZ only. HEK293T cells

expressing only the SF tag were used as a negative control. Lower bands correspond to degradation products.

(B) The Nedd4 ligases bind to Dlg3 in a PYmotif-dependent manner. Indicated point mutants of Dlg3 PYmotifs were generated by exchanging Tyrosine to Alanine

and taggedwith the SF-tag (left panel). Lysates fromHEK293T cells transfectedwith these expression vectors were subjected to IP Strep. The lysates and IPwere

analyzed by western blotting using anti-Nedd4 and anti-Flag antibodies. Point mutation of both PY motifs totally abolishes interaction with the Nedd4 ligases.

(C) Multiple species ClustalW alignment of Dlg3 reveals evolutionary conservation of PY motifs (boxed regions) in vertebrates.

(D) Dlg3, but not Dlg1, Dlg2, or Dlg4, interact with the ubiquitin ligases Nedd4 and Nedd4-2. Lysates from HEK293T cells transfected with the mentioned

expression vectors were subjected to IP Strep. The lysates and IPwere analyzed by western blotting using anti-Nedd4 and anti-Flag antibodies. The same results

were obtained using a Nedd4-2 antibody (data not shown).

See also Figure S5.
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Figure 6. Nedd4DirectlyTargetsDlg3Mono-

ubiquitination and Regulates Its Function

(A) In vitro monoubiquitination of Dlg3. HEK293T

cells were transfected with the indicated con-

structs. Cells were lysed in 0.8% SDS containing

buffer and boiled for 5 min. Samples were then

diluted to 0.1% SDS prior to Strep IP. Precipitates

(IP Strep) were analyzed for ubiquitination by

western blotting. Expression of the different

constructs (total lysate) was controlled by western

blotting. Note that in the presence of Nedd4-Myc

(lane 4), SF-Dlg3 is monoubiquitinated, whereas

the catalytically inactive Nedd4 (C-A)-Myc (lane 3),

does not modify SF-Dlg3.

(B) Dlg3 interaction with the exocyst and Dynein

depends on Nedd4 binding. Indicated polarized

MDCK stable transfectants were lysed and pro-

cessed for an IP Strep. The total lysate (left panel)

and the IP (right panel) were split and subjected to

anti-Sec8, anti-Dynein IC, and anti-Flag via

western blotting. Endogenous Dynein IC and Sec8

are precipitated in the presence of SF-Dlg3, but not

SF-Dlg3YA1+2. The Dlg3-PP1 interaction remains

unchanged upon PY motif mutations.

(C) Three different siRNA duplexes were designed

to knock down Nedd4 (si-Nedd4#1, #2, and #3) or

Nedd4-2 (si-Nedd4-2#1, #2, and #3) inMDCKcells.

Note that Nedd4 siRNA duplexes #2 and #3 and

Nedd4-2 siRNA duplexes #2 and #3 efficiently

knock down Nedd4 and Nedd4-2 protein, respec-

tively.

(D) Quantification of average gap size in cell-cell

junctions in cells transfected with indicated siRNAs

and stained with TJ (ZO-1) and AJ (E-cadherin)

markers. Mean ± SD; ***p < 0.01.

(E–I) Polarized MDCK cells were transiently

transfected with an si-Control (E), si-Nedd4#2 (F),

si-Nedd4-2#2 (G), or a combination of siRNAs tar-

geting Nedd4 and Nedd4-2 (H and I). Cells were

immunostained with anti-Nedd4 (E, F, H, and I) or

anti-Nedd4-2 (G) and anti-ZO-1 antibodies (E–I)

and analyzed by confocal microscopy. Boxed

areas are shown in high resolution (a–e). (H and I)

Note that the combined Nedd4 and Nedd4-2

knockdown specifically affects TJ formation (white

arrowheads). Scale bars represent 25 mm in (E)–(I)

and 5 mm in higher magnification images (a–e).

See also Figure S6.
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is based predominantly on Drosophila studies. Despite highly

similar protein sequences, the vertebrate Dlgs present heteroge-

neous expression patterns at both the tissular and subcellular

levels of the adult brain (Aoki et al., 2001) and mouse embryo.

Because we discovered that Dlg3 is the only Dlg bearing PY
Developmental Cell 21, 479–491, Se
Nedd4-binding motifs, the appearance

of paralog-specific PPIs is likely to corre-

late with functional diversification during

the molecular evolution of the Dlgs. It is

also interesting to note that although the

only Dlg in Drosophila localizes and func-

tions at the SJ, the recruitment and func-

tion of vertebrate Dlg3 at the analogous

TJ have evolved independently.
As shown in the graphical abstract, our model proposes that

Dlg3-Nedd4(-2) interactions recruit a subfraction of the cellular

Dlg3 pool to the apical membrane and TJ in cooperation with

motor proteins and trafficking machineries. During polarization,

exocyst components connect vesicles exiting the Golgi to
ptember 13, 2011 ª2011 Elsevier Inc. 487



Figure 7. The Overexpression of the SF-Dlg3YA1+2 Nedd4(-2)-
Binding Mutants Dominantly Interferes with AB Cell Polarity In Vivo

(A) Immunoblot (anti-Flag) showing the equal expression of SF-Dlg3 (lane 2) or

SF-Dlg3YA1+2 (lane 3) proteins in stable ESC clones. Untransfected ESCs are

shown as negative control, and Actin served as loading control.

(B) Lateral views of control, SF-Dlg3, and SF-Dlg3YA1+2 ESC-derived embryos.

Note the axis elongation defects in the SF-Dlg3YA1+2 embryos at E7.75 (scale

bars, 200 mm) and E8.5 (scale bars, 300 mm).

(C and D) Colocalization of the TJ marker ZO-1 with SF-Dlg3 (C) or

SF-Dlg3YA1+2 (D) as revealed by quantitative statistical colocalization on two-

color confocal images. Raw images used for colocalization measurements are

presented in (E) and (F) (overlays).

(E–H) Analysis of TJ formation by whole-mount immunofluorescence in the

endoderm (E and F), ventral node (G), and ectoderm (H). Note the epithelial
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membrane-associated proteins and become recruited via MT-

dependent transport to forming TJs (Yeaman et al., 2004). We

hypothesize that Nedd4(-2)-mediated Dlg3 monoubiquitination

takes place in the cytoplasm. Upon Nedd4 interaction, Dlg3 is

trafficked via MT together with Sec8, Nedd4(-2), and polarity-

associated proteins toward the TJ and apical membrane,

consistent with recent findings (Matern et al., 2001; Plant et al.,

2000; Sans et al., 2003). The scaffolding protein Dlg3 may then

orchestrate the establishment and/or maintenance of discrete

membrane domains and TJ through PPIs.

Dlg3 null embryos exhibit AB polarity defects in the axial mes-

endoderm, namely the ventral node and notochord, with low

penetrance. During gastrulation these cell populations reach

the surface of the embryo and acquire an epithelial morphology

(Burtscher and Lickert, 2009). Accordingly, KO embryos for

another MAGUK, the TJ protein ZO-1, also show axial mesendo-

derm disorganization (Katsuno et al., 2008). In a subset of Dlg3

KO embryos, we also observed an accumulation of notochord

cells at the level of the node. We hypothesize that due to loss

of polarity, these cells are incapable of reaching the anterior

region of the embryo. Convergent and extension movement

drives AP elongation of the notochord. This not only depends

directly on PCP but also indirectly on AB polarity and cell-cell

adhesion molecules (Montcouquiol et al., 2003). Our results are

consistent with these observations and suggest that Dlg3

contributes to both AB polarity and PCP initiation in the mouse

embryo. The Smurf E3 ligases of the Nedd4 family have been

recently shown to regulate PCP in themouse embryo (Narimatsu

et al., 2009). In the future it will be interesting to analyze how

Nedd4 family members and polarity complexes act together to

regulate AB polarity and PCP.

During development the anterior endoderm and axial mesen-

doderm act together as the late-gastrula organizer essential for

anterior induction and head development (Ang and Rossant,

1994; Kinder et al., 2001). Chimera experiments suggest that

Dlg3 plays a specific cell-autonomous function in the develop-

ment of these organizer cell populations. Subsequently, we

concluded that the patterning defects observed in Dlg3 KO,

namely lack of anterior neural induction, as well as embryonic

turning defects and posterior truncation, correspond to sec-

ondary defects. We propose that in tetraploid WT embryo <->

mESC Dlg3mutant chimeras, anterior visceral endodermal cells

from the WT tetraploid host embryo can provide a functional

substitute for the defective organizer cell populations. These

cell types express inhibitors of the Nodal/TGFb- and Wnt/b-cat-

enin pathways, which are essential for anteriorization of the

neural ectoderm (Egea et al., 2008), and it was recently demon-

strated that visceral endoderm cells contribute to the embryo

during unperturbed development (Kwon et al., 2008). The extent

to which these cells contribute to the embryo correlates with

the rescue of the mutant phenotype, suggesting that this is

part of the compensatory mechanisms by which some Dlg3

mutants can overcome embryonic lethality. Further explanations

for the low-penetrant phenotypes are differences in genetic
holes (F, white arrowheads) and rupturing (G) in SF-Dlg3YA1+2 mutants as

compared to the control (E). Scale bars represent 25 mm.

See also the graphical abstract.
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background and functional redundancies within and among cell

polarity complexes. Because cell polarity is crucially important

for development and morphogenesis, nature has compensated

for the loss of polarity molecules by gene duplication and diver-

sification. This contributes to functional redundancy among the

Dlgs and other families of polarity regulators (Hashimoto et al.,

2010; Narimatsu et al., 2009; Klezovitch et al., 2004) but also

protects against lethal mutations. An additional advantage of

gene duplication is the possibility of diversification. Dlg3 is one

example of how evolution creates molecular and functional

diversity, i.e., by establishing paralog-specific PPIs.

In human, mutations of Dlg3 are associated with nonsyn-

dromic X-linked mental retardation (Tarpey et al., 2004). Our

findings on the specific role of Dlg3 provide original insights

into the etiology of this mental disorder. Defects in the organizer

axial mesendoderm tissue in the Dlg3 null embryos result in ante-

rior regionmalformation with low penetrance. In the less severely

affected embryos, abnormal cortical development may also

occur, but this was not detected due to the developmental stage

studied. Correspondingly, mutations in the human CASK gene

encoding anotherMAGUK cause bothmicrocephaly and defects

in synaptogenesis (Najm et al., 2008; Sanford et al., 2004; Atasoy

et al., 2007). The trafficking of neurotransmitter receptors in adult

neurons represents another level of Dlg3 function (Sans et al.,

2003). The mutations identified in human Dlg3 result in the

expression of a truncated protein that, notably, contains the

PY motifs and part of the PDZ domains but not the C-terminal

part of the protein (Tarpey et al., 2004). This could result in the

interaction of the mutated Dlg3 with Nedd4(-2) while disrupting

the trafficking of the complex toward the synapse. We believe

that the binding specificities of Dlg3 may play an important

function for discriminating trafficking and signaling activities in

the adult brain in cooperation with the E3 ligases of the Nedd4

family.
EXPERIMENTAL PROCEDURES

Dlg3 KO Mice, ESC Culture, and Generation of Completely

ESC-Derived Embryos

The GT clone P038A02 (R1 on a pure 129Sv6 genetic background) was

obtained from the German Gene Trap Consortium. Dlg3tm1Grnt/Y male and

Dlg3tm1Grnt/+ female mice on a C57Bl/6 background were genotyped as previ-

ously described (Cuthbert et al., 2007). ESCs were cultured on a feeder layer of

mitomycin-inactivated mouse embryonic fibroblasts (MEFs) using standard

protocols. Stable ESC transfectants were produced under Puromycine selec-

tion using standard protocols. Tetraploid embryos were generated by electro-

fusion of two-cell stage embryos isolated from ubiquitous DsRed-expressing

donor females (Vintersten et al., 2004) as previously described (Nagy et al.,

1993). Tetraploid embryos at three to four-cell stage were aggregated with

clumps of six to eight Dlg3P038A02/Y ESCs overnight, and blastocysts were

transferred into the uterus of recipients. After dissection, the contribution of

tetraploid cells to the ESC-derived embryos was examined by using a Zeiss

Stereo Lumar.V12 fluorescent microscope.

Whole-Mount b-Galactosidase Staining

Embryos were fixed in PBS (pH 7.3) containing 0.02% NP-40, 5 mM EGTA,

2 mM MgCl2, 1% formaldehyde, and 0.2% glutaraldehyde at room tempera-

ture for 30 min, washed briefly in PBS, and placed in X-gal staining solution

(PBS containing 0.02% NP-40, 2 mM MgCl2, 5 mM K3[Fe(CN)6], 5 mM

K4[Fe(CN)6], 0.01% sodium deoxycholate, 1 mg/ml X-gal). Staining was

carried out overnight at room temperature. After staining, samples were

washed in PBS and stored in 4% paraformaldehyde at 4�C.
Developmen
Cryosections, Immunofluorescence, and Imaging

For cryosections, dissected embryos were fixed briefly in 4% PFA and cryo-

protected by incubation in 30% sucrose. Samples were subsequently frozen

in OCT medium on dry ice and stored at �20�C before being sectioned at

12 mm. Whole-mount immunofluorescence was performed as previously

described (Burtscher and Lickert, 2009). The following antibodies were

used: Foxa2 (Santa Cruz Biotechnology) 1:1000; T/Brachyury (Santa Cruz

Biotechnology) 1:1000; E-cadherin (BD) 1:2000; ZO-1 (Invitrogen) 1:200;

Arl13b (generous gift from Tamara Caspary) 1:1000; Nedd4 (Abcam) 1:500;

Nedd4-2 (Cell Signaling Technology) 1:500; Flag rabbit polyclonal and M2

monoclonal (Sigma-Aldrich) 1:200; RFP (BIOTREND) 1:500; Dlg1/SAP97

(BD) 1:100; Dlg2/PSD93 (Abcam) 1:200; Dlg3/SAP102 (Abcam) 1:200; Dlg4/

PSD95 (Abcam) 1:200; 58K (Sigma-Aldrich) 1:200; Rab8 (BD) 1:200; a-Tubulin

(Sigma-Aldrich) 1:500; PPH3 (Millipore) 1:500; aPKC z (Sigma-Aldrich) 1:1000;

and Phalloidin (Invitrogen) 1:50. TUNEL reactions (Roche) were performed

according to the manufacturer’s instructions. Immunostainings were analyzed

with a Leica laser-scanning SP5 confocal microscope (203 and 633 objec-

tives). We digitally measured colocalization using the Leica LAS-AF software

based on intensity correlation analysis in two-color images. This program

creates a binary image indicating colocalizing pixels above an intensity

threshold.

Statistical Analysis

Average and standard deviation are shown in the graphs in Figures 4E, S1F,

S2C, S2F, S4K, S4L, and S6D. p values were determined using a chi-square

test or a two-tailed Student’s t test with unequal variance with the number of

cells and embryos stated in the figure legends.

IP and Immunoblotting

CoIP

Adult WT brains were lysed in TBS buffer (30 mM Tris-HCl [pH 7.4], 150 mM

NaCl) supplemented with 0.5% NP-40 (Roche) and protease inhibitor cocktail

(Roche). Samples were precleared with protein G Sepharose (GE Healthcare)

at 4�C for 1 hr on a rotary stirrer. Protein G Sepharose beads were removed by

centrifugation in a benchtop centrifuge at full speed. Equal amounts of proteins

were incubated with 2 mg of Nedd4 rabbit polyclonal (Abcam) or of anti-GFP

rabbit polyclonal (Invitrogen) for 1 hr at 4�C. Immunocomplexes were bound

to protein G Sepharose beads overnight at 4�C, washed in lysis buffer, and

analyzed by SDS-PAGE.

Western Blotting

Protein samples were separated by SDS-PAGE, and immunoblotting was

performed by standard procedures. Total lysate and IP protein samples

were separated on the same gel in order to check enrichment of the different

proteins after IP and to compare interaction strengths. Antibodies were used

in the following concentrations: Flag M2 (Sigma-Aldrich) 1:10,000; TJAP1

(Abcam) 1:1,000; pan-Nedd4 (Abcam) 1:1,000; PP1a (New England BioLabs)

and Dlg3/SAP102 (Synaptic Systems) 1:3,000; GFP (Invitrogen) 1:5,000;

Ubiquitin antibody (FK2; Enzo) and Myc 9E10 (Sigma-Aldrich) 1:10,000;

Sec8 (BIOTREND) 1:1000; Actin (BD) 1:10,000; Nedd4 (Abcam) 1:5,000;

Nedd4-2 (Cell Signaling Technology) 1:5,000; and Dynein IC (Sigma-Aldrich)

1:5,000. Protein bands were visualized using ECL detection (GE Healthcare)

on Hyperfilms (GE Healthcare).

Other Procedures

TAP and LC-MS/MS, expression vectors, whole-mount in situ hybridizations,

RT-PCR, and cell culture are described in Supplemental Experimental

Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and Supplemental Experimental

Procedures and can be found with this article online at doi:10.1016/j.devcel.

2011.08.003.
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