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First identified in Drosophila, the Crumbs (Crb) proteins are important in epithelial polarity, apical membrane formation, and
tight junction (TJ) assembly. The conserved Crb intracellular region includes a FERM (band 4.1/ezrin/radixin/moesin) binding
domain (FBD) whose mammalian binding partners are not well understood and a PDZ binding motif that interacts with mam-
malian Pals1 (protein associated with lin seven) (also known as MPP5). Pals1 binds Patj (Pals1-associated tight-junction pro-
tein), a multi-PDZ-domain protein that associates with many tight junction proteins. The Crb complex also binds the conserved
Par3/Par6/atypical protein kinase C (aPKC) polarity cassette that restricts migration of basolateral proteins through phosphory-
lation. Here, we describe a Crb3 knockout mouse that demonstrates extensive defects in epithelial morphogenesis. The mice die
shortly after birth, with cystic kidneys and proteinaceous debris throughout the lungs. The intestines display villus fusion, apical
membrane blebs, and disrupted microvilli. These intestinal defects phenocopy those of Ezrin knockout mice, and we demon-
strate an interaction between Crumbs3 and ezrin. Taken together, our data indicate that Crumbs3 is crucial for epithelial mor-
phogenesis and plays a role in linking the apical membrane to the underlying ezrin-containing cytoskeleton.

Studies over the last 20 years have identified proteins that are
essential for the formation and maintenance of epithelial po-

larity (1–4). One of the key proteins in this process is the evolu-
tionarily conserved Crumbs (Crb) family of proteins (2, 4). Crb
was first identified in Drosophila, where it has been shown to be
important in epithelial polarity, apical membrane formation, and
tissue morphogenesis (5). Crb family members have a conserved
intracellular domain that contains a FERM (band 4.1/ezrin/
radixin/moesin) binding domain (FBD) and PDZ binding do-
main. Targets for the PDZ domain have been well described. One
mammalian partner is protein associated with lin seven (Pals1,
also known as MPP5), which is an ortholog of Drosophila Stardust.
Pals1 is a scaffold protein that interacts with the multi-PDZ-do-
main protein Pals1-associated tight junction (TJ) protein (Patj).
Patj can in turn bind to a large number of tight junction proteins,
including claudin-1, zonula occludens (ZO), and angiomotin
proteins (2). In addition, the Crb complex can bind to the evolu-
tionarily conserved complex consisting of Par3, Par6, and atypical
protein kinase C (aPKC) (2). In turn, this interaction can localize
aPKC to the apical surface, where it phosphorylates lateral targets
and confines them to the basolateral membrane (6, 7). Thus, the
Crb complex is felt to play an important role in both apical iden-
tity and tight junction formation in mammalian cells.

FERM domain-containing-proteins that bind Crb have been
identified in Drosophila, but mammalian binding partners are less
well understood (4). One group of binding partners includes the
ERM family of proteins consisting of ezrin, radixin, and moesin.
In Drosophila, Crb has been shown to interact with DMoesin and
beta heavy spectrin connecting the apical membrane with the un-
derlying cytoskeleton (8). Another well-described Crb interactor
is the FERM domain-containing protein called Yurt in Drosophila
(9, 10) or Mosaic Eyes (Moe) in zebrafish (11). This protein local-
izes to the lateral membrane and negatively regulates the Crb pro-
tein. The mammalian homologs of Yurt known as YMO1, EHM2,
and EPB41L have been proposed to have similar functions. The
FERM binding domain of Crb also intersects the Hippo tumor

suppressor pathway in Drosophila (12, 13). The Crb proteins can
interact via the band 4.1 proteins Merlin and Expanded to activate
the Hippo pathway and negatively regulate the Yap transcription
factor. In this manner, apically localized Crb can control cell pro-
liferation.

There are three mammalian paralogs of Crb. All of these Crb
proteins have conserved intracellular domains with FBD and PDZ
binding motifs. Mutations in Crb1 lead to retinitis pigmentosa
(14). Crb2 has relatively limited expression in adult tissues, in-
cluding brain, eye, and kidney glomerulus, but Crb2 knockout
mice die at gastrulation (15). Crb3 is the most widely expressed
isoform in epithelial tissues, and it is markedly upregulated in the
mesenchyme-to-epithelium transition (16) and downregulated in
the epithelium-to-mesenchyme transition (17, 18). Knockdown
or overexpression of Crb3 in MDCK cells leads to disorganized
epithelial structures (19, 20). In this article, we describe a Crumbs3
knockout mouse which dies shortly after birth with defects in
epithelial tissue morphogenesis.

MATERIALS AND METHODS
Construction of the targeting vector. Crb3 genomic regions were PCR
amplified from Mus musculus (Linnaeus) 129X1/SvJ DNA (DNA re-
source no. 00691; Jackson Laboratories, Bar Harbor, ME). The 5= arm
of homology comprised an �3.5-kb fragment encoding exon 1 and
exon 2 and was subcloned into the SwaI site of pLoxPFlpNeo (a gift
from James Shayman [21], University of Michigan). An �450-bp en-
dogenous region of Crb3 encompassing targeted exon 3 was manipu-
lated to add monomeric green fluorescent protein (mGFP) in-frame to
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the coding region (similar to the GFP-Crb3 cDNA described previ-
ously [20]), yielding an �1.2-kb fragment that was subcloned into the
BamHI site of the vector backbone. Finally, the 3= arm of homology
contained an �3.4-kb region encoding exon 4 or exon 4/5 (Crb3a

versus Crb3b splice variants, respectively) and was subcloned into the
XhoI site of the vector. The construct was verified by DNA sequencing.
Two FLP recombination target (FRT) sites flank the “Neo” cassette,
and two LoxP sites flank targeted exon 3.

FIG 1 Generation of Crumbs3-deficient mice. (A) The diagram depicts the gene-targeting strategy and PCR genotyping scheme. The upper box shows the genomic
elements; the lower box displays the amplicon sizes for each primer pair (shown in red) which distinguish the alleles. (B) Southern blot analysis of three targeted clones
(11G, 12A, and 12C) and wild-type R1 ES cells confirms homologous recombination. (C) Western blot analysis of �/� and �/flox embryonic lung lysates (embryonic
day 18.5 [E18.5]) demonstrates that the GFP-Crb3 protein, a product of the floxed allele, is present in very small quantities in the Crb3�/flox animals. Both panels are taken
from the same gel and same exposure time, indicating that GFP-Crb3 is expressed at a tiny fraction of the level of endogenous Crb3 (left panel). The GFP-Crb3 fusion
protein is barely detectable following specific immunoprecipitation (IP) of 1 mg lung lysate (right panel). The lanes marked “GFP-Crb3” are positive-control lanes using
MDCK cell lysates expressing GFP-Crb3. (D) A survival curve was plotted after videotaping the delivery of E18.5 embryos. The mean lifetime for Crb3�/� pups �
standard error of the mean is indicated. (E) Weights of E18.5 embryos do not appear significantly different among the genotypes by ANOVA.
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Generation of Crumbs3 mice. The targeting vector was linearized and
electroporated into R1 embryonic stem (ES) cells (a gift from Andras
Nagy, Reka Nagy, and Wanda Abramow-Newerly [22], Samuel Lunenfeld
Research Institute, Toronto, Ontario, Canada). Clones resistant to G418
were analyzed for homologous recombination by Southern blotting using
5= and 3= probes containing genomic sequences outside the targeting vec-
tor. Targeted clones 11G, 12A, and 12C were injected into blastocysts
from the breeding of C57BL/6NCrl female mice with (C57BL/6J � DBA/
2J) F1 male mice and transferred to surrogate mothers (Transgenic Ani-
mal Model Core, University of Michigan).

Male chimeras were mated with Pgk1-FlpO females [catalog no. 11065;
B6(C3)-Tg(Pgk1-FLPo)10Sykr/J; Jackson Laboratories] for transmission
of the Neo allele through the germ line and for removal of the neomycin
cassette, producing the “floxed” allele. Deletion of exon 3 and creation
of the null allele were performed by crossing Crb3�/flox males with germ
line Cre-deleter females, EIIa-Cre [catalog no. 3724; B6.FVB-Tg(EIIa-
cre)C5379Lmgd/J; Jackson Laboratories], to produce Crb3�/� animals.

Heterozygous Crb3�/� mice arising from two independent ES cell
clones (11G and 12A) were then backcrossed onto C57BL/6J (catalog no.
664; Jackson Laboratories) for up to six more generations (backcrossing is
still ongoing in the laboratory) and intercrossed in timed matings to ob-
tain Crb3�/�, Crb3�/�, and Crb3�/� animals. Littermates were used as
controls.

Preterm pups from timed matings were dissected at embryonic day
12.5 (E12.5) to E18.5. Pups intentionally delivered alive at E18.5 were
placed on moist paper towels on a 37°C warmer and stimulated to breathe
with gentle prodding. The lifetime of each of the null pups was calculated
as the difference between the time of delivery and its last movement, as
judged by video recording of the animals for �3 h following delivery.

All experiments involving mice were approved by the University
Committee on Use and Care of Animals at the University of Michigan and
were in compliance with NIH guidelines outlined in the Public Health
Service Policy on Humane Care and Use of Laboratory Animals.

Genotyping. Tail biopsy specimens were digested in DirectPCR lysis
reagent (Viagen, Los Angeles, CA) and subjected to PCR genotyping using
Platinum Taq (Invitrogen, Carlsbad, CA).

The primer sequences were designed using Perlprimer (23) as follows:
P1, 5=-CTGGTGAGTTGGGAAGGTGTAA-3=; P2, 5=-GTTTCTCTGTG
TAGCCCTGT-3=; P3, 5=-AGGATCTCCTGTCATCTCACCTTGCTCCT
G-3=; P4, 5=-AAGAACTCGTCAAGAAGGCGATAGAAGGCG-3=; P5, 5=-
ACCTTCCCTCAGTCTCTAGTTCC-3=; P6, 5=-AAACGCCTTCCAAAG
TCTCC-3=; P7, 5=-CTTCCCTCAGTCTCTAGTTCC-3=; and P8, 5=-GTT
TCTCTGTGTAGCCCTGTA-3=.

Tail biopsy specimens were also sent to Transnetyx, Inc. (Cordova,
TN) for analysis.

Antibodies. The primary antibodies used were acetylated tubulin
(Sigma, St. Louis, MO; catalog no. T7451), aPKC (R&D, Minneapolis,
MN; catalog no. AF4465), Aquaporin 1 (Aqp1) (Santa Cruz, Santa Cruz,
CA; catalog no. SC-25287), Aqp2 (Santa Cruz; catalog no. SC-9882),
Aqp5 (Abcam, Cambridge, MA; catalog no. AB78486), �-tubulin (Sigma;
catalog no. T6199), �-actin (Sigma; catalog no. A2228), �-catenin (BD
Bioscience, San Jose, CA; catalog no. 610154), CC10 (Santa Cruz; catalog
no. SC-9772), chemokine C-C motif ligand 2 (CCL2) (R&D; catalog no.
AF479-NA), claudin-4 (Santa Cruz; catalog no. SC-17664), cleaved
caspase-3 (Cell Signaling, Danvers, MA; catalog no. 9661), Crumbs3a
(Custom [24]), E-cadherin (R&D; catalog no. AF748), ERM (Cell Signal-
ing; catalog no. 3142), ezrin (Sigma; catalog no. E8897), GFP-agarose
(MBL, Woburn, MA; catalog no. D153-8), hemagglutinin (HA) (Santa
Cruz; catalog no. SC-805), Hes1 (MBL; catalog no. D134-3), Ki67 (Ab-
cam; catalog no. AB16667), mucin 1 (Muc1) (Novus Biologicals, Little-
ton, CO; catalog no. NB120-15481), Nkx2.1 (Epitomics, Burlingame, CA;
catalog no. 2044-1), occludin (Invitrogen; catalog no. 71-1500), Pals1 for
immunoblotting (IB) (Santa Cruz; catalog no. SC-365411), Pals1 for im-
munohistochemistry (IHC) (Custom [25]), Par3 (Novus Biologicals; cat-
alog no. NBP1-88861), Patj (Abcam; catalog no. AB102113), phospho-

ERM (Cell Signaling; catalog no. 3141), phospho-Yap1 (Cell Signaling;
catalog no. 4911), surfactant protein B (SPB) (EMD Millipore, Billerica,
MA; catalog no. 07-614), surfactant protein C (SPC) (Seven Hills Biore-
agents, Cincinnati, OH; catalog no. WRAB-9337), Yap1 (Epitomics; cat-
alog no. EP1674Y), and ZO1 (Invitrogen; catalog no. 33-9100).

Secondary antibodies conjugated to Alexa Fluor 488, 594, and 647 for
immunostaining and optimized for multiple labeling were purchased
from Jackson ImmunoResearch (West Grove, PA). Secondary antibodies
conjugated to horseradish peroxidase (HRP) for immunoblotting were
purchased from GE Healthcare (Livonia, MI).

Southern blotting. Nonradioactive Southern blotting was performed
using digoxigenin (DIG) reagents from Roche Applied Science (Basel,
Switzerland) and closely followed the manufacturer’s protocol and in-
structions in the DIG Application Manual for Filter Hybridization.

Preparation of tissue lysates. Mouse organs were homogenized on ice
using a PowerGen 125 handheld homogenizer with a 5- by 95-mm mi-
crotip (ThermoFisher, Waltham, MA) in a nondenaturing buffer contain-
ing 50 mM HEPES (pH 7.4), 1 mM EDTA, 10% glycerol, 1% Triton
X-100, 150 mM NaCl, 50 mM NaF, with protease and phosphatase inhib-
itors. Lysates were incubated on a shaker for 1 h at 4°C and then processed
with a microcentrifuge at 20,000 � g for 40 min at 4°C. Supernatants were
recovered for analysis.

Western blotting. Immunoblotting was performed essentially as de-
scribed previously (18). Samples typically contained 50 	g protein per
lane.

Immunoprecipitation. Tissue lysates were prepared, and 1 mg pro-
tein–1 ml total buffer volume was mixed with 10 	l GFP-agarose beads for
2 h overnight with rotation at 4°C. Immune complexes were washed three
times with nondenaturing buffer (above) and once in Tris-EDTA (TE)
buffer. Samples were mixed in 2� lithium dodecyl sulfate (LDS) buffer
(Invitrogen), incubated for 1 h at 37°C, and loaded on a 10% Bis-Tris
acrylamide gel for immunoblotting analysis.

Histology. Whole-mount organs were dissected using a Leica MZFL
III stereo dissecting microscope and images captured using an Olympus
DP-70 camera.

Individual embryonic organs were fixed for 1 to 2 h in 4% paraformal-
dehyde (PFA)–phosphate-buffered saline (PBS) at 4°C. For frozen sec-
tions, tissue was transferred through a sucrose gradient to 30% sucrose,
embedded in optimal cutting temperature (OCT) compound (Tissue-
Tek, Torrance, CA), and then cryosectioned onto slides. For paraffin-
embedded sections, tissue was dehydrated through an ethanol (EtOH)
gradient to 70% EtOH, placed in cassettes, paraffin processed, paraffin
embedded, and sectioned onto slides. Sections were typically 5 	m thick.

Paraffin sections were prepared for classic IHC staining by deparaf-
finizing in xylenes and rehydrating through an ethanol series to distilled
water. Antigen retrieval was performed in antigen unmasking buffer (Ci-
tra buffer; catalog no. H-3300, Vector Laboratories, Burlingame, CA) (pH
6.0), and tissues were permeabilized for 10 min in 0.5% Triton X-100
(TX-100)–PBS. Staining was carried out using an ImmPress peroxidase
polymer kit (mouse on mouse, rabbit, or goat; Vector Laboratories) and
following the manufacturer’s instructions. Endogenous peroxidase activ-

TABLE 1 Genotypic distribution of weanlings from heterozygous
matingsa

Age Strain

No. (%) of weanlings with
indicated genotype

P valueb

Litter
no.�/� �/� �/�

P14–P21 11G 23 (36.5) 40 (63.5) 0 (0) 
0.0001 14
P14–P21 12A 15 (36.6) 26 (63.4) 0 (0) 0.0009 9

Total 38 (36.5) 66 (63.5) 0 (0) 
0.0001 23
a Data evaluated by �2 test for goodness of fit to expected Mendelian distribution.
b Absence of Crb3�/� weanlings is statistically significant.
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FIG 2 Analysis of Crumbs3-deficient mice and examination of Crumbs3 knockout lungs. (A) Western blot analysis of kidney and lung lysates (E18.5) confirms
Crb3 loss. (B) Upregulation of highly similar proteins Crb1 and Crb2 is not detected in Crb3�/� kidneys or lungs. E18.5 kidney or lung homogenates (100 	g)
were resolved by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF), probed using an antibody to the Crumbs3 carboxy-terminal tail, and detected
using the very sensitive Bio-Rad Clarity substrate for short and long exposures. We speculate that the positive bands in the 20-s kidney exposure may represent
Crb2, whose cross-reactivity with the Crb3 antibody is evident when staining kidney glomeruli (Fig. 6A). We did not observe any enhancement in higher-
molecular-mass bands potentially representing Crb1 (�151 kDa) or Crb2 (�137 kDa) in the Crb3�/� animals. (C) Paraffin-embedded lungs from E18.5 pups
stimulated to breathe were stained for H&E (�400). (D) Whole-mount images of �/� and �/� mouse lungs at E18.5. (E) Paraffin sections from E18.5 lungs
were stained for Crb3 (brown) and hematoxylin (blue) (�400). (F) Paraffin sections from E18.5 �/� and �/� mouse lungs were subjected to a PAS-diastase
assay. Arrows indicate residual, patchy PAS-diastase-resistant material in the knockout lung alveoli. Scale bar  50 	m. (G) Paraffin sections from E18.5 �/�
and �/� mouse lungs were stained for Nkx2.1 (brown, �400), SPC (brown, �400), SPB (brown; scale bar  50 	m), and CC10 (red; scale bar  10 	m [the
arrow indicates blebbing of Clara cells]). Nuclei (blue) were stained with hematoxylin or DAPI.

Whiteman et al.
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ity was blocked with Bloxall (Vector Laboratories), washes were per-
formed with 0.05% Tween 20 –PBS, ImmPact DAB detection reagent
(Vector Laboratories) was used as the peroxidase substrate, tissues were
counterstained with hematoxylin QS (Vector Laboratories), and slides
were dehydrated again through an ethanol gradient to xylenes before
mounting in Vectamount (Vector Laboratories).

Paraffin sections were prepared for fluorescent staining by deparaf-
finizing in xylenes and rehydrating through an ethanol series as described
above before antigen retrieval. Frozen sections were prepared for fluores-
cent staining by warming to room temperature for 10 min and rehydrat-
ing in PBS before antigen retrieval. Antigen retrieval and permeabilization

TABLE 2 Genotypic distribution of late embryos and neonates from
heterozygous matingsa

Strain (age)

No. (%) of late embryos or
neonates with indicated genotype

P valueb
Litter
no.�/� �/� �/�

11G (E17.5–P0) 11 (20.0) 23 (41.8) 21 (38.2) 0.08 9
12A (E17.5–P0) 7 (16.3) 20 (46.5) 16 (37.2) 0.14 6

Total 18 (18.4) 43 (43.9) 37 (37.7) 0.01 15
a Data evaluated by �2 test for goodness of fit to expected Mendelian distribution.
b All genotypes, including Crb3�/�, were present during late embryonic development and
birth.

FIG 3 Evaluation of epithelial polarity in Crumbs3 knockout lungs. (A) Frozen sections from E18.5 lungs were stained for Pals1, ZO1, and occludin
(�600; zoom, 1.5). (B) Western blot of Crb complex proteins Pals1 and Patj in E18.5 lungs. �-Actin was used as a loading control. Samples were run on
nonadjacent lanes of the same gel. (C) Frozen sections from E18.5 �/� and �/� mouse lungs were stained for AQP5 (alveolar type I cells) (�600; zoom,
2), acetylated tubulin (cilia) (zoom, 1.5), Muc1 (apical surface) (zoom, 1.5), ezrin and phospho-ERM (cytoskeleton) (zoom, 3), E-cadherin and �-catenin
(adherens junction/basolateral surface) (zoom, 1.5). (D) Frozen sections from E18.5 �/� and �/� mouse lungs were stained for Par3 (�600) (zoom, 3)
and aPKC (apical polarity complex) (zoom, 1.5).
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were performed as described above. Slides were then blocked for �15 min
in 2% donkey serum with 0.05% Tween 20 –PBS, incubated with primary
antibodies for �2 h in blocking buffer, washed in 0.05% Tween 20 –PBS,
incubated with donkey fluorophore-conjugated secondary antibodies for
1 h in blocking buffer, washed in 0.05% Tween 20 –PBS, stained with
DAPI (4=,6-diamidino-2-phenylindole), and mounted with Prolong Gold
(Invitrogen).

Hematoxylin and eosin (H&E) staining was carried out using standard
procedures.

H&E and conventional IHC imaging was performed on an Olympus
BX-51 upright microscope with an Olympus DP-70 high-resolution dig-
ital camera (Tokyo, Japan).

Fluorescent imaging was performed on a Nikon Eclipse TE2000-U
inverted microscope (Nikon, Tokyo, Japan) with a Roper Scientific Cool-
Snap digital camera (Roper, Sarasota, FL) and MetaMorph software (Mo-
lecular Devices, Sunnyvale, CA) for epifluorescence or on an Olympus
IX-71 inverted microscope attached to an Olympus Fluoview 500 confo-
cal imaging system.

Electron microscopy. For transmission electron microscopy (TEM)
and scanning electron microscopy (SEM), embryonic organs were fixed
overnight at 4°C in 2.5% glutaraldehyde– 0.1 M Sorensen’s phosphate
buffer (pH 7.4), rinsed 3 times for 15 min each time in 0.1 M Sorens-
en’s buffer, postfixed for 1 h at 4°C in 1% osmium tetroxide– 0.1 M So-
rensen’s buffer, and rinsed 3 times for 15 min in 0.1 M Sorensen’s buffer.

For TEM, samples were then dehydrated through an EtOH gradient,
infiltrated with Epon resin, allowed to polymerize for 24 h at 60°C, cut
into 70-nm-thick sections, placed on grids, and stained with uranyl ace-
tate and lead citrate. Electron micrographs were collected on a Philips
CM-100 transmission electron microscope (FEI, Hillsboro, OR).

For SEM, samples were then dehydrated through an EtOH series,
cleared in hexamethyldisilazane 3 times for 15 min each time, air-dried,
mounted on an SEM stub with sticky tape and colloidal graphite, dried
overnight, and coated with gold in a Polaron E5100 sputter coater (Bio-
Rad, West Sussex, United Kingdom). Electron micrographs were cap-
tured using an Amray 1910 field emission scanning electron microscope
(KLA-Tencor/Amray Division, Bedford, MA).

Immunoelectron microscopy. MDCK cells expressing inducible
green fluorescent protein (iGFP)-Crb3 were grown on transwell filters as
described previously (26). Labeling was performed using Crb3a antibody
(20 	g/ml) followed by incubation with a mixture of 6 nm and 10 nm
immunogold-conjugated goat anti-rabbit IgG (Aurion, Wageningen,
Netherlands), adhering to the protocol as described previously (27). Im-
ages were collected on a Philips CM-100 transmission electron micro-
scope.

GST-Crb3 pulldown assay. The GST-Crb3 pulldown assay was per-
formed as described previously (25). Briefly, glutathione S-transferase
(GST) or GST-Crb3a (intracellular tail) was expressed in bacteria and
purified. A human HA-ezrin FERM mammalian expression construct was
transfected into 293 cells using Fugene (Roche Applied Science). Lysates
from the 293 cells were prepared, incubated with purified GST or GST-
Crb3a immobilized on glutathione beads, washed, resolved by polyacryl-
amide gel electrophoresis, and immunoblotted using HA antibodies.

PAS-diastase assay. Reagents were purchased from PolyScientific
(Bay Shore, NY). Periodic acid-Schiff (PAS)-diastase assay staining was
performed using conventional protocols (28).

Image preparation and statistical analysis. Image analysis was per-
formed using ImageJ (29).

Figures were prepared in Adobe Photoshop and Adobe Illustrator
(Adobe, San Jose, CA). Statistical analyses were performed in GraphPad
Prism (GraphPad, La Jolla, CA), Microsoft Excel (Microsoft, Redmond,
WA), and SPSS (IBM, Armonk, NY). Analysis of variance (ANOVA),
Student’s t test (independent samples, equal variance, two tailed), and a �2

test for goodness of fit were evaluated, where a P value of less than 0.05 was
considered statistically significant.

FIG 4 Electron micrographs of lungs from Crumbs3 knockout mice. (A)
Transmission electron micrographs of bronchioles and alveoli from E18.5
lungs (scale bars  2 	m). Arrows indicate tight junctions (bronchioles) or
lamellar bodies (alveoli). (B) Transmission electron micrograph of membrane
bleb in Crb3�/� bronchioles from E18.5 lungs (scale bar  500 nm). (C)
Scanning electron micrographs of bronchioles and alveoli from E18.5 lungs
(scale bars  1 	m [top] and 10 	m [bottom]).
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RESULTS
Creation of Crumbs3 targeted mice. To establish the in vivo role
of Crb3 in epithelial morphogenesis and recapitulate our studies
in MDCK cells (20), we used gene-targeting techniques to target
the Crb3 locus. The targeting construct contained an in-frame
fusion of EGFP in exon 3 and a neomycin cassette in intron 2
surrounded by FRT sites. LoxP sites were placed on either side of
this exon 3/GFP cassette to allow Crb3 gene deletion (Fig. 1A). We
confirmed homologous recombination of the Neo allele in three
embryonic stem (ES) cell clones by Southern blotting (Fig. 1B).
The three ES cell clones were injected into blastocysts, yielding
chimeras of each independent line, all of which successfully ac-
complished germ line transmission. We chose to carry two inde-
pendent lines, 11G and 12A, forward and crossed them to a FlpO-
deleter mouse to remove the Neo cassette, producing the Crb3
floxed allele that would express GFP-Crb3. We recovered Crb3�/�

and Crb3�/flox weanlings but not Crb3flox/flox animals (data not
shown; evaluated by �2 test for goodness of fit to expected
Mendelian distribution; P 
 0.001) (genotyping strategy
shown in Fig. 1A). Immunoblotting analysis of lung tissue from
Crb3�/� and Crb3�/flox adults demonstrated that the GFP-
Crb3 fusion protein was expressed at extremely low levels (Fig.
1C). We concluded that further analysis of this GFP-Crb3 allele
would not be feasible.

Therefore, we generated a germ line Crb3 knockout mouse by
crossing the Crb3�/flox animals to the germ line Cre-deleter, EIIa-
Cre (30). We recovered Crb3�/� and Crb3�/� weanlings but not
Crb3�/� animals (P 
 0.0001) (Table 1), suggesting that Crb3
must be crucial for embryonic development. Thus, we performed
timed matings by intercrossing Crb3 heterozygous animals and
discovered Crb3�/� pups in utero at E12.5 and E17.5 (data not
shown). We dissected pregnant females at E18.5, 1 day before the
expected parturition (P0), and were able to deliver Crb3�/�,
Crb3�/�, and Crb3�/� pups alive; however, Crb3�/� pups expired
�10 min after delivery due to apparent respiratory distress (Fig.
1D). The animals looked well developed and well matched in size
(Fig. 1E). Western blot analysis revealed a true half-dosage in Crb3
protein levels in Crb3�/� animals and its complete absence in
Crb3�/� animals (Fig. 2A). Compensatory upregulation of high-
er-molecular-weight proteins Crumbs1 and Crumbs2, whose car-
boxy-terminal tails share a significant degree of identity and sim-
ilarity to that of Crumbs3, was not detected by immunoblotting

with the Crumbs3 antibody in the null animals (Fig. 2B). H&E
analysis of E18.5 lungs of animals stimulated to breathe revealed
normal-appearing bronchioles and primitive alveolar saccules
with open air spaces in Crb3�/� and Crb3�/� genotypes (Fig. 2C).
However, the alveolar walls of Crb3�/� appeared thickened and
hypercellular, and debris filled the airways of the Crb3�/� animals.
The air spaces appeared to contain alveolar macrophages and eosi-
nophilic fibrillar material, representing protein-rich fluid. Air
space expansion was decreased in the knockout animals, but there
did not appear to be a difference in the numbers of proximal
airways or sacculations per section. Furthermore, immunohisto-
chemical analysis for altered cell proliferation (Ki67) or apoptosis
(cleaved caspase-3) did not show differences between the wild-
type and null lungs (data not shown). Genotypic analysis of E17.5
to P0 pups revealed Crb3�/� (18.4%), Crb3�/� (43.9%), and
Crb3�/� (37.7%) (Table 2). Thus, Crb3 is not required for embry-
onic development but is essential for viability immediately after
birth. We also note that half-dosage of Crb3 is sufficient: the
Crb3�/� animals breed well and appear healthy even as they ma-
ture past 1 year of age (E. L. Whiteman and B. Margolis, unpub-
lished results).

Crumbs3�/� lungs display membrane blebs and are filled
with proteinaceous material. To assess the role of Crb3 in lung
development, we dissected E18.5 lungs. Lungs appear grossly nor-
mal (Fig. 2D), and Crb3 stained the apical membranes of bron-
chioles and alveoli in Crb3�/� animals and was absent in Crb3�/�

lungs (Fig. 2E). The fibrillar material seen within the air spaces was
periodic acid-Schiff (PAS) positive and diastase resistant, indica-
tive of the presence of glycoproteins or glycolipids, though we
have not been able to identify its precise nature (Fig. 2F). The
usual pulmonary cell types were represented in the wild-type and
null lungs, as judged by staining for Nkx2.1 (which marks all re-
spiratory epithelial cells), surfactant proteins B and C (SPB and
SPC; expressed by alveolar type II pneumocytes), and Clara cell
secretory protein (CCSP/CC10, expressed by bronchiolar Clara
cells) (Fig. 2G). Surfactant proteins were not aberrantly detected.
However, the debris in the Crb3�/� alveoli stained positively for
SPB, indicating that focal proteinosis is present. We note some
Clara cell blebbing in the Crb3�/� lungs which may indicate mem-
brane instability or abnormal secretion.

Next, we assayed the lungs for epithelial polarity and junctions.
Pals1, the direct binding partner for Crb3, was strictly confined to

FIG 5 Investigation of signaling pathways in Crumbs3 knockout lungs. (A) Western blot of p-ERM and ERM protein levels among �/� and �/� lungs at E18.5.
�-Actin and �-tubulin are shown as loading controls. Samples were run on nonadjacent lanes of the same gel. (B) Frozen sections from E18.5 �/� and �/�
mouse lungs were stained for Yap1 (transcription factor downstream of Hippo pathway) (�600; zoom, 3). (C) Western blot of p-Yap1 (Hippo pathway
activation) and Hes1 (Notch pathway activation) among �/� and �/� lungs at E18.5. �-Tubulin is shown as the loading control. Samples were run on
nonadjacent lanes of the same gel.
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the apical membranes in wild-type lungs but was localized at both
apical and basolateral membranes in the knockout lungs; Pals1
expression levels were reduced in the absence of Crb3 (Fig. 3A and
B). The third member of the Crb3 protein complex, Patj, was

almost undetectable by immunoblotting analysis in Crb3 knock-
out lungs (Fig. 3B). Our previous studies have demonstrated that
the individual stabilities of Crb3/Pals1/Patj are linked (18, 31, 32).
Surprisingly, TJs were present in the null lungs as judged by ZO1

FIG 6 Examination of Crumbs3 knockout kidney. (A) Paraffin sections from E18.5 kidneys were stained for Crb3 (brown) and hematoxylin (blue). (B)
Paraffin-embedded kidneys from wild-type E18.5 mice were stained for Crb3, Aqp1, and Aqp2 (brown) using serial sections. Red arrows indicate areas where
weak Crb3-positive tubules were overlaid with Aqp1. Black arrows indicate the overlap of strongly Crb3-positive tubules with Aqp2. Nuclei were counterstained
with hematoxylin (blue). (C) Paraffin sections from E18.5 kidneys were stained with H&E. (D) Paraffin-embedded kidneys from E18.5 mice were stained for
H&E.
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and occludin staining (Fig. 3A). Further evaluation of the knock-
out lung by light microscopy failed to reveal additional abnormal-
ities: aquaporin 5 (Aqp5, marking predominantly alveolar type I
pneumocytes), mucin 1 (Muc1; expressed by airway and alveolar
epithelial cells), Ezr, and phospho-ezrin/radixin/moesin (p-ERM)
remained apically localized; acetylated tubulin marked the pres-
ence of motile cilia, and E-cadherin and �-catenin appropriately
illuminated adherens junctions (AJ) (Fig. 3C). Finally, Par3 and
aPKC stained the apical membrane/TJ of null lungs, demonstrat-
ing that the Par3 polarity signaling cassette was still correctly lo-
calized (Fig. 3D).

To further define changes in lung morphology in Crb3�/�

mice, we next acquired ultrastructural information. Transmission
electron microscopy (TEM) confirms the presence of TJs, motile
cilia, and lamellar bodies (storing pulmonary surfactants in alveo-
lar type II pneumocytes) in null lungs (Fig. 4A). However, we note
lamellar bodies and proteinaceous material (presenting as a gray

haze) that persisted in the air space outside the cell boundaries of
Crb3�/� lungs. In addition, we find dramatic membrane blebs
extending from the surface of some bronchioles and interrupting
the motile cilia (Fig. 4B). SEM also reveals striking membrane
blebs interrupting the arrangement of motile cilia in Crb3�/�

lungs and membrane protrusions in the cells lining the bronchi-
oles (Fig. 4C). To further assay defects in the actin cytoskeleton
that might account for this blebbing, we assayed levels of p-ERM
and ERM proteins by immunoblot analysis. The protein levels are
indistinguishable between wild-type and null animals (Fig. 5A).
SEM images of the alveoli show smooth, catacomb-like structures
in the wild-type lungs and a more collapsed arrangement with
puckered cells in the null lungs (Fig. 4C).

Finally, we assayed the lungs for more subtle defects in cellular
signaling pathways, since Crb proteins positively regulate the
Hippo tumor suppressor signaling pathway (33–35) and nega-
tively regulate the Notch signaling cascade (36–38). According to

FIG 7 Evaluation of epithelial polarity and signaling pathways in Crumbs3 knockout kidneys. (A) Frozen sections from E17.5 kidneys were stained for Pals1
(green), ZO1 (red), and E-cadherin (blue) (�400 magnification). (B) Western blot of Crb complex protein Pals1 in E18.5 kidneys. �-Actin was used as a loading
control. Samples were run on nonadjacent lanes of the same gel. (C) Frozen sections of kidneys from E17.5 to E18.5 mice were stained for ezrin (cytoskeleton),
occludin and ZO1 (tight junction), E-cadherin (adherens junction/basolateral surface), claudin-4 (tight junction), Par3, and aPKC (apical polarity complex)
(�600; zoom, 1.5). (D) Western blot of p-ERM and ERM protein levels among �/� and �/� kidneys at E18.5. �-Actin and �-tubulin are shown as loading
controls. Samples were run on nonadjacent lanes of the same gel. (E and F) Western blots of p-Yap1 (Hippo pathway activation) and Hes1 (Notch pathway
activation) among �/� and �/� kidneys at E18.5. �-Tubulin is shown as the loading control. Samples were run on nonadjacent lanes of the same gel.
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the models developed in lower organisms and newly emerging
evidence in mammalian systems, we would predict that absence of
Crb3 might lead to dephosphorylation of Yap1 and its resulting
nuclear localization (a readout of Hippo pathway inactivity) and
an enhancement in the levels of the transcription factor Hes1 (an
indication of Notch pathway activation). However, in wild-type
and null lungs alike, Yap1 was similarly localized to the nucleus,
and Yap1 phosphorylation appeared unchanged and Hes1 protein
levels were also very comparable (Fig. 5B and C). In all experi-
ments described here, heterozygous and wild-type lungs were in-
distinguishable (data not shown).

Crumbs3�/� kidneys reveal cysts and abnormal brush bor-
ders. To evaluate the role of Crb3 in kidney development, where
Crb3 is enriched during mesenchyme-to-epithelium transition,
we isolated kidneys from E17.5 to E18.5 animals. We show that
Crb3 staining was absent from tubules in Crb3�/� kidneys,
though we do see residual staining of glomeruli (Fig. 6A). This
staining likely represents cross-reactivity with Crb2, a highly con-
served isoform also expressed in kidney (15). However, we were
unable to detect a compensatory upregulation of Crb2 in Crb3�/�

kidneys by immunoblotting (Fig. 2B). In the wild-type kidneys,
Crb3 was expressed at lower levels in proximal tubules and was
more highly enriched in distal tubules, as judged by staining with
Aqp1 (proximal tubules) and Aqp2 (collecting ducts) in serial
sections (Fig. 6B). Inspection of H&E-stained sections revealed
the presence of cysts and dilated tubules in the null kidneys (Fig.
6C) but normal-appearing glomeruli (Fig. 6D). We observe an
�13% increase in the luminal diameter of null tubules compared
to wild-type tubules at E18.5 (wild type, 28.0 	m � 8.3 	m; null,
31.6 	m � 13.4 	m [P 
 0.001 by t test]).

Next, we assayed epithelial polarity and cell-cell junctions in
the kidney. We found that, in similarity to the lung results, Pals1
was no longer restricted to the apical membrane in the absence of
Crb3 and its protein level was reduced (Fig. 7A and B). (Patj was
not detectable by immunoblot in embryonic kidneys.) However,
ZO1 (TJ) and E-cadherin (AJ) were appropriately localized (Fig.
7A). Further staining with TJ markers occludin, ZO1, and clau-
din-4 shows appropriate localization in null kidneys, and the cy-
toskeleton-associated protein Ezr also was correctly localized, al-
though its staining pattern was disorganized in cysts (Fig. 7C).
Levels of p-ERM and total ERM in wild-type and null kidneys
were comparable (Fig. 7D). The Par3 signaling cassette was also
localized appropriately to apical membranes/TJs in the null kid-
neys, as measured by Par3 and aPKC staining (Fig. 7C). We did
not detect any changes in the Hippo tumor suppressor pathway or
the Notch signaling pathway, as judged by immunoblotting for
phospho-Yap1 and Hes1 (Fig. 7E and F).

We next analyzed kidney organization at the ultrastructural
level. TEM verified the existence of TJs and brush borders (mi-
crovillus [MV]-based structures) in wild-type and null kidneys;
however, we report the presence of some tubules displaying partial
loss of the brush border in Crb3�/� kidneys (Fig. 8A and B). Ad-
ditionally, SEM shows well-formed, interdigitating podocyte foot
processes in wild-type and null glomeruli (Fig. 8C). Cilia were
detected in the Crb3�/� kidneys, but the apical surface of some
renal cells appeared irregular (Fig. 8C).

Crumbs3�/� intestines demonstrate villus fusion and irreg-
ular microvilli. To examine the role of Crb3 in intestinal devel-
opment, where dramatic cellular rearrangements lead to villus
morphogenesis (39, 40), we isolated duodenum from embryonic

FIG 8 Electron micrographs of kidneys from Crumbs3-deficient mice. (A
and B) Transmission electron micrographs of wild-type and knockout
proximal tubules with brush borders from E18.5 kidneys (scale bars  2
	m [left] and 500 nm [right]). Arrows indicate tight junctions. (C) Scan-
ning electron micrographs of podocytes and cilia from E18.5 kidneys (scale
bars  1 	m).
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mice. Crb3 staining verifies the absence of Crb3 in knockout in-
testine (Fig. 9A). Duodenum isolated and stained for Ezr (apical)
and E-cadherin (basolateral) at various time points before
(E14.5), during (E15.5), and after (E17.5) villus emergence shows
normal organization of the epithelium at E14.5 but villus fusion at
E15.5 and E17.5 in Crb3�/� animals (Fig. 9B). Fusion was also
seen in Crb3�/� jejunum at E17.5 (data not shown). The persis-
tence of fused villi was confirmed by analyzing serial sections of
null tissue stained for Ezr and E-cadherin, even though the overall
polarization of the villi was maintained (Fig. 9C). No villus fusions
were observed in wild-type intestines. Heterozygous intestines
also did not show evidence of villus fusion (data not shown).

The ultrastructure of the perinatal intestine is also disrupted.
SEM shows irregular and fused villi in the Crb3�/� intestine at low
magnification. At high magnification, we note that the MV are
disorganized (Fig. 10A). TEM micrographs confirm the presence
of TJs in Crb3�/� and Crb3�/� intestine, although the MV were
significantly shorter in the null animals and the gut lumen appears
to have been filled with debris (Fig. 10B). This is consistent with
the detection of Crb3 in microvilli in epithelial cells by immuno-
electron microscopy (Fig. 10C).

The presence of villus fusion, rough topology of the villi, and
shortened MV are reminiscent of the Ezr�/� intestine (41, 42). In
Drosophila, Crb has been shown to bind a member of the ERM
family, DMoesin, in an interaction that depends on the Crb FBD
(8). This interaction is thought to connect the apical membrane
with the underlying cytoskeleton. To assay a possible similar in-
teraction between Crb3 and Ezr, we performed GST pulldown
assays and we found that Crb3 and Ezr can associate in vitro (Fig.
10D).

DISCUSSION

Crb3 knockout mice die shortly after birth, most likely due to
respiratory distress. Prominent features in other organs are renal
cysts and abnormal intestinal villi. Defects in the apical membrane
were also detected, including brush border abnormalities and
membrane blebbing.

Lumen formation and ciliogenesis. Crb proteins have a key
role in cell polarity and tight junction formation. Crb3 is upregu-
lated in the mesenchyme-to-epithelium transition, suggesting
that it might be crucial for lumen and tube formation (16). How-
ever, initial lumen formation appeared to proceed in lung, kidney,
and intestine with normal localization of Par polarity complex
proteins. Redundancy between the Crb polarity complex and the
Par polarity complex has been described in Drosophila epithelia
(43), and in some Drosophila tissues Par3 is upstream of Crb and
does not require Crb for proper targeting (44, 45). It is thought
that correct targeting of aPKC is essential for proper apicobasal
polarity (7, 46–48), and this appears to occur in the Crb3�/� tis-
sues we studied here. In addition, we detected TJs by TEM and
proper localization of TJ proteins by light microscopy in Crb3�/�

tissues. However, whether Crb3-deficient TJs function normally
remains to be determined.

The lungs of Crb3�/� mice showed thickened, hypercellular
alveolar walls and air spaces filled with alveolar macrophages and
proteinaceous material. This phenotype resembles pulmonary al-
veolar proteinosis (PAP), a group of diseases marked by abnormal
accumulation of PAS-positive glycolipids and glycoproteins in the
alveoli, resulting in inadequate gas exchange and respiratory in-
sufficiency (49). In the Crb3�/� mice, it may be caused by defec-
tive surfactant secretion, recycling, or degradation. Alternatively,

FIG 9 Evaluation of Crumbs3 knockout intestine. (A) Staining of E17.5 duodenum confirms the absence of Crumbs3. Bright spots represent autofluorescent
blood cells. (B) Fluorescent staining of paraffin-embedded duodenum sections at different stages of villus development with ezrin (green), E-cadherin (red), and
DAPI (blue, to mark nuclei) demonstrates the presence of bridges (marked by asterisks) between villi in Crb3�/� embryos. (C) Staining of Crb3�/� duodenum
serial sections with ezrin (green), E-cadherin (red), and DAPI (blue) confirms the presence of bridges (asterisks).
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the motile cilia, which are involved in the clearance of liquid from
the newborn lung and the transition to air-filled neonatal lung,
may malfunction in Crb3�/� lungs. Indeed, Crb3 is involved in
ciliogenesis and localizes to primary cilia (50) as well as motile cilia
(S. Fan and B. Margolis, unpublished results). We observed that
CCL2/MCP-1 (chemokine C-C motif ligand 2/monocyte che-
moattractant protein-1) staining appears to be enhanced in the
null lungs compared to wild-type lungs, possibly providing a
mechanism for macrophage recruitment (data not shown). CCL2
serves as a chemoattractant for macrophages and is thought to
mediate the inflammatory response to alveolar hypoxia occurring
in acute or chronic pulmonary diseases and also illnesses of high
altitude (51). However, macrophage recruitment is a complex
process, and there are many other factors that could be contribut-
ing to the enrichment of macrophages in the Crb3�/� lungs.

The cysts we detect in the Crb3 knockout kidneys could also be
due to defective cilia (52). In zebrafish, Crb2 knockdown led to
pronephros cysts that were attributed to abnormal cilia (53). We
detected cilia in some kidney tubules of the Crb3 knockout mice,
though we did not test their function. It is also possible that the
presence of cysts and tubular dilations represents a polarity defect
resulting in improperly oriented cell division or directed cell
movement (54, 55). We noted that kidney tubule cross sections
were larger in Crb3�/� animals, likely representing loss of control
of luminal diameter or early cystic changes. Defects in polarity
proteins result in renal cysts in other knockout mouse models. In
particular, Lin-7c/Mals-3 deletion leads to a nephronophthisis-
like disease with cysts and fibrosis (56).

Cytoskeleton. Many Crb3�/� intestinal abnormalities pheno-
copied defects seen in the Ezr�/� mice described by McClatchey
and coworkers. These defects include membrane blebbing and
abnormal MV (41, 42). Ezr and other members of the ERM family
are critical in the formation of the membrane cytoskeleton (57).
Similarities between the Crb3 knockout and the Ezr knockout
align well with the known ability of Crb to bind ERM proteins,
including the Drosophila ERM, DMoesin (8). Furthermore, we
have previously noted that expression of a Crb3 construct with a
mutated FBD does not rescue TJ formation in MCF10A cells, in-
dicating a strict requirement for this domain in cell culture (58).
We have detected Crb3 throughout the apical membrane as well as
in MV. Presumably, Crb3 can bind cytoskeletal proteins such as
Ezr and connect the apical membrane to the cytoskeleton. Simi-
larly, we find that loss of Crb3 leads to membrane blebbing. Bleb-
bing is seen in the Ezr�/� mouse, and Ezr plays an important role
in repairing membrane blebs (42, 59). Furthermore, the MV de-
fect in the Ezr�/� model is thought to arise from irregularities in
the actin terminal web which contains Ezr and provides an anchor
for MV while infiltrating the apical junctional region (41). The
defects observed in the kidney brush borders may be due to a
similar loss of interaction with ERM proteins, or they may be
caused by tubular defects related to the development of kidney
cysts.

Also in striking similarity to the Ezr�/� mice, we see intestinal
villus fusion in the Crb3�/� animals. The original model for em-
bryonic gut development holds that stratified epithelial layers re-
arrange to form secondary lumina (39), and the villus fusion in the
Ezr�/� mice has been ascribed to failure of secondary lumen ex-
pansion (41). In the absence of Crb3, secondary lumen formation
may also be incomplete, leading to villus fusion. This may be sim-
ilar to the multilumen phenotype seen in Crb3 knockdown cells
(20). Data collected on villus regeneration in Ezr�/� adult gut
propose that bridges can also be formed when adjacent cells fail to
segregate as they emerge from the same crypt and remain in con-
tact as they ascend two separate villi due to altered spindle orien-
tation and defective apical junction remodeling, ultimately lead-
ing to fusion (42). Recent data indicate that secondary lumina do
not form in embryonic gut epithelium. Rather, the new model
suggests that an embryonic pseudostratified epithelium experi-
ences interkinetic nuclear migration, apico-basal elongation, cell
shape changes, and expansion of the apical surface resulting in
villus formation (40). Therefore, it is possible that the fused villi
observed in Ezr�/� and also Crb3�/� embryos were caused by
randomized cell division due to altered spindle orientation. Fi-
nally, the possibility that ezrin affects junctional remodeling is also
pertinent to understanding villus fusion in both the Ezr�/� and

FIG 10 Electron micrographs of intestine from Crumbs3 knockout mice,
Crb3 in microvilli (cell culture), and Crb3 interactions with ezrin. (A) Scan-
ning electron micrographs of E18.5 wild-type and Crb3 null intestine (scale
bars  100 	m and 1 	m). (B) Transmission electron micrographs of E18.5
wild-type and Crb3 null intestine (scale bar  500 nm). Arrows indicate tight
junctions. (C) Transmission electron micrograph of immunogold-labeled
Crb3 in MDCK cells (scale bar  100 nm). Arrows indicate immunogold
particles and localization of Crb3. (D) GST pulldown experiments assay the
interaction between Crb3 intracellular domain and the HA-tagged ezrin
FERM domain.
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Crb3�/� animals. In this regard, Ezr interacts with Crb3 in vitro,
and the two knockout models share an intestinal phenotype.
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