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Protein tyrosine phosphatase (PTP)σ (PTPRS) was shown previ-
ously to be associated with susceptibility to inflammatory bowel
disease (IBD). PTPσ−/− mice exhibit an IBD-like phenotype in the
intestine and show increased susceptibility to acute models of
murine colitis. However, the function of PTPσ in the intestine is
uncharacterized. Here, we show an intestinal epithelial barrier de-
fect in the PTPσ−/− mouse, demonstrated by a decrease in trans-
epithelial resistance and a leaky intestinal epithelium that was
determined by in vivo tracer analysis. Increased tyrosine phos-
phorylation was observed at the plasma membrane of epithelial
cells lining the crypts of the small bowel and colon of the PTPσ−/−

mouse, suggesting the presence of PTPσ substrates in these
regions. Using mass spectrometry, we identified several putative
PTPσ intestinal substrates that were hyper–tyrosine-phosphory-
lated in the PTPσ−/− mice relative to wild type. Among these were
proteins that form or regulate the apical junction complex, includ-
ing ezrin. We show that ezrin binds to and is dephosphorylated by
PTPσ in vitro, suggesting it is a direct PTPσ substrate, and identi-
fied ezrin-Y353/Y145 as important sites targeted by PTPσ. More-
over, subcellular localization of the ezrin phosphomimetic Y353E
or Y145 mutants were disrupted in colonic Caco-2 cells, similar to
ezrin mislocalization in the colon of PTPσ−/− mice following induc-
tion of colitis. Our results suggest that PTPσ is a positive regulator
of intestinal epithelial barrier, which mediates its effects by mod-
ulating epithelial cell adhesion through targeting of apical junction
complex-associated proteins (including ezrin), a process impaired
in IBD.

Protein tyrosine phosphatase (PTP)σ, encoded by PTPRS (1),
consists of a cell adhesion molecule-like ectodomain con-

taining three immunoglobulin (Ig)-like and three to eight fibro-
nectin type III repeats, a transmembrane domain, and a cytosolic
region with two PTPase domains, of which the first (D1) is cat-
alytically active (2). PTPσ expression is developmentally regu-
lated and found primarily in the nervous system and specific
epithelia (3, 4). It was previously shown to play a role in axon
growth and path finding (5–7), neuroregeneration (5, 8, 9),
autophagy (10), and neuroendocrine development (11–13).
To investigate the function of PTPσ in vivo, our group (11)

and Tremblay and coworkers (12) generated PTPσ−/− mice.
These mice exhibited high neonatal mortality, various neuro-
logical and neuroendocrine defects, colitis, and cachexia (5, 11,
13, 14). Analysis of the intestinal tissue in surviving mice by our
group revealed the presence of mucosal inflammation, intestinal
crypt branching, and villus blunting: all features of colitis similar
to the enteropathy associated with human inflammatory bowel
disease (IBD) (15). Notably, PTPσ−/− mice also showed in-
creased susceptibility to chemical and infectious models of mu-
rine colitis, specifically treatment with dextran sodium sulfate
(DSS) or infection with Citrobacter rodentium (15). The intestinal
phenotype in the mice strongly inferred a connection between
PTPσ and IBD.
IBD is a chronic, idiopathic, relapsing disorder affecting

the gastrointestinal tract, where Crohn disease and ulcerative
colitis (UC) are the two major forms (16). In IBD pathogenesis,

the presence of environmental factors together with poly-
morphisms in IBD-susceptibility genes cause an abnormal innate
and adaptive host immune response to commensal gut bacteria,
leading to sustained and deleterious inflammation (17). Chronic
infection (18, 19), dysbiosis (19), defective mucosal barrier de-
fense (20), and insufficient microbial clearance (19) have all
been implicated as factors contributing to IBD pathogenesis.
The disease is known to have a strong genetic component, as
evidenced by specific populations exhibiting a disproportionately
high incidence (21) and the high disease concordance between
monozygotic twins (22). Genome-wide association studies and
associated metaanalyses have implicated several genes and path-
ways in IBD, notably genes associated with intestinal barrier de-
fense [MYO9B (23), PARD3 (24), MAGI2 (24), CDH1 (25, 26)].
Through SNP analysis of IBD patients, we showed that PTPRS

is genetically associated with UC (15). The identified SNP
polymorphism leads to alternative splicing in the extracellular
region of the epithelial isoform of PTPσ, causing loss of the third
Ig domain (15). This splicing might potentially lead to altered
ligand recognition or may affect receptor dimerization (27). In
addition, through an interaction-trap assay, we identified the
apical junction complex (AJC) proteins E-cadherin (CDH1) and
β-catenin (CTNNB1) as colonic substrates of PTPσ (15). In-
terestingly, recent large-scale genetic studies have identified over
160 loci that affect risk of developing IBD, many of which in-
volved in barrier regulation (24, 28, 29).
The AJC confers polarity to epithelial cells and maintains

intestinal barrier integrity (30). Defective regulation of AJC
proteins creates disrupted epithelial barriers, permeability defects,
and aberrant intestinal morphology (30, 31), similar to defects seen
in IBD. The connection between the AJC and IBD is further
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demonstrated by our earlier SNP analysis, which revealed
a haplotype polymorphism in CDH1 that is associated with
Crohn disease, leading to a truncated E-cadherin protein that
fails to localize to the plasma membrane (PM), as also ob-
served in IBD patient biopsy samples (25). Thus, we postulate
that PTPσ regulates epithelial barrier integrity through regu-
lation of AJC proteins and that defective PTPσ function may
contribute to IBD.
In this report, we demonstrate an intestinal epithelial barrier

defect in the PTPσ−/− mice and identify the AJC protein ezrin as
an in vivo colonic substrate for PTPσ. We further demonstrate
that dephosphorylation of ezrin-Y353 or -Y145 by PTPσ leads to
its redistribution from the PM to the cytosol, similar to its lo-
calization following induction of IBD in mice.

Results
PTPσ−/− Mice Exhibit Defects in Intestinal Barrier Integrity.Given the
importance of the adherens junction in epithelial cell adhesion
and barrier defense, we investigated the integrity of the intestinal
epithelial layer in our PTPσ−/− mice by evaluating the perme-
ability and electrophysiology of the small bowel and colon ex vivo
and performing in vivo tracer studies. Small bowel and colon
sections from PTPσ+/+ and PTPσ−/− mice were analyzed in an
Ussing Chamber. PTPσ−/− mouse colon and small bowel both
showed a significant decrease in transepithelial electrical re-
sistance (TEER) (Fig. 1A) and increased macromolecular flux
(Fig. 1B) compared with PTPσ+/+ littermates. PTPσ+/− mice
were similar to wild-type (WT) controls. These data suggest that
loss of PTPσ function leads to loss of epithelial resistance, in-
dicating a potential defect in intestinal permeability. To confirm
these observations in vivo, mice were gavaged with fluorescein
isothiocyanate (FITC)-conjugated dextran that acts as a molec-
ular probe to evaluate epithelial barrier permeability. Two dif-
ferent size dextran conjugates were used, 4.4 kDa and 40 kDa, to
assess both paracellular and macromolecular permeability, re-
spectively. PTPσ−/− mouse small bowel and colon tissue showed

increased FITC serum levels for both dextran conjugates com-
pared with PTPσ+/+ littermates (Fig. 1 C and D). PTPσ+/− mouse
tissue showed slightly elevated levels but were not significantly
different from their PTPσ+/+ littermates. These data support the
Ussing chamber results and further suggest a role for PTPσ in
the maintenance of epithelial barrier integrity.

PTPRS Is Expressed in the Crypts Regions of Mouse Intestine. The
gene-inactivating cassette used to generate our PTPσ−/− mice
contains a β-galactosidase reporter, which is thus expressed from
the endogenous PTPRS promoter (11). To determine where
PTPRS (PTPσ) is expressed in the intestine, we performed X-gal
staining on frozen tissue sections from PTPσ+/− mice. Dark blue/
black staining indicative of PTPσ expression was observed in the
epithelial cells lining the crypt region of the small bowel and
colon in the heterozygous mice that was not present in the WT
(Fig. 2). In the small bowel, PTPσ expression appeared most
prominent at the base of the crypts (Fig. 2C), an area of rapid
cell proliferation. In addition, we also observed PTPσ expression
in cells present in the lamina propria regions of the small bowel
and colon (Fig. 2 B and E), including macrophages and lym-
phocytes (Fig. S1).

Enriched Tyr Phosphorylation in the Crypts of PTPσ−/− Mouse Colon
and Small Bowel. To determine how loss of PTPσ regulation
affects Tyr phosphorylation in the intestine, we investigated the
localization and extent of Tyr phosphorylation in PTPσ−/− and
PTPσ+/+ mouse colon and small bowel using immunofluores-
cence microscopy. Colon and small bowel sections from both
untreated and DSS-treated PTPσ+/+ and PTPσ−/− mice were
immunostained using anti-phosphotyrosine (pTyr) antibody
(Fig. 3). In the untreated mice, the villi in the small bowel did not
show significant pTyr staining in either the PTPσ+/+ or PTPσ−/−
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Fig. 1. PTPσ−/− mice exhibit defects in epithelial barrier permeability. (A)
Transepithelial electrical resistance (TEER) was measured ex vivo in whole in-
testinal tissue sections mounted in an Ussing chamber. PTPσ−/− mice showed
decreased resistance in both the small bowel and colon compared with WT
littermates. (B) Macromolecular flux across the epithelia was evaluated by
adding HRP as a tracer to the mucosal side of the Ussing chamber with tissues
mounted. Measurement of the concentration of HRP in the serosal chambers
at 30-min intervals revealed an increased flux in the PTPσ−/− mice compared
with WT littermates. (C) To evaluate permeability in vivo, PTPσ−/− mice and
controls were orogastrically gavaged with the molecular tracer FITC–dextran.
PTPσ−/− mice showed increased serum levels of FITC–dextran 4 kDa compared
with WT littermates. (D) PTPσ−/− mice showed increased serum levels of FITC–
dextran 40 kDa compared with WT littermates. Data represent means ± SD
(*P < 0.05; n = 7–9 mice per genotype; Student t test).

PTPσ(+/+) PTPσ(+/-)

PTPσ(+/-) - crypt

A B

C D

E F

small bowel

colon

small bowel small bowel

Fig. 2. PTPσ (PTPRS) is expressed in cells lining the crypts of the mouse small
bowel and colon. X-gal staining, representing PTPRS expression (black/dark
brown), was performed on frozen-tissue sections from PTPσ+/+ and PTPσ+/−

mice. (A and B) X-gal staining was observed in the epithelial cells lining the
base of the crypts of the small bowel of PTPσ+/−mice. (C) Higher-magnification
image demonstrating X-gal staining at the base of the intestinal crypts. (D and
E) X-gal staining was present in the epithelial cells lining the crypts in the colon
of the PTPσ+/− mice but not in WT controls. (F) High-magnification image of
crypts cross-section of PTPσ+/− mouse small bowel demonstrating X-gal–posi-
tive cells in the lamina propria region. (Scale bars: 25 μm.)
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sections. In contrast, the crypt regions of the PTPσ−/− small bowel
showed strong pTyr staining compared with PTPσ+/+ controls (Fig.
3A). A similar crypt staining pattern was also observed in the colon
of PTPσ−/− mice (Fig. 3B). Interestingly, this Tyr phosphorylation
pattern colocalized with the AJC marker E-cadherin (Fig. S2). In
addition, cells in the lamina propria along the crypt–villus axis
showed increased Tyr phosphorylation in the PTPσ−/− mice
(Fig. 3A). These results support the X-gal staining (Fig. 2),
because the increase in Tyr phosphorylation is located in regions
positive for PTPσ expression.
In the DSS-treated mice, pTyr staining was enriched in all

genotypes in both the small bowel (Fig. 3C) and colon (Fig. 3D),
with further increase in the PTPσ−/− mice relative to DSS-treated
control littermates.

Identification of Ezrin and Villin as Binding Partners for PTPσ. The
increased permeability and Tyr phosphorylation in the PTPσ−/−
mouse intestine suggest that PTPσ is regulating proteins asso-
ciated with maintenance of the epithelial barrier. To identify
the intestinal substrates of PTPσ that may regulate intestinal
barrier integrity, we performed mass spectrometry (MS) on colon
homogenates from PTPσ−/− and PTPσ+/+ mice following im-
munoprecipitation (IP) with anti-pTyr antibodies and trypsin
digestion, to identify hyper–Tyr-phosphorylated proteins in the
knockout (KO) colons. Table S1 reveals 37 proteins enriched in
Tyr phosphorylation in the PTPσ−/− colon relative to WT, with
some of them (e.g., E-Cadherin, β-catenin, p130CAS, EGFR)
already identified earlier as PTPσ substrates (15, 32, 33). Among
the new putative substrates, we noticed numerous AJC proteins,
including ezrin and villin (Table S1). Ezrin is implicated in the
organization of the apical web region and participates in several

signaling pathways including adherens junction remodeling (34, 35),
and Ezr−/− mice have defects in intestinal epithelial architecture
(31). Villin regulates actin filaments, cell morphology, and mi-
crovilli formation (36), and loss of villin increases colonic sus-
ceptibility to the DSS model of murine colitis (36).
To confirm the MS data, an in vitro substrate-trapping assay

was performed using GST-fusion proteins that contain the cat-
alytically active D1 domain of PTPσ or its inactive, substrate-
trapping PTPσD1(D1472A) mutant (14). Fig. 4 A and B shows
that ezrin and villin can bind to the D1 domain of PTPσ but not
to GST alone.

Ezrin Is a Substrate of PTPσ. To test whether ezrin and villin are
substrates of PTPσ, an in vitro dephosphorylation assay was
performed. GST-fusion proteins containing the intracellular
PTPase domains of PTPσ were purified, and their phosphatase
activity was determined by incubation with para-nitrophenyl
phosphate (pNPP), a generic pTyr substrate (Fig. 4C). Only fu-
sion proteins containing the active D1 domain (PTPσD1 and
PTPσD1D2) showed PTPase activity. The PTPσD1(D1472A)
mutant showed no activity, as expected. To test for de-
phosphorylation of ezrin in cell lysate, purified GST-tagged
PTPσD1, PTPσD1D2, or the inactive PTPσD2 and PTPσD1
(D1472A) were incubated with immunoprecipitated FLAG–
ezrin and immunoblotted for anti-pTyr. Fig. 4 E and F reveal
significantly decreased Tyr phosphorylation of ezrin in those
incubations containing the catalytically active domain of PTPσ
but not with the inactive domains. Ezrin binding to and de-
phosphorylation by PTPσ were lost by pervanadate (a PTP
inhibitor) treatment (Fig. S3). No change in Tyr phosphory-
lation of villin was observed (Fig. 4D), suggesting that villin is
not an in vitro (direct) substrate of PTPσ (although we cannot
preclude the possibility that in vivo PTPσ may indirectly
dephosphorylate villin).

Ezrin Localization Is Altered by PTPσ-Mediated Tyr Dephosphorylation
in Cells and in the Small Bowel of DSS-Treated Mice. Tyr phos-
phorylation has been implicated in ezrin trafficking to the PM
(37, 38). In accordance, we found that treatment of cells with
pervanadate led to accumulation of ezrin at the PM (Fig. 5A),
suggesting that its Tyr phosphorylation is required for this
PM localization.
Phosphorylation of tyrosines Y145, Y191, Y353, and Y477

in ezrin was previously described and has been implicated in
a range of processes, including cellular adhesion (35) and cyto-
skeletal remodeling (39). Thus, we mutated each of these tyro-
sines to either Phe or the phosphomimetic Glu, transfected them
into colonic Caco-2 cells, and followed ezrin distribution by
confocal microscopy. As seen in Fig. 5A and quantified in Fig.
5B, there was a significant redistribution of two ezrin mutations
(Y145 and Y353E) from the cytoplasm to the cell periphery
relative to the Y145F or Y353F mutant, respectively. The other
mutants did not exhibit altered distribution. MS analysis of
pervanadate-pretreated ezrin following incubation with the
active domain of PTPσ revealed decreased abundance of
phosphopeptides containing pY353, indicative of tyrosine
phosphatase activity directed toward this site (Fig. 5 C and D).
Moreover, the relative distribution of Tyr-phosphorylated pep-
tides determined by our MS analysis of the PTPσ KO colons
demonstrated greater phosphorylation of Y145 and Y353 rela-
tive to other pTyr sites (Fig. S4). These results suggest that Y353
and Y145 are likely important tyrosines that are normally
dephosphorylated by PTPσ, leading to redistribution of ezrin
in the cell. This dephosphorylation-dependent cytoplasmic re-
distribution is likely not mediated by E-cadherin since although
ezrin can (weakly) bind E-cadherin, this interaction is di-
minished, not increased, in the ezrin-Y353E mutant (Fig. S5).
To complement the ezrin localization experiments, we per-

formed immunofluorescence analysis on mouse tissue sections
from our PTPσ−/− and PTPσ+/+ mice. Small bowel and colonic
tissue was acquired from both naïve and DSS-treated PTPσ−/−
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Fig. 3. Tyr phosphorylation is enriched in the crypt regions of PTPσ−/−

mouse colon and small bowel. Tissue sections from both naïve and DSS-
treated mice were immunostained with anti-pTyr antibody and visualized
using confocal microscopy. (A) Tyr phosphorylation is enriched in the crypt
region of PTPσ−/− mouse small bowel compared with littermate controls.
Increased Tyr phosphorylation is also observed in cells contained within the
lamina propria regions of PTPσ−/− mice. (B) Increased Tyr phosphorylation is
visible in the crypt regions of the colon in PTPσ−/− mice compared with lit-
termate controls. (C and D) DSS treatment of the PTPσ−/− mice and litter-
mates leads to increased Tyr phosphorylation in both KO and WT small
bowel (C) and colonic (D) tissues. (Scale bars: 25 μm.)

Murchie et al. PNAS | January 14, 2014 | vol. 111 | no. 2 | 695

CE
LL

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315017111/-/DCSupplemental/pnas.201315017SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315017111/-/DCSupplemental/pnas.201315017SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315017111/-/DCSupplemental/pnas.201315017SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315017111/-/DCSupplemental/pnas.201315017SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315017111/-/DCSupplemental/pnas.201315017SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315017111/-/DCSupplemental/pnas.201315017SI.pdf?targetid=nameddest=SF5


and PTPσ+/+ mice. Ezrin localization in naïve mouse colon and
small bowel revealed no difference between PTPσ−/− and PTPσ+/+
sections (Fig. 6A). However, differences in ezrin localization
were observed between PTPσ−/− and PTPσ+/+ small bowel sec-
tions after DSS treatment (Fig. 6B). The PTPσ+/+ small bowel
tissue showed ezrin localization in both the cytoplasm and at the
PM, in contrast to the PTPσ−/− tissue, which showed PM staining
almost exclusively (and in line with our observations in Fig. 5).
This suggests that PTPσ may regulate ezrin trafficking and that
loss of PTPσ leads to accumulation of ezrin at the PM under
acute inflammatory conditions.

Discussion
We demonstrate here a defect in intestinal barrier integrity of
the PTPσ−/− mice, suggesting destabilized epithelial monolayer
that forms the barrier between the intestinal lumen and lamina
propria. Cell adhesion, mediated by the AJC, is essential to
barrier function of polarized epithelia (30). Interestingly, our MS
analysis identified numerous hyper–Tyr-phosphorylated proteins
in the PTPσ−/− mouse intestine with functions associated with
the AJC. These hits include proteins that mediate intercellular
junctioning (E-cadherin, β-catenin, Tjp-2), proteins that regulate
interactions with the actin cytoskeleton (villin, ezrin, gelsolin),

and proteins that regulate signaling pathways that modulate
junction complex formation and remodeling (EGFR, ezrin). We
postulate that PTPσ functions as a positive regulator of epithelial
barrier integrity in the intestine through the regulation of
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Fig. 5. Ezrin Y145E and Y353E exhibit increased localization at the PM in
Caco-2 cell monolayers. FLAG–ezrin (WT or pTyr mutants) was transfected
into Caco-2 cells, seeded on Transwell permeable supports, and analyzed by
immunofluorescence microscopy to evaluate subcellular localization. (A)
Localization of ezrin-Y353E, ezrin-Y145E, and the double-mutant ezrin-
Y145E/Y353E appears elevated at the PM compared with WT and corre-
sponding Phe mutants. (Scale bars: 10 μm.) (B) Colocalization of ezrin with
F-actin, as stained by phalloidin, was quantitated using Volocity to de-
termine the degree of correlation. Ezrin-Y145E, -Y353E, and -Y145E/Y353E
each showed statistically significant increases in colocalization with actin
compared with both WT and the corresponding Phe mutants. Data repre-
sent means ± SD (*P < 0.05; Student t test; n = 50–60 cells). (C) In vitro de-
phosphorylation assay conducted on pervanadate-treated WT FLAG–ezrin
protein using the GST-fusion protein containing the D1 domain of PTPσ.
Each reaction was incubated for the time points listed. Ezrin protein in these
reactions was analyzed using MS to identify site-specific changes in Tyr
phosphorylation. (D) Mass chromatograms for each time point in C, dem-
onstrating a decrease in the relative abundance of the phosphopeptides
LQDpYEEKTK and LQDpYEEK (which include Y353) with time, indicative of
dephosphorylation by PTPσ.
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proteins associated with the AJC, including ezrin. Although
E-cadherin and β-catenin form the essential core of the adhe-
rens junction, and we previously demonstrated these proteins to
be colonic PTPσ substrates (15), we believe that PTPσ-mediated
regulation of ezrin is another mode in which this PTP regulates
the AJC, likely independent of E-cadherin (Fig. S5).
We demonstrate that ezrin is a direct intestinal substrate of

PTPσ and that its cellular localization is altered by Tyr de-
phosphorylation of ezrin-Y353/Y145 by PTPσ, indicating that
Tyr phosphorylation of ezrin, especially at Y353 or Y145, is re-
quired to localize/maintain it at the PM. Interestingly, DSS
treatment, used to induce colitis, augments the PM localization
of ezrin in the PTPσ−/− mice, suggesting that DSS or colitis may
increase Tyr phosphorylation of ezrin, leading to its increased
retention (or arrival) at the PM. The presence of this mis-
localization mainly during DSS-treatment does suggest that

other PTPs are likely also involved in the regulation of ezrin
trafficking, given that we still observe ezrin at the PM in the
untreated mice. How Tyr phosphorylation of ezrin regulates its
cellular localization in not known, but its phosphorylation is es-
sential for its function as a scaffold protein. In accordance,
several binding partners of ezrin, including Src [which phos-
phorylates Y145 and Y477 (40)] and p85 [the regulatory subunit
of PI3K, which is recruited to pY353 (41)], bind to it through
SH2 domain-mediated interactions. PTPσ could potentially
regulate the ezrin-mediated activation of these effectors by
targeting pTyr residues that serve as SH2-binding sites. In-
terestingly, several of the signaling pathways regulated by ezrin
are important for cell adhesion. Rac1 is a potent regulator of
actin cytoskeletal dynamics and was shown to regulate adherens
junction assembly through E-cadherin (35). In addition, Src is
a known mediator of cell adhesion and adherens junction
remodeling (40).
In the context of IBD pathogenesis, it is possible that the

defective barrier integrity observed the PTPσ−/− mouse intestine
may contribute to the development of intestinal enteropathies
by increasing the exposure of the lamina propria to luminal
pathogens. A “leaky” intestinal epithelium has been previously
implicated in IBD (30) and barrier defects have been observed in
IBD patients (42), but the underlying genetic basis for these
effects were not well characterized. Our work presented here
suggests a new function for PTPσ as a positive regulator of ep-
ithelial barrier integrity, which may help explain the underlying
genetic risk in IBD associated with defects in permeability. Our
current work, however, cannot preclude the possibility that cells
in the lamina propria (such as macrophages or lymphocytes),
which express PTPσ, also contribute to the intestinal pathogen-
esis we observe in the PTPσ−/− mice.

Materials and Methods
Generation of Constructs and pTyr Mutants. FLAG epitope-tagged full-length
ezrin- and villin-fusion constructs were generated as described in SI Materials
and Methods. Site-directed mutagenesis was performed to generate phos-
phomimetic (Y→E) and phosphoablated (Y→F) ezrin mutants at sites Y145,
Y191, Y353, and Y477 (Table S2).

Tandem Immunoprecipitation of pTyr–MS. pTyr-containing proteins were
isolated from PTPσ−/− and WT littermate intestinal tissue homogenates by IP,
digested with trypsin to generate peptide fragments, and characterized
through tandem MS as outlined in SI Materials and Methods. Identified
proteins were ranked according to the difference in unique spectral counts
between the PTPσ+/+ and PTPσ−/− mice.

In Vitro Substrate-Trapping and Dephosphorylation Assays. GST-fusion pro-
teins containing the intracellular PTPase domains of PTPσ (14), including
a substrate-trapping D1472A mutant, were used to immunoprecipitate
FLAG-tagged ezrin- and villin-fusion proteins as described in SI Materials and
Methods. Dephosphorylation assays were performed in vitro using these
GST-fusion proteins.

Ussing Chamber Studies. PTPσ−/−, PTPσ+/−, and WT littermates were killed by
cervical dislocation; small bowel (proximal to cecum) and colonic (proximal
to rectum) sections were excised and mounted in an Ussing chamber as
detailed in SI Materials and Methods. Macromolecular flux was assessed by
the addition of unconjugated horseradish peroxidase (HRP) to the luminal
chamber as described (43).

FITC–Dextran Assay. PTPσ−/−, PTPσ+/−, and WT littermates were orogastrically
gavaged with FITC–dextran (4 and 40 kDa). After 4 h, mice were killed by
cervical dislocation, blood was extracted by cardiac puncture and then sep-
arated by centrifugation, and serum levels of FITC were analyzed by fluo-
rimetry as detailed in SI Materials and Methods.

Immunohistochemistry. Small bowel and colonic tissue from PTPσ−/− mice and
WT littermates were embedded in paraffin, sectioned (5 μm), processed, and
immunostained with anti–E-cadherin, anti–β-catenin, and anti-ezrin anti-
bodies as described in SI Materials and Methods.
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Fig. 6. Ezrin localization is altered in the small bowel of PTPσ−/− mice after
colitis-inducing DSS treatment. Ezrin localization was evaluated in small
bowel and colon tissue sections from both naïve and DSS-treated PTPσ−/−

mice and littermate controls using immunofluorescence microscopy. (A)
Ezrin present at the apical PM of enterocytes in the small bowel in PTPσ−/−

mice and controls. (B) Ezrin localizes to the apical surface of enterocytes in
the colon, but there was no observed difference between PTPσ−/− mice and
littermate controls. (C) Ezrin localization is disrupted in the small bowel of
PTPσ−/− mice treated with DSS. (D) DSS treatment has no effect on the lo-
calization of ezrin in the colon. (Scale bars: 25 μm.) (E) Quantification of
ezrin-staining intensity in enterocytes of both naïve and DSS treated PTPσ+/+

and PTPσ−/− mice. All staining-intensity values were normalized to the mean
PM intensity observed in the naïve PTPσ+/+ mice. Images were converted to
grayscale, and edges corresponding to the PM were isolated algorithmically.
Data are means ± SD (n = 40–50 images per genotype; *P = 0.0046; Student
t test).
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Immunofluorescence Microscopy on Caco-2 Monolayers. Caco-2 BBe cells were
transiently transfected in suspension with FLAG-tagged WT or pTyr mu-
tant ezrin. Transfected cells were seeded onto Transwell permeable
supports and grown for 4 d as outlined in SI Materials and Methods.
Membranes containing cell monolayers were mounted on glass slides for im-
munofluorescence microscopy using anti-FLAG antibodies and Alexa Fluor 488-
conjugated phalloidin.

Identification of pTyr Sites by MS. WT FLAG–ezrin was transiently transfected
in HEK293T cells. Following pervandate treatment to enrich for Tyr phos-
phorylation, ezrin was immunoprecipitated and incubated with the D1

domain of PTPσ for various time points as described in SI Materials and
Methods. The bound FLAG–ezrin was digested with trypsin, and the result-
ing pTyr-containing peptide fragments were isolated by IP then analyzed by
MS (as above).
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