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Epithelial-cadherin (E-cadherin) is a master organizer of the epithelial phenotype. Its function is regulated in
part by p120-catenin (referred to herein as p120), a cytoplasmic binding partner that directly regulates cad-
herin stability. As it has been suggested that cadherins have a role in inflammatory bowel disease (IBD), we
sought to investigate this further by assessing the effect of p120 deficiency in mouse small intestine and colon.
120 conditional KO mice were superficially normal at birth but declined rapidly and died within 21 days. Cell-
cell adhesion defects and inflammation led to progressive mucosal erosion and terminal bleeding, similar to
what is observed in a dominant-negative cadherin mouse model of IBD. Additionally, selective loss of adherens
junctions and accumulation of atypical COX-2-expressing neutrophils in p120-null areas of the colon were
observed. To elucidate the mechanism, direct effects of p120 deficiency were assessed in vitro in a polarizing
colon cancer cell line. Notably, transepithelial electrical resistance was dramatically reduced, neutrophil bind-
ing was increased 30 fold, and levels of COX-2, an enzyme associated with IBD, were markedly increased in
neutrophils. Our data suggest that p120 loss disrupts the neonatal intestinal barrier and amplifies neutrophil
engagement and that these changes lead to catastrophic inflammation during colonization of the neonatal gut
with bacteria and other luminal antigens. Thus, we conclude that p120 has an essential role in barrier function
and epithelial homeostasis and survival in the intestine.

Introduction
Classical cadherins comprise a family of transmembrane cell-cell
adhesion receptors important in development, morphogenesis, and
cancer (reviewed in refs. 1 and 2). The main cadherin in epithelial
cells, epithelial-cadherin (E-cadherin), is widely regarded as a mas-
ter organizer of the epithelial phenotype (2). E-cadherin mutation is
causally associated with familial gastric cancer (3) and lobular car-
cinoma of the breast (4, 5), in which it functions as a classic tumor
suppressor. However, it is better known as a metastasis suppressor,
because its frequent downregulation in advanced tumors plays a
causal role in the transition to metastasis (4, 6). These observations
underpin wide interest in E-cadherin and in the catenins, cytoplas-
mic binding partners that regulate cadherin function.
p120-catenin (hereafter referred to as p120) and B-catenin are
armadillo repeat proteins that interact directly with distinct sites
on the cadherin tail. f-catenin interacts further with a-catenin to
modulate functional interactions with the actin cytoskeleton (7-9).
In contrast, p120 appears to modulate the strength of cell-cell adhe-
sion by controlling the stability and retention of E-cadherin at the
cell surface (10, 11). p120 also modulates the activities of several Rho
GTPases (12-15), suggesting that the catenins in general coordinate
a functional interface between cadherins and the actin cytoskeleton.
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Other roles for p120 are suggested by its physical interaction with
the transcription factor Kaiso (16, 17), which belongs to the POZ
family of proteins, most of which have been implicated in develop-
mentand cancer (18). Several lines of evidence suggest roles for p120
and Kaiso in canonical and noncanonical Wnt signaling (19-23).

Importantly, the stability of most, if not all, classical and type 2
cadherins is dependent on interaction with p120 (10, 11). When
multiple cadherins are present in a cell, as is often the case, silenc-
ing p120 destabilizes all of them. Conversely, silencing a single
cadherin leaves more p120 for the others, and their levels increase.
This so called “p120 sharing” phenomenon highlights the impor-
tance of overall p120 levels as a cellular set point for determining
overall levels of classical cadherins. It also explains, at least in part,
why the effects of p120 ablation on cell-cell adhesion are often
more profound than silencing individual cadherins.

Previous evidence suggests a role for cadherins in inflammatory
bowel disease (IBD) and, by inference, a role for p120. In particular,
transgenic expression of a dominant-negative cadherin (DN-cad-
herin) in the mouse small intestine induces a Crohn-like IBD by 3
months of age, and the majority of these animals develop adenomas
within 6 months (24). IBDs (e.g., Crohn disease, ulcerative colitis)
are chronically remitting inflammatory conditions, affecting over 1.4
million Americans (25). The etiology is poorly understood and prob-
ably multifactorial. Although many genetic markers have been iden-
tified (26, 27), none by themselves account for more than a fraction
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Clinical phenotype and cause of death.
(A) Comparison of p120 KO and litter-
mate control mice at 16 days. KO ani-
mals displayed an obvious failure to
thrive. (B) Comparison of the Gl tracts
from control (top) and p120 KO (bottom)
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mice. The KO small intestine is pale
white due to loss of blood. Note blood
in the distended colon. (C) The p120

KO mice weigh on average about half

as much as controls. Individual symbols
represent individual mice. P < 0.0001.
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of IBD cases. In general, irrespective of genetic events, IBD is thought
to result from an excessive immune response to luminal antigens.
Several studies point to excess epithelial permeability as a primary
etiologic factor (28, 29). In this scenario, an inappropriate immune
response (and inflammation) is triggered by antigen leakage across a
defective epithelial barrier. Conversely, inflammation itself can drive
excess epithelial permeability (30, 31), making it difficult a priori to
distinguish cause and effect. To this end, mouse models of IBD have
been invaluable, because the initial event can be clearly defined. In
general, the findings in mice have linked primary etiologies to genetic
defects in (a) epithelial integrity/permeability, (b) innate immunity,
and/or (c) adaptive immunity. It is now known that both immune
and barrier defects can promote IBD, but the actual etiology in most
IBD patients remains unclear and is probably influenced by a num-
ber of additional factors, including environmental context.

To directly study roles for p120 in vivo, conditional p120 KO
mouse models have been generated by our group (32) and by the
Reichardt laboratory (33). p120 KO in the intestine has not been
described. However, the effects of p120 KO in other organ systems
have been surprisingly tissue specific and largely unpredictable.
For example, mammary gland development fails alcogether in
the absence of p120, whereas little or no effect is observed in the
prostate (A.B. Reynolds, unpublished observations). Interestingly,
p120 KO in the epithelium of the developing salivary gland com-
pletely blocks formation of acini, resulting in a gland composed
entirely of grossly disfigured ducts. Cell-cell adhesion is markedly
impaired in these structures, resulting in obvious disruption to
the epithelial barrier (32). In striking contrast, p120 ablation in
the epidermis has no discernible effect on either cell-cell adhesion
or barrier function, despite similarly reduced levels of both E- and
P-cadherins. Instead, these mice develop severe epidermal inflam-
mation due to cell autonomous activation of NF-kB (34). Notably,
the salivary gland (barrier defects) and epidermal (inflammation)
phenotypes are major factors in the etiology of IBD.

Here, we report that p120 is essential in the intestine for epithelial
homeostasis and life. p120 KO in the epithelium of the small and
large intestines resulted in inflammation and mucosal damage, lead-
ing to bleeding and death within the first 3 weeks of life. In vitro and
in vivo evidence show that p120 is essential for maintenance of bar-
rier function. The barrier defect precedes the inflammatory response,
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which is probably exacerbated by accumulation of bacteria after birth.
In addition, there appears to be a separate cell autonomous conse-
quence of p120 downregulation that affects neutrophil behavior —
specifically, dramatically increased neutrophil attachment to p120-
deficient epithelial monolayers and selective upregulation of COX-2.
These observations are consistent with a role for p120 in barrier
maintenance, inflammation, and potentially IBD.

Results
120 expression in the intestine is essential for life. Cre/Lox technology
was used to selectively target p120 KO to the small intestine and
colon. Our conditional p120 KO mouse has been used previously
to target p120 ablation to the salivary gland (32) and skin (34).
Here, we crossed floxed p120 mice (p120F/F mice) to a well-char-
acterized villin-Cre mouse model (villin-Cre) engineered to selec-
tively express Cre in the epithelium of the intestine (35). Villin is an
actin bundling protein found in all enterocytes. Normally, it is also
expressed in the kidney, but the model used here has selectively
lost that function. Villin expression in the intestine increases as
cells migrate from the crypts to the tips of villi (36). During embry-
onic development, Villin (Vill) gene expression reaches significant
levels by 14-15 days post coitum, at which time the intestinal epi-
thelium undergoes extensive remodeling, including formation of
villi (35). In the villin-Cre mice, cre activity is first detectable in the
embryonic midgut and hindgut at 12.5 days post coitum (35).
p120 KO mice (villin-Cre/p120F/F mice) were born in normal
Mendelian ratios and indistinguishable from litctermates. Signs
of discomfort were not obvious until after day 10, at which point
the KO animals declined rapidly. Virtually all p120 KO mice died
between 11 and 23 days (average = 17 days) after birth. By the time
of death, p120 KO mice were significantly smaller than littermates
(n=4.84 gvs. 8.16 g, respectively; P < 0.0001) (Figure 1, A and C),
and all suffered from liquid bloody stools (Figure 1B).

By 12-14 days, KO mice were sluggish, with ruffled coats and
hunched posture, consistentwith dehydration. Asshownin Figure 1A,
WT and KO animals were photographed on day 16, just prior to the
removal of their gastrointestinal (GI) tracts for gross examination
(Figure 1B). Note that the KO tract is extremely pale relative to the
WT tract, due to anemia. Indeed, severe loss of blood was the pri-
mary cause of death, as the hematocrits of p120 KO mice at day 16
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were approaching levels incompatible with life (mean = 24%; Fig-
ure 1D). All of the KO mice were similarly affected, indicating an
essential role for p120 in the intestine.

Pp120isrequired for maintenance of epithelial morphology and function. To
evaluate effects of p120 ablation at the tissue level, samples from the
intestine and colon were obtained at 5, 10, and 16 days after birth and
embedded in paraffin for H&E staining (Figure 2). Minor differences
between WT and p120 KO samples in the small intestine were appar-
ent by day 5 and manifested primarily as slight rounding of some
enterocytes along the villi (Figure 2A). By day 10, there were obvious
abnormalities in villus and cell morphology (Figure 2A). At day 16,
major defects in cell-cell adhesion were visible in both the small intes-
tine and colon (Figure 2, B and C). Large numbers of poorly adhesive
enterocytes prematurely blebbed off into the lumen (Figure 2B, right
panels; Figure 2C, right panels). In the small intestine, the tops of villi
were frequently blunted or broken off altogether, along with clusters
of shed cells (e.g., Figure 2B, bottom right panel). Similarly, hobnail
cells at the tops of crypts in the colonic epithelium (Figure 2C, right
panels) were often sloughed off, leading to superficial erosion. These
areas of severely compromised epithelium in the small and large
intestine were frequently associated with free red blood cells, the only
discernible source of the intestinal bleeding.

To visualize these effects at the ultrastructural level (Figure 3), we
initially examined day 16 colonic tissue by EM at magnifications
of x2,650 and x15,000 (Figure 3A). Significant gaps (Figure 3A,
arrows) were observed along the entire basolateral surface in p120
KO samples (compare control and p120 KO panels at magnifica-
tions of x2,650). At higher levels of magnification (x15,000), tight
junctions were observed to be largely intact (Figure 3A, arrow-
head), consistent with several other lines of evidence (i.e., Figure 4),

1826 The Journal of Clinical Investigation

p120 KO Day 10

http://www.jci.org

Figure 2

Rapid deterioration of gut mor-
phology. Sections of small
intestine or colon from p120 KO
or control mice were analyzed
by H&E staining. (A) Sections
of small intestine from day 5,
10, and 16 p120 KO mice. Note
the rapid deterioration in villus
morphology and cell-cell adhe-
sion. Original magnification,
x20. (B) Sections of control
and p120 KO small intestines
at day 16. Note the morpho-
logic defects, compromised
cell-cell adhesion, and erosion
of cells from the tips of villi (bot-
tom right panel), which led to
bleeding. (C) Sections of con-
trol and p120 KO colons at day
16. p120 KO causes a doubling
of mucosal height (compare the
images at a magnification of
x40) and mucosal erosion (top
right panel). Original magnifica-
tion, x20 (B and C, top rows);
x40 (B and C, bottom rows).
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showing that p120 KO selectively targets the adherens junctions.
To determine whether the basolateral gaps were associated with
inflammation, we repeated these experiments with colonic tissue
from newborn WT and p120 KO mice (Figure 3B, compare con-
trol and p120 KO panels). These images indicate that the gaps
observed at day 16 are also evident at birth, long before the detect-
able onset of inflammation.

To further characterize the KO, we double-immunostained par-
affin-embedded sections with antibodies to p120 and E-cadherin
(Figure 4). Interestingly, despite the severity of the phenotype, p120
KO throughout the intestine was mosaic, occurring in discreet
patches involving no more than half of the total epithelial com-
partment. As illustrated by Figure 4, A and B, this mosaic pattern of
p120 KO was characterized by alternating patches of p120-positive
and -negative staining. Inefficient p120 excision is characteristic of
this p120 floxed mouse model; approximately half of the epithelial
organs targeted to date have, in fact, been mosaic, probably because
the loxP sites are more than 8 kb apart. E-cadherin levels were selec-
tively decreased in p120-null cells (Figure 4A, arrowhead), as com-
pared with cells that retained p120 expression (Figure 4A, arrow).
As expected, B-catenin and o-catenin levels decreased in parallel
with those of E-cadherin (Figure 4B). No cytoplasmic or nuclear
[-catenin staining was observed in p120-null cells. In contrast to
o- and f-catenin, staining for desmoglein and occludin was largely
unaffected by p120 loss (Figure 4, B and C, arrowheads), consis-
tent with the presence of apparently normal desmosomes and tight
junctions, respectively, as also observed in the previously described
electron micrographs. Together, these data indicate that E-cadherin
and catenin levels in the intestine are largely dependant on p120,
whereas tight junctions and desmosomes are not.

Number 6

Volume 120 June 2010



p120 KO

Despite major defects in cell morphology and adhesion, over-
all cell polarity in the p120 KO intestine was largely unaffected
(Figure 5A). In the developing salivary gland, p120 ablation causes
severe defects in cell polarity, as evidenced by mislocalization of
the polarity markers Crumbs3 (apical) and Na/K ATPase (basolat-
eral) (32). In contrast, p120-null areas in the intestine maintained
continuous Crumbs3 staining (Figure SA), up until relatively late
stages of mucosal deterioration. Likewise, localization of the base-
ment membrane component laminin was not significantly altered
by p120 ablation (Figure 5B). The basolateral marker Na/K ATPase
localized correctly in spite of defects in adherens junctions and
cell-cell adhesion (Figure 5A), as was also the case for F-actin (data
not shown). These observations imply that p120 ablation by itself
does not markedly effect cell polarity in the intestine.

Similarity to human IBDs. Although none of the p120 KO animals
survived beyond 23 days, H&E analysis of colon tissue at day 16
revealed significant crypt hyperplasia and a doubling of mucosal
height (e.g,, Figure 2C, compare bottom panels), suggesting increased
proliferation, decreased apoptosis, or both. To quantify enterocyte
proliferation in vivo, BrdU was injected into the peritoneal cavity
2 hours prior to sacrifice, and BrdU incorporation was assayed by
immunofluorescence (Figure 6A, compare left panels). Quantifica-
tion of BrdU-positive nuclei revealed a 3-fold increase in proliferation
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Figure 3

Characterization of cell-cell adhesion defects by EM. (A) At low magnifi-
cation (original magnification, x2,650), the extent of the damage (arrows)
is clearly visible along entire basolateral surfaces of the p120 KO cells.
Electron micrographs of control and p120 KO colon are shown at higher
magnification (original magnification, x15,000) in the bottom panels. Tight
junctions remain intact (arrowhead), but adherens junctions are appar-
ently replaced by significant gaps (arrow) along the length of the baso-
lateral membrane. (B) Intercellular gaps are also visible in the p120 KO
colon immediately after birth (day 0). Original magnification, x2,650.

of the KO colonic epithelium (mean = 9,653.5 positive nuclei/colon)
relative to the control counterpart (3,505.5 positive nuclei/colon)
(P < 0.05) (data not shown) and a 2-fold increase in proliferation of
the KO small intestine epithelium (mean = 30,336 positive nuclei/
small intestine) relative to its control counterpart (14,531.5 positive
nuclei/small intestine) (P = 0.01) (Figure 6A, compare control and
p120 KO panels, left side). The bottom left panel of Figure 6A shows
a particularly good example of the mosaic pattern of p120 ablation
in these mice. Although decreased apoptosis could potentially con-
tribute to the thickening of the p120 KO mucosa, analysis of WT and
KO samples by TUNEL and cleaved-caspase-3 assays did not reveal
statistically significant differences (data not shown).

In the normal intestine, stem cells in the crypts give rise to new cells
that differentiate into enterocytes, migrate upward over 3-5 days,
and then slough offinto the lumen. To examine the effect of p120
loss on cell migration, BrdU was injected 30 hours prior to sacri-
fice, and BrdU incorporation was assayed as above in WT and KO
animals (Figure 6A, compare control and p120 KO panels, right
side). Interestingly, cell migration was accelerated by 2 fold in the
p120 KO animals (labelled cells migrate 60% of the way to the top
of the villous in KO vs. 30% in WT; P = 0.0002). This experiment
illustrates precocious arrival of labeled cells at the tops of villi in
p120 KO animals. In the same time interval, labeled cells in control
animals traveled less than half the distance.

In contrast to the pattern of E-cadherin suppression, which was
clearly a cell autonomous consequence of p120 ablation, most
other effects (e.g., proliferation and migration) were widespread
and apparently unrelated to this pattern. This phenomenon is rem-
iniscent of field effects generated by inflammation in IBD patients
(37). To further examine this effect, we localized Ezrin, phospho-
ERM (pERM) (Figure 6B), and phospho-c-Jun (pJun) (Figure 6C),
the former being a potential marker for Rho GTPase activity (38),
the latter a marker of various forms of cellular stress, including
inflammation (39). Comparison of the staining in WT and KO
samples revealed differences consistent with inflammation, but in
contrast to E-cadherin staining, these markers did not mirror the
mosaic pattern of p120 staining present throughout KO tissue.

Field effects in IBD reflect widespread distribution of inflam-
matory cytokines and the presence of various types of immune
cells (37). H&E staining of tissue from 16-day-old p120 KO mice
revealed an increase in inflammatory cells in the lamina propria of
the colon but not the small intestine. Paraffin-embedded sections
from WT and p120 KO mice were therefore stained with mark-
ers for neutrophils, macrophages, and lymphocytes (Figure 7).
Widespread infiltration of neutrophils was observed in the colons
of p120 KO mice but not in the small intestines or in control tis-
sue (Figure 7A, compare control and p120 KO panels, left side).
Macrophage numbers, on the other hand, were similar in WT and
control sections (Figure 7A, middle panels). The CD3* T cell num-
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p120 ablation selectively downregulates the E-cadherin complex. Sections of 16-day-old colon were costained by immunofluorescence with
antibodies to (A) p120 and E-cadherin, (B) p120 and desmoglein (top), p-catenin (middle), and a-catenin (bottom), or (C) p120 and occludin.
Mosaic presence and absence of p120 in the p120 KO panels allows direct contrast of effects in the same section. Arrows indicate p120 WT,
and arrowheads indicate p120 KO. Note that desmoglein and occludin are not affected by p120 loss. Original magnification, x20.

bers in control and p120 KO colons were not significantly differ-
ent (P = 0.14) (Figure 7A, right panels). Neutrophil infiltration is
characteristic of ulcerative colitis and is generally associated with
early acute inflammation (37).

COX-2 expression is increased in most active human IBD samples
(40) and in mouse models of IBD (41). Therefore, we immunostained
p120 control and KO tissues with antibodies to COX-2. Surpris-
ingly, COX-2 staining in the epithelium was not noticeably altered
and generally absent. Instead, we observed a striking and selective
accumulation of a different COX-2-positive cell type that accumu-
lated selectively in p120 KO areas of the colon (Figure 7B). Coimmu-
nofluorescence staining for COX-2 and various other immune cell
markers revealed that the vast majority of these COX-2-expressing
cells were neutrophils (Figure 7C). Although neutrophil recruitment
in this case may be due to exposure of the lamina propria to luminal
antigens, we previously observed a similar phenomenon after p120
KO in the embryonic salivary gland, despite the sterile environment
of the womb (A.B. Reynolds, unpublished observations). Thus, selec-
tive neutrophil recruitment to these areas could potentially reflect
other cell autonomous consequences of p120 ablation.

Barrier defects versus inflammation. To clarify the role of the epi-
thelial barrier, as apposed to other events linked to p120 ablation
(e.g., neutrophil behavior), we generated p120 knockdown (KD)
1828
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HCAY cells and evaluated the in vitro effect of p120 KD on several
relevant phenotypes (Figure 8). WT (pLentiLox-GFP [pLL-GFP])
and p120 KD (pLentiLox-hp120i-GFP [pLL-hp120i-GFP]) HCA7
cells were plated on neutrophil permeable (3-um pore size) filters,
as described by Edens et al. (42). Neutrophils were then added to
the basal side with chemoattractant (fMLP) on the apical side.
The effects of p120 presence or absence on transepithelial electri-
cal resistance (TER), neutrophil transmigration, and neutrophil
attachment to the HCA7 monolayers were measured (Figure 8).

First, we assessed the effects of p120 ablation on neutrophil
transmigration and TER of the epithelial monolayer. The TER
of WT monolayers decreased dramatically upon addition of neu-
trophils (Figure 8A), as described previously (42). Interestingly,
although respective WT and KD HCA7 monolayers were morpho-
logically similar by light microscopy, TER was severely reduced
by p120 KD, irrespective of neutrophil presence (Figure 8A).
Neutrophil transmigration, on the other hand, was largely unaf-
fected by p120 KD (Figure 8C).

The effect of p120 KD on TER was not unique to HCA7 cells,
as similar effects were observed in p120 KD CaCo2 and HCT8
cells (data not shown). In general, TER in these p120 KD cell lines
ranged from as low as 5% (as compared with WT counterparts)
(e.g., Figure 8A), to a high of 30%, with most falling somewhere
Volume 120
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Figure 5

Apical, basolateral, and basement membrane markers are not directly altered by
p120 ablation. Sections of WT or p120 KO intestine (A) or colon (B) were double
stained by immunofluorescence with antibodies to apical (Crumbs3) and basolateral
(Na/K ATPase) markers or with antibodies to the basement membrane marker (lam-
inin) and the AJ marker (p120), respectively. Despite significant barrier defects and
over 50% downregulation of E-cadherin, Na/K ATPase localization and polarity itself
is not directly compromised. Note that patches of p120 loss similar to those in B are
also present in the p120 KO samples in A. Original magnification, x63 (A); x20 (B).

in between. Although tight junctions are known to be the main
effectors of barrier function, Figure 8B shows that ZO-1 stain-
ing was largely unaffected by p120 KD (compare control and KD
panels). This observation is consistent with other evidence from
Figures 3 and 4. Collectively, these data indicate that the tight
junctions are largely intact, despite the consistently low levels of
TER observed in p120 KD monolayers.

Next, we addressed the role of HCA7 p120 KD in modulating neu-
trophil attachment to polarized HCA7 cell monolayers (Figure 8D).
Interestingly, p120 KD increased neutrophil attachment by 30 fold
(Figure 8F), suggesting that p120 deficiency by itself induces
changes that can be detected by neutrophils. We then examined
the possibility that increased binding was caused by a soluble fac-
tor selectively produced by p120 KD cells. Conditioned media
from WT and p120 KD cells was applied to the apical compart-
ment of the WT cell monolayer and the experiments were repeated.
However, neutrophil binding was unaffected by this parameter,
suggesting that attachment is independent of secreted factors.

Notably, the neutrophils that accumulated in vivo in areas of
p120 ablation were unusual in that they expressed very high lev-
els of COX-2 (Figure 7, B and C), an enzyme closely associated
with IBD (40, 43) and colon cancer (44). Therefore, we examined
whether COX-2 levels were influenced by p120 KD in vitro. Neu-
trophils were introduced on the basal side of WT or p120-deficient
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HCAY7 cell monolayers and incubated for 2 or 18 hours
(Figure 9A). At 2 hours, the number of neutrophils
bound to p120 KD cells was the same as at 18 hours,
but little if any COX-2 expression was observed in
either control (pLL-GFP) (data not shown) or p120 KD
cells (pLL-hp120i-GFP) (Figure 9A). In contrast, at 18
hours, the vast majority of neutrophils bound to p120
KD cells were strongly COX-2 positive (Figure 9A). At
this time, approximately 38% of neutrophils associated
with WT cell monolayers expressed low levels of COX-2.
Therefore, we separately quantified both high and low
COX-2-expressing neutrophils to highlight the fact
that strong COX-2 expression was almost exclusively
confined to the population associated with p120 KD
cells (Figure 9A, compare top and middle panels; quan-
tified in Figure 9B, COX-2 high). To determine whether
NF-kB activation might be involved, we repeated the
experiment and stained for NF-kB. The result, however,
was negative (data not shown), suggesting that COX-2
is upregulated by an alternative pathway in these cells.
To control for this result, the same cells were stimulat-
ed with TNF-a., which lead to obvious translocation of
NF-kB to the nucleus (data not shown). Thus, neutro-
phil attachment and COX-2 upregulation is selectively
increased by p120 KD in HCA?7 cells.

Discussion

We show here that p120 function in the intestine is
essential for epithelial homeostasis and indeed sur-
vival. In the absence of p120, the condition of the
intestinal mucosa deteriorated rapidly over the first
weeks of life and virtually all animals died by 3 weeks.
The primary cause of death was massive intestinal
bleeding, resulting from excessive cell sloughing and
related defects in epithelial integrity throughout the
small intestine. Although the early death of the ani-
mals precludes long-term studies in this model, it clearly illus-
trates the importance of p120 in the GI tract.

The severity of the phenotype is exacerbated by a significant
inflammatory response, reminiscent of the major intestinal bowel
diseases in humans. Previously, Jeffrey Gordon and colleagues
showed that transgenic expression of DN-cadherin in the small
intestine induced a profound Crohn-like IBD phenotype (45).
Interestingly, of the approximately 17 described mouse models
of IBD (46), the DN-cadherin mouse was the first of only a hand-
ful to date that clearly links the etiology to a physical defect in
barrier function. Crohn-like characteristics in the DN-cadherin
mouse included cell adhesion defects, neutrophil infiltration, and
compensatory proliferation, all of which were central consequenc-
es of p120 ablation in our model. Although our phenotype was
more severe, DN-cadherin expression in the Gordon experiments
was also lethal initially and had to be scaled back by limiting the
DN-cadherin ES cell contribution to the chimeric embryos used
to generate these mice. Moreover, the expression of DN-cadherin
was confined to the small intestine, whereas p120 ablation in
our experiments was targeted to the entire intestinal tract and
involved at least 50% of enterocytes. Given these differences, the
phenotypes are in fact remarkably similar.

Although the Gordon experiments did not directly address the
underlying mechanism of DN-cadherin action, they did docu-
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Inflammation-associated field effects in p120 KO tissue. (A) p120 KO and control 16-day-old mice were injected with BrdU, either 2 hours (prolifer-
ation) or 30 hours (migration) prior to sacrifice. Sections of the small intestine were costained with antibodies to BrdU (orange) and pp120 (green).
(B) Sections of small intestine from WT and p120 KO mice were stained with antibodies to Ezrin or pERM. (C) Sections of small intestine from WT
and p120 KO mice were stained with an antibody to phospho-Jun (pJun). Unlike changes in E-cadherin abundance, most other alterations were
not restricted to mosaic patches of p120 ablation (e.g., arrows in A), and thus were not cell autonomous. Instead, most phenotypes were global
(e.g., arrowheads in C), reflecting the type of widespread field effect frequently associated with inflammation. Original magnification, x20.

ment significant downregulation of endogenous E-cadherin (24,
47). DN-cadherin expression has, in fact, been used extensively to
disrupt cell-cell adhesion in cultured cells and in vivo. The effect is
characterized by rapid internalization and degradation of endog-
enous cadherins (11, 48-50), an effect also caused by removal of
p120 (10, 11). Indeed, our work (10, 51) and evidence from the
Kowalczyk laboratory (11) strongly suggest that DN-cadherin
physically sequesters p120, thereby blocking its ability to bind
and stabilize resident WT cadherins. Together, these observations
strongly support the concept that DN-cadherins work primarily,
if not entirely, via sequestration of p120. A potentially important
difference between p120 KD and DN-cadherin expression is that
DN-cadherin can, in theory, bind up all p120 family members (e.g.,
d-catenin, p0071, ARVCF), whereas p120 ablation removes only
p120. Indeed, the Gordon data show near complete loss of E-cad-
herin, whereas E-cadherin levels are reduced by approximately 50%
in our model. With respect to p120 ablation in vivo, several lines of
evidence suggest that redundant affects of family members account
for the partial cadherin retention (52). While we cannot formally
rule out other contributing factors, the defects in barrier function
in both the DN-cadherin and in our p120 KO model likely reflect
the critical role of p120 at adherens junctions. Thus, we believe that
the consequences of removing p120 and overexpression of DN-cad-
herin are, in fact, mechanistically and functionally the same.
Although p120 has not been directly linked to IBD, several lines
of evidence make p120 an interesting candidate with respect to eti-
ology. First, the level of p120 in epithelial cells is probably the sin-
gle most important factor in determining overall levels of classical
and/or type II cadherins (10, 11, 51). In many cultured epithelial
celllines, p120 KD almost completely eliminates cell-cell adhesion
(10, 11), and here, we show in vivo and in vitro that p120 loss also
manifests as a significant barrier defect. Second, recent evidence
suggests that p120 is an important cell autonomous suppressor
of inflammation (34). p120 KO in the epidermis has no discern-
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ible effect on cell-cell adhesion or barrier function, but nonethe-
less results in cell autonomous activation of NF-kB and a striking
inflammatory response (34). Our data does not rule out such an
effect in the intestines. Indeed, inflammation associated with the
barrier defect may mask observation of cell autonomous effects,
such as those observed in skin. In any event, it is interesting that
the 2 most prominent phenotypes emanating from various p120
KO mice are also the main factors associated with the etiology of
IBD and potentially relevant to the cycle of inflammation and bar-
rier dysfunction that characterize the disease.

Interestingly, it has been reported that p120 is locally downregu-
lated in 100% of active ulcerative colitis cases and 75% of active
Crohn disease cases (53), the former being strongly associated
with predisposition to colon cancer (i.e., colitis-associated cancer)
(41). In addition, Kucharzik et al. have shown in IBD patients that
E-cadherin and f-catenin are locally reduced in neutrophil-con-
taining crypt abscesses but not in uninvolved areas (i.e., neutro-
phil negative), a result consistent with transient downregulation
of p120 (54). Finally, neutrophil attachment to the p120-deficient
HCA?7 monolayer was elevated 30 fold and correlated with striking
upregulation of COX-2, an event likely to increase PGE;, levels and
exacerbate local inflammation.

Another critical consequence of p120-deficiency in HCA7
monolayers was the considerably reduced ability to establish
TER. Despite the physical presence of tight junctions, their role in
maintaining barrier function is probably indirectly compromised
by major defects in the adherens junctions. One possibility is that
tight junctions depend in part on architectural support provided
by strong basolateral cell-cell adhesion. In any event, these data
strongly suggest that the epithelial barrier in the p120-null intes-
tine is inherently leaky from birth and most likely the initial defect
in the progression to an inflammatory phenotype.

Of note, we observed a significant influx of neutrophils into
p120-null areas of the colon, and there was a clear tendency for
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neutrophils. Original magnification, x20.

them to concentrate in patches of p120 negativity (see Figure 7A).
Surprisingly, neutrophil infiltrates were not observed in the small
intestine, despite significant epithelial erosion and clear evidence
of inflammation. Thus, p120 negativity is unlikely, by itself, to
explain the selective accumulation of neutrophils in the p120 KO
colon. In the DN-cadherin model, neutrophil infiltration of the
small intestine was a prominent feature of the Crohn-like phe-
notype, but neutrophils were not evident at 6 weeks, despite sev-
eral early indicators of disease (24). Therefore, adhesive defects in
the DN-cadherin model clearly preceded neutrophil infiltration,
which was not obvious until approximately 3 months. In contrast,
all of our animals were dead by day 23.

Another potentially relevant variable is the bacterial coloniza-
tion of the intestine shortly after birth. For example, in human
infants, the initially sterile intestine is fully colonized between 1
and 2 weeks of age, and this coincides temporally with the onset
of necrotizing enterocolitis, an acute inflammatory disease that is
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often lethal (55, 56). Notably, similar colonization rates
have been reported in mice (57), and the disease progres-
sion in our mice takes place over a similar time frame.
Indeed, although p120 ablation in our mice occurs well
before birth, differences in villus morphology were not
pronounced until approximately day 10. Thus, it is likely
that the rapid decline at this time point is linked to accel-
eration of the inflammatory response, due in part to the
exponential accumulation of gut flora over this period.

Interpretation of cell-autonomous and -nonautonomous
events were complicated by the ubiquitous presence of an
inflammatory field affect. Whereas E-cadherin (and caten-
ins) downregulation was clearly restricted to p120-null cells
(Figure 4), the staining of most other markers was inde-
pendent of p120 expression and instead appeared to be
driven by widespread inflammation. For example, we origi-
nally stained WT and p120 KO tissue for both Ezrin and
activated Ezrin (pERM) to look for possible p120-related
effects on Rho GTPase activity (38, 58). However, although
overall staining of WT and p120 KO tissue differed mark-
edly (see Figure 6B), colocalization studies revealed no
correlation with the clear mosaic pattern of p120 expres-
sion (as seen in Figure 6A). Instead, the differences caused
by p120 KO were reflected evenly throughout the tissue,
as is frequently observed in the inflamed colon. Staining
for activated Jun (pJun), as an indicator of stress pathway
activation (39, 59), revealed similar results as early as day 5
(data not shown), consistent with an early defect in barrier
function. Thus, most of the differences between WT and
KO tissue were reflective of the inflammatory field effect
rather than direct cell-autonomous alterations. However,
we cannot completely rule out the possibility that the field
effect itself is initiated by a cell-autonomous event, such as
direct upregulation of inflammatory cytokines, as apposed
to an indirect consequence of the barrier defect.

The increased cell proliferation observed in both the
small intestine (Figure 6A) and colon (data not shown)
may also be linked to inflammation (e.g., cytokine stimu-
lation), as has been reported by others (60, 61), or alter-
natively, to compensatory mechanisms that respond to
excessive cell damage and exfoliation (30, 47). Increased
cell migration may be inflammation induced as well (62).
However, it is known that increased levels of E-cadherin
expression dramatically slow upward migration along the villus
(45). Thus, p120 ablation could have the opposite effect, consis-
tent with a cell-autonomous mechanism. It is likely that all of
these factors contribute to the change in migration.

Whether intestinal inflammation following p120 KO is influ-
enced by NF-kB activity, as reported previously in the epidermis
(34, 63), is not yet clear. p120 KD in vitro in the colon carcinoma
cell line HCA7 did not increase NF-kB activity (data not shown).
However, COX-2 expression, which is sometimes activated by
NF-xB, was markedly elevated in neutrophils exposed to p120
KD HCA?Y cells. Of note, most neutrophils in the p120 KO colon
were also COX-2 positive. Elevated COX-2 activity is thought to
play an important role in both IBD and colon cancer (41, 43, 44),
but the source of the activity is controversial. Elevated COX-2 has
been reported variously in epithelial cells, as well as almost every
stromal cell type (44, 64) — macrophages in particular (65). Intesti-
nal COX-2 upregulation has been described in neutrophils as well
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migration (with and without fMLP) across control (pLL-GFP) and p120-deficient (pLL-hp120i-GFP) HCA7 monolayers. TER was measured in Ohms
and normalized to reflect the fraction of total TER generated by control HCA7 monolayers at time O (before addition of neutrophils). TER was very
low or absent in monolayers generated with p120-deficient HCA7 cells. med, media. (B) To visualize tight junctions, the control and p120-deficient
HCA7 monolayers used to generate the TER data in A were immunostained with an antibody directed against ZO-1. Scale bar: 20 um. (C) Neutro-
phil transmigration (with fMLP) was measured on WT and p120-deficient HCA7 monolayers. Neutrophil transmigration was unaffected by p120 KD.
(D-F) The experiment in C was repeated with an incubation time of 2 hours. Filters were washed vigorously and neutrophil attachment to WT HCA7
cells (D) or p120-deficient HCA7 cells (E) was assayed by direct immunofluorescent staining. The results are quantified in F. Neutrophil attachment
to the p120-deficient HCA7 monolayer was increased 30 fold. Data represent mean + SD. Original magnification, x20 (B, D, and E).

(43, 66) but is less common. Thus, p120 ablation in enterocytes
could potentially promote inflammation, in part, by inducing
neutrophil attachment and subsequent upregulation of COX-2.
Irrespective of NF-kB, it is clear that p120 ablation in intestinal cell
lines has marked effects on neutrophil behavior. Attachment of neu-
trophils to cultured HCA? cells was dramatically elevated when p120
levels were reduced. This effect does not appear to be caused by solu-
ble factors, because conditioned media from p120-deficient cells did
not influence neutrophil binding to their p120-positive counterparts.
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Thus, one explanation is that p120 ablation itself directly induces the
upregulation or exposure of one or more neutrophil binding factors.
Alternatively, increased neutrophil attachment could be an indirect
consequence of p120 downregulation, if the mechanism is driven
primarily by loss of barrier function and/or abnormal exposure of
basolateral ligands. Either way, p120 loss causes increased physical,
and probably functional, epithelial interactions with neutrophils.

In summary, we show that p120 is essential for epithelial homeo-
stasis in the intestine. The effects of p120 ablation are, in fact,
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similar to the IBD phenotype described previously in mice over-
expressing DN-cadherin (24). Importantly, it is increasingly clear
that DN-cadherins sequester p120, thereby inducing internal-
ization and destruction of endogenous cadherins (52). Thus, we
suggest that p120 downregulation and DN-cadherin expression
are mechanistically and functionally equivalent. Our in vitro data
illustrate a critical role for p120 in maintaining barrier function.
However, the data also reveal a striking role for p120 in modulat-
ing neutrophil attachment and probably activation. Whether these
roles contribute directly to the etiology of human IBD or adenoma
formation in mice, as implied previously by the DN-cadherin data,
is not yet known. Importantly, identification of p120 as a central
effector of the DN-cadherin phenotype provides not only mecha-
nism but also an actionable target for potential therapeutic inter-
vention. An important next step is to generate inducible p120 KO
models to control the level of disease and permit long-term stud-
ies. Indeed, in addition to inflammatory disease, the DN-cadherin
mice develop adenomas at approximately 6 months. Together,
these observations suggest that long-term p120 loss or inactiva-
tion will be tumorigenic.
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Figure 9

COX-2 is upregulated in neutrophils after exposure to
p120-deficient HCA7 monolayers. (A) Neutrophil trans-
migration experiments were conducted as described
in Figure 5, except that the incubation time was either
2 hours or 18 hours. After vigorous washing, filters were
costained for myeloperoxidase (neutrophils) and COX-2.
As also observed at 2 hours (Figure 5), neutrophil attach-
ment to p120-deficient monolayers (pLL-hp120i-GFP) was
substantially increased relative to that of control (pLL-GFP).
However, there is no upregulation of COX-2 at 2 hours (bot-
tom middle panel). Original magnification, x20. (B) Quantifi-
cation of neutrophil attachment and COX-2 upregulation at
18 hours Neutrophils were divided into 3 groups based on
COX-2 staining intensity. Neutrophils with COX-2 staining
lower than that of background levels (18% of maximum
intensity) were considered COX-2 negative, neutrophils
with COX-2 staining between 18% and 35% of maximum
intensity were considered COX-2 low, and neutrophils with
higher than 35% of maximum COX-2 intensity were con-
sidered COX-2 high. We found that 62.71% of the neu-
trophils attached to p120-deficient monolayers have high
COX-2 staining. In contrast, only 10.59% of the neutrophils
attached to WT monolayers have high COX-2 staining.
Data represent mean + SD.

Methods

Mice. All experiments involving animals were approved by the Vanderbilt Uni-
versity Institutional Animal Care and Use Committee. Mice were maintained
under a strict 12-hour-light/dark cycle, with free access to chow and water.
Mice containing the floxed p120 allele were generated, as described previously,
by our laboratory (32). p120"/¥ mice were crossed with villin-Cre mice (35) to
target p120 ablation to the small intestine and colon. Littermate controls were
used for all experiments to control for the mixed background of these mice.

To obtain blood samples for hematocrit analyses, terminal heart punc-
tures were performed on 16-day-old mice. Blood was collected using hepa-
rin-coated capillary tubes. Serum was separated by centrifugation, and
packed red blood cell volume was measured. To determine proliferation
and migration rates, mice were injected intraperitoneally with BrdU, either
2 hours or 30 hours before sacrificing, respectively.

Immunobistochemistry. Swiss-rolled intestinal tissue was fixed in formalin
overnight at 4°C and then embedded in paraffin. Paraffin-embedded sec-
tions (5 um) were prepared for H&E staining and immunohistochemistry
(IHC). Sodium citrate antigen retrieval was used for all antibodies, except
for anti-F4/80 and anti-BrdU. Antigen retrieval for anti-F4/80 was achieved
by incubating sections in trypsin at 37°C. For fluorescence IHC, samples
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were incubated with primary and secondary antibodies overnight at 4°C
and for 2 hours at room temperature, respectively.

The following primary antibodies were used: F1aSH, an affinity-purified
rabbit anti-p120 polyclonal antibody, was generated by the Reynolds labo-
ratory; pp120 (catalog 610133) and anti-E-cadherin (catalog 610181) were
from BD Biosciences — Transduction Laboratories; anti-f-catenin (catalog
C2206) and anti-a-catenin (catalog C2066) were from Sigma-Aldrich; Na*,
K" ATPase (catalog 05-369) was from Upstate Biotechnology; Desmoglein 1
(catalog sc-20114) was from Santa Cruz Biotechnology Inc.; BrdU (cata-
log OBT0030) was from Accurate Chemical & Scientific Corp.; rat anti-
mouse neutrophils (catalog MCA771GA) and rat anti-mouse F4/80 (cata-
log MCA497R) were from Serotec; anti-laminin (catalog L9393) was from
Sigma-Aldrich; anti-phospho-ERM (catalog 31415) was from Cell Signal-
ing Technology; anti-phospho-c-Jun (catalog 9164) was from New England
Biolabs; anti-Ezrin (catalog 3C12) was from NeoMarkers; COX-2 polyclonal
antibody was from Caymen Chemical; anti-ZO-1 (catalog 40-2200) was from
Invitrogen; and Crumbs3 was a gift from Ben Margolis (University of Michi-
gan Medical School). Secondary antibodies, conjugated to either the 488
Alexa Fluor or the 594 Alexa Fluor, were obtained from Molecular Probes.

EM. Small and large intestine samples were fixed in 2.5% glutaraldehyde/
0.1 mol/l sodium cacodylate (glutaraldehyde was from Electron Microscopy
Sciences). After desired regions were located on a semithin section, 70-nm
sections were placed on slot grids, stained with uranyl acetate and lead citrate,
and analyzed by transmission EM (Philips CM-12 electron microscope).

Cell lines, reagents, and constructs. HCA7 cells were grown in DME supple-
mented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin.
pLL lentiviral vectors expressing shRNA directed against human p120
were generated by cloning annealed sense (tgccagaggtggttcggatattcaaga-
gatatccgaaccacctcrggetetetec) and anti-sense (tcgagaaaaaagccagaggtggrec-
ggatatctcttgaatatccgaaccacctctggea) oligos into the pLL 5.0 vector with
Hpal/Xhol restriction sites. Production of pLL virus for shRNA expression
was conducted in HEK293T cells, as described previously (67).

TER. TER was measured in ohms as described previously (66). In WT cells,
all the resistance measurements were normalized to a percentage of the TER
at time point 0, which was considered to be 100%. The TER for p120 KD
cells was normalized in a similar manner but was also multiplied by a coef-
ficient equal to the ratio between WT and p120 KD TER at time point 0.

Polymorphonuclear leukocytes transepithelial migration. Normal human poly-
morphonuclear leukocytes (PMNs) were isolated, as described previously
by Edens et al. (42). PMN transmigration experiments were performed as
previously described in detail (68). Briefly, inserts were washed 2 times
with PBS, placed into new wells containing HBSS (Sigma-Aldrich), and
allowed to equilibrate for 15 minutes. Purified PMNs were added to the
upper reservoir to a final density of 3.5 x 10° cell/cm?. PMN migration was
stimulated with a 1 mM gradient of fMLP.

After a defined period of PMN transepithelial migration, HCA7
monolayers were washed several times with PBS to remove nonadherent
or semiadherent PMNs. For immunofluorescence analysis, monolayers
were fixed with 3% PFA for 30 minutes. Monolayers were then permeabi-
lized with 0.2% Triton X-100 for 15 minutes. Cell were blocked in 5% milk
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to reduce nonspecific staining for 1 hour. Samples were incubated with
primary antibodies for 1.5 hours at room temperature and then probed
with secondary antibodies coupled with Alexa Fluor 594 or Alexa Fluor 647
(Molecular Probes) for 1 hour at room temperature. Cells were stained with
Hoechst dye to visualize the nuclei. Stained monolayers were mounted in
Prolong Gold Mounting Media (Invitrogen).

The PMN content of the lower reservoir was quantified by assaying for
myeloperoxidase. Myeloperoxidase from the lower reservoir was released by
addition of Triton X-100 to a final concentration of 0.5%. For each sample,
color development was assayed at 405 nm on a plate reader, after mixing
equal volumes of the sample and a 2,2'-azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid) liquid substrate system for ELISA (catalog A3219; Sigma-
Aldrich). After appropriate color development, the reaction was stopped by
adding SDS to a final concentration of 0.5%. The assay was standardized with
the known concentrations of the same PMNs used in each experiment.

PMN COX-2 quantification. PMN transepithelial migration experiments were
performed as described above, except that neutrophils were incubated with
HCA7 monolayers for either 2 or 18 hours. Neutrophils were divided into 3
groups based on COX-2 staining intensity. Neutrophils with COX-2 staining
lower than that of background levels (18% of maximum intensity) were con-
sidered COX-2 negative, neutrophils with COX-2 staining between 18% and
35% of maximum intensity were considered COX-2 low, and neutrophils with
higher than 35% of maximum COX-2 intensity were considered COX-2 high.

Microscopy. Fluorescence images were taken on an Axioplan 2 microscope
(Carl Zeiss Inc.) with a Hamamatsu ORCA-ER digital camera. Images were
analyzed and processed with OpenLab (PerkinElmer) and MetaMorph
(MDS Analytical Technologies) software. Adobe Photoshop and Illustra-
tor were used to generate figures.

Statistics. For calculations to determine statistical significance, the Student’s
t test and ANOVA were used. P values of less than 0.05 were considered signifi-
cant. All calculations were performed using Microsoft Excel 2004 for Mac.
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