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Recent evidence has demonstrated that reactive oxygen (eg, hydrogen peroxide) can activate host cell
signaling pathways that function in repair. We show that mice deficient in their capacity to generate
reactive oxygen by the NADPH oxidase 2 holoenzyme, an enzyme complex highly expressed in neutrophils
andmacrophages, have disrupted capacity to orchestrate signaling events that function inmucosal repair.
Similar observations weremade formice after neutrophil depletion, pinpointing this cell type as the source
of the reactive oxygen driving oxidation-reduction protein signaling in the epithelium. To simulate
epithelial exposure to high levels of reactive oxygen produced by neutrophils and gain new insight into this
oxidation-reduction signaling, epithelial cells were treated with hydrogen peroxide, biochemical exper-
iments were conducted, and a proteome-wide screen was performed using isotope-coded affinity tags to
detect proteins oxidized after exposure. This analysis implicated signaling pathways regulating focal
adhesions, cell junctions, and maintenance of the cytoskeleton. These pathways are also known to act via
coordinated phosphorylation events within proteins that constitute the focal adhesion complex, including
focal adhesion kinase and Crk-associated substrate. We identified the Rho family small GTPebinding
protein Ras-related C3 botulinum toxin substrate 1 and p21 activated kinases 2 as operational in these
signaling and localization pathways. These data support the hypothesis that reactive oxygen species from
neutrophils can orchestrate epithelial cellesignaling events functioning in intestinal repair. (Am J Pathol
2019, 189: 2221e2232; https://doi.org/10.1016/j.ajpath.2019.07.017)
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Injury to the intestinal epithelium can occur because of
multiple clinical conditions that include infectious or idio-
pathic inflammatory diseases, ischemia, or irradiation.
Generally, the epithelium has a remarkable capacity to
repair itself, thereby preventing fluid/electrolyte imbalance
and systemic exposure to luminal antigens or pathogens.
However, many clinical conditions, such as inflammatory
bowel disease (ulcerative colitis or Crohn disease), lead to
intestinal injury that does not heal. Therefore, the molecular
mechanisms and functional elements that mediate epithelial
barrier wound repair are of intense investigative interest.

The intestinal epithelium is a dynamic barrier separating the
luminal stream from the underlying subepithelial compart-
ments. This barrier is actively renewed by proliferation of
progenitor stem cells within crypts, migration of epithelial cells
stigative Pathology. Published by Elsevier Inc
along the crypt-villous axis, and programmed shedding at the
luminal surface. This process occurs in 5 to 7 days in humans,
while concomitantly maintaining barrier function.1,2 Many
cell-signaling pathways have been shown to function inwound
repair, including networks that are activated in response to the
controlled generation of reactive oxygen within cells.3e6 The
controlled and deliberate generation of reactive oxygen can
occur as a result of the catalytic activity harbored within cells,
. All rights reserved.
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either intrinsically at low levels or at elevated levels in response
to sensing exogenous stimuli. For example, sensing of mo-
lecular elements specific to bacteria and subsequent generation
of reactive oxygen by neutrophils are a long-established host
microbicidal response to bacteria, termed the respiratory
burst.7 This process is catalyzed by a specific NADPH oxidase
2 (Nox2), of which gp91phox is a membrane-bound compo-
nent found primarily in macrophages and neutrophils and
required for their bactericidal action.8 Circulating immune
cells recruited to the site of a wound exert indiscriminate
microbicidal activity by the generation of reactive oxygen.9 In
addition to microbicidal activity, deliberate generation of
reactive oxygenwithin epithelial cells via the NADPH oxidase
Nox1 has an established role in modulating cell signaling,
including regulatory events that initiate and promote restitution
and healing of a damaged epithelium.3,10,11 Reactive
oxygenemediated signaling occurs through the rapid and
reversible oxidation of cysteine residues within specific target
proteins, usually regulatory enzymes, thus allowing for graded
perception of intracellular reactive oxygen concentrations and
control of critical steps in signal transduction pathways.12,13

The specificity of biological responses to the altered levels of
reactive oxygen is dependent on the specific reactive oxygen
species molecule type generated, the intensity of the signal, the
subcellular sites of production, or the developmental stage of
the cell.14,15

Our research group recently reported that oxidation-
reduction (redox) signaling could influence the phosphory-
lation of Crk-associated substrate (Cas) via a mechanism
that requires the activity of the Abelson murine leukemia
viral oncogene homolog 1 (ABL1) kinase.16 Specifically,
Cas, which acts as a mechanosensor in focal adhesions and
is essential for cell movement is phosphorylated at residue
Y410 in response to elevated levels of exposure to hydrogen
peroxide. In addition, within a restituting, mechanically
inflicted wound, phosphorylated CAS delocalizes from focal
adhesions to cell junctions, which is a phenotype observed
in actively restituting intestine tissue.16 Interestingly, focal
adhesion kinase (FAK) has also been shown to localize to
cell junctions and control permeability in both the
endothelium17e22 and epithelium.23,24 These findings point
to the possibility of cross talk between focal adhesion pro-
teins and cell junction proteins.25 As stated above, immune
cells also secrete high levels of extracellular reactive oxygen
into the tissue wound environment.26 This event has long
been assumed to represent deleterious collateral damage
necessary for killing of phagocytosed bacteria. However,
this reactive oxygen can form a concentration gradient with
signaling function. Therefore, at a certain distance, the
gradient of immune cellegenerated reactive oxygen is
inevitably sensed by cells within the adjacent epithelium
and possibly results in the physiological reversible oxidation
of cysteine residues within specific target proteins. To date,
the extent to which immune cellederived reactive oxygen
orchestrates cell-signaling events during intestinal epithe-
lium wound repair has not been fully described.
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The aim of this study was to investigate the cell signaling
pathways regulated by reactive oxygen that function to
induce wound restitution. A variety of genetic, imaging,
biochemical, and proteomic techniques were used, which
showed that neutrophil-derived reactive oxygen produced at
the site of intestinal injury function in activating signaling
events in the epithelium that regulate cytoskeleton dy-
namics, focal adhesion, and cell junction activity.

Materials and Methods

Mice

Wild-type C57BL/6 (stock number 000664) and
gp91phox-null (stock number 002365) mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME)
and housed in the Emory University (Atlanta, GA)
Whitehead Animal facility for 2 weeks before experi-
mentation. To account for host-microbiome reciprocal in-
teractions, the microbiome of each group of mice was
normalized by routinely exchanging bedding between
cages for 2 weeks before experimentation.

Wound Biopsies by Mechanical Injury in the Colon

Biopsy wounding was performed, as previously described.16

Briefly, to generate discrete mucosal injuries in the mouse
colon and to monitor their regeneration, a high-resolution
miniaturized colonoscope system (Coloview Veterinary
Endoscope; Karl Storz, Goleta, CA) was used. This system
consisted of a miniature rigid endoscope (1.9-mm outer
diameter), a xenon light source, a triple-chip, high-resolution
charge-coupled device camera, and an operating sheath with
3F instrument channel and air/water injection bulb to regulate
inflation of themouse colon (all fromKarl Storz). Endoscopic
procedures were viewed with high-resolution (1024 � 768
pixel) images on a flat-panel color monitor. The night before
the initial biopsy injury, food was removed from the mouse
cages. The following morning, mice were anesthetized by
using ketamine and xylazine, and the endoscope with outer
operating sheath was inserted to the midedescending colon
and the mucosa was surveyed to the anorectal junction. Then,
a flexible biopsy forceps with a diameter of 3F was used to
remove single full-thickness areas of the entire mucosa and
submucosa. Particular attention was taken to avoid penetra-
tion of the muscularis propria. Each mouse received biopsy
injuries at three to five sites along the dorsal side of the colon
(spacing was>5mm). After the defined experimental period,
colons were dissected and tissue was embedded for histo-
pathologic and immunofluorescence analysis.

DSS-Induced Mouse Model of Colon Injury and
Neutrophil Depletion

C57BL/6 and gp91phox-null mice were given drinking
water with dextran sodium sulfate (DSS) at 3%. This
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procedure causes erosions of the intestinal epithelium and
consequently results in acute inflammation within 5 days. At
5 days, DSS is then discontinued and healing is monitored
by assessing the disease activity index up until that extended
to day 14 after initial addition of DSS in the water. The
disease activity index is measured and calculated on the
basis of stool consistency, weight loss, and presence or
absence of detectable fecal blood. Colonic inflammation and
damage were assessed by histologic scoring of immune cell
infiltration, ulcerations, adhesions, and bowel wall thick-
ness. Polymorphonuclear neutrophil depletion was achieved
by two administrations of an anti-Ly6G antibody (100 mg,
intraperitoneally; Thermo Fisher Scientific, Waltham, MA):
once, 12 hours before wounding; and second, 24 hours (day
1) after infliction of colonic wounds. The control group
received a similar dose of the relevant IgG antibody. Poly-
morphonuclear neutrophil depletion (>90%) was confirmed
by flow cytometry.

Cells, Transfection, Antibodies, and Reagents

To measure transepithelial resistance, SK-CO-15 (a gift
from Charles Parkos, University of Michigan, Ann Arbor,
MI) cultured human epithelial cells were plated onto
Corning transwells (24-well format; catalog number 3470;
Corning Life Sciences, Tewksbury, MA) and monitored
with an epithelial voltohmmeter. Transwells generate a cell
culture that more closely mimics an in vivo environment,
where chemical inhibitors or stimulants can be added to
either the upper compartment (apical) or the lower
compartment (basolateral) of the transwell. SK-CO-15 cells
were also used for plasmid transfection assays and
biochemical experiments to analyze protein signaling or
protein-protein interactions. Transfections were performed
in a 24-well plate, with each well receiving 0.5 mg plasmid
DNA/0.75 mL of Lipofectamine 2000 overnight treatment in
Optimem cell culture media (both from Thermo Fisher
Scientific). Unless otherwise noted, transfected or chemi-
cally treated cells were harvested and analyzed after 24
hours of incubation. FAK inhibitor PF-562271 was used at
500 nmol/L final concentration, and the p21-activated ki-
nase 2 (PAK2) inhibitor FRAX597 (Selleckchem, Houston,
TX) was used at 2.5 mmol/L final concentration.

Immunofluorescence, Proximity Ligation, and
Microscopy

Cells were fixed in 4% formaldehyde, ice cold, for 10 mi-
nutes and then permeabilized with 0.5% Triton X-100 for 7
minutes. For mouse sections, tissues were fixed in ice-cold
formaldehyde for 15 minutes and permeabilized in Triton
X-100 for 15 minutes. Samples were blocked in phosphate-
buffered saline/bovine serum albumin and then probed
consecutively with primary and fluorescent conjugate sec-
ondary antibodies (goat anti-mouse, anti-rabbit, or anti-rat)
with appropriate species reactivity (Molecular Probes,
The American Journal of Pathology - ajp.amjpathol.org
Eugene, OR). For proximity ligation, the samples were pro-
cessed according to the Duolink proximity ligation assay
technology (Sigma-Aldrich, St. Louis,MO) instructions, with
slight modifications. Briefly, after incubation with primary
antibody, samples were exposed to the Duolink secondary
antibodies containing conjugated nucleic acid probes for 45
minutes, and then ligated for 30 minutes at 37�C, after which
DNA polymerase was added with a master mix of fluorescent
nucleotides and allowed to react for 1 hour. Images were
obtained on an Olympus F1000 confocal microscope
(Olympus America Inc., Center Valley, PA).

BIAM Pull-Down Assay

The biotin-iodoacetamide (BIAM) pull-down assay was
performed, as described previously,27 without modification.
Briefly, epithelial cell monolayers were lysed, the insoluble
material was removed by centrifugation, and the lysates were
adjusted to 25 mmol/L (biotinylated iodoacetamide) BIAM
and incubated on ice in the dark for 45minutes. After removal
of unbound biotin label with a desalting column, biotinylated
proteins were immobilized onto streptavidin agarose for 1
hour. After extensive washing and heat denaturing, SDS-
PAGE and Western blot analysis were performed.

Isotope-Coded Affinity Tags

The Cleavable ICAT Reagent for Protein Labeling (stock
keeping unit number 4339036) was obtained from SCIEX
(Framingham, MA). Isotope-coded affinity tag (ICAT) and
tandem mass spectrometry analysis was performed essen-
tially, as previously described,27 with minor modification.
Briefly, trichloroacetic acid precipitated proteins from cell
lysates were incubated with a heavy ICAT reagent to label
reduced cysteines, followed by a second trichloroacetic acid
precipitation, disulfide reduction with tris(2-carboxyethyl)
phosphine (TCEP), and then labeling of newly reduced
cysteines with a light ICAT reagent. After overnight trypsin
digestion and an on-column purification (first-round anion
exchange, second-round streptavidin) of biotinylated
peptides with heavy and light labels, samples were vacuum
dried before processing. Peptides were resuspended in
trifluoroacetic acid/acetonitrile and loaded onto a C18-fused
silica column before elution and injection into a mass spec-
trometer, where they were then scanned, resolved, and trap-
ped before being dynamically excluded; and the raw values
were used to search a human database for corresponding
peptide matches, with a false discovery rate set to 1%.

Immunoprecipitation and Western Blot Analysis

Protein lysates (approximately 1 mg protein) were mixed
with preloaded protein-G agarose beads (Sigma-Aldrich)
containing the appropriate immunoprecipitating antibody
and incubated with end-over-end mixing for 2 hours at 4�C.
Beads with immune complexes were isolated by
2223
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centrifugation and washed several times with lysis buffer
(1% Triton X-100/tris-buffered saline) before being heat
denatured and analyzed by Western blot analysis. To this
end, blotting was performed using standard SDS-PAGE and
transfer conditions (100 V for gel, 350 mA for transfer).
Blots were blocked in milk or, in the case for phospho-
blotting, 5% bovine serum albumin was used. Primary an-
tibodies were incubated with blots overnight at 4�C, and the
secondary electrochemiluminescence conjugate (donkey
anti-mouse or donkey anti-rabbit; Jackson Immunoresearch
Inc., West Grove, PA) was incubated for 2 hours after
multiple washes with tris-buffered saline/Tween-20. The
electrochemiluminescence signal was captured by a digital
camera system (KwikQuant; Kindle Biosciences, Green-
wich, CT) and adjusted for brightness and contrast. Exper-
iments were repeated multiple times to ensure accuracy.

Results

Reactive Oxygen Produced by Nox2/gp91phox
Influences Disease Activity and Cas Phosphorylation in
an Injured Intestinal Mucosa

Other investigations have reported on the negative effects of
the loss of neutrophil activity on recovery using the 2,4,6-
trinitrobenzene sulfonic acidecolitis model that includes the
development of a transmural inflammation that resembles the
histopathologic lesions that develop in human Crohn dis-
ease.28 The effect of the loss of reactive oxygen generated by
infiltrating immune cells was assessed on disease intensity
and recovery rates using a DSS model of colitis and gut
injury. Mice that are null for Nox2 activity by genetic ablation
of gp91phox exhibited significantly increased disease activity
index during DSS treatment and recovered at a significantly
slower rate after the removal of DSS from the drinking water,
compared with wild-type controls (Figure 1AeC). These data
point to the contributing influence of immune cellegenerated
reactive oxygen in disease intensity and, in particular, in the
restitution of injured gut tissue.

Within biopsy wounds inflicted on the colonic mucosa,
the localization of phosphorylated Cas (p-Cas) deviates
from being restricted to focal adhesions at the base of
columnar enterocytes in uninjured tissue, to also emerge on
the lateral edges of enterocytes in wounded tissue. The
emergence of p-Cas on the lateral edges of enterocytes also
occurs after the addition of hydrogen peroxide to polarized
colonic epithelial monolayers.16 Because hydrogen peroxide
alone could recapitulate the phenotype of the emergence of
p-Cas on the lateral edges of enterocytes, and because high
levels of hydrogen peroxide are generated by immune cells
recruited to the site of the wound, we hypothesized that
immune cellegenerated hydrogen peroxide potentiates the
emergence of p-Cas on the lateral edges of enterocytes
within wounds. To test this hypothesis, biopsy wounds were
inflicted in the colons of mice that lack Nox2 activity (null
for gp91phox, the primary driver of superoxide generation),
2224
with Nox2 being the holoenzyme that is essential for cata-
lyzing the generation of reactive oxygen in immune cells.
Although the emergence of p-Cas occurred on the lateral
edges of enterocytes of wild-type C57BL/6 control mice at
48 hours after wound infliction, no p-Cas was detected on
the lateral edges of enterocytes within wounds lacking Nox2
activity (Figure 1D), demonstrating the requirement of im-
mune cellegenerated reactive oxygen for this phenotype. In
addition, depletion of circulating neutrophils from mice by
i.p. administration of anti-Ly6G elicited the same results as
observed in Nox2-null mice, in which no p-Cas was
detected within wounds after neutrophil depletion. These
data indicate that a major source of exogenous reactive
oxygen within wounds emanates from recruited neutrophils
at the site of intestinal injury (Figure 1D).

Identification of Hydrogen PeroxideeResponsive
Signaling Pathways in Cultured Epithelial Cells

Next, the epithelial signaling pathways affected by exposure
to high levels of exogenous reactive oxygen species were
studied. A proteome-wide screen was performed to detect
proteins oxidized after exposure to 1 mmol/L H2O2 using
the ICAT method.29 This concentration of hydrogen
peroxide was selected because it was the lowest concen-
tration found to elicit detectable phosphorylation of Cas
in vitro.16 The ICAT approach involves a two-step labeling
of reduced and reversibly oxidized cysteine residues within
proteins using iodoacetamide. First, reduced cysteines are
labeled with a heavy isotope. Then, in a second reaction,
oxidized cysteines are reduced with TCEP and reacted with
a light isotope. Therefore, by contrasting the ratio of
cysteine residues labeled in untreated cells to ratios of
cysteine residues labeled in cells exposed to hydrogen
peroxide, it is possible to identify residues that are sensitive
to oxidation by exposure to reactive oxygen (Figure 2A).
Cultured SK-CO-1 cells were exposed to 1 mmol/L H2O2

for 15 minutes, whereupon cells were harvested and
analyzed by ICAT. Approximately 2000 peptides corre-
sponding to 115 different proteins that are significantly
oxidized on hydrogen peroxide exposure were identified
(Supplemental Table S1). The ICAT protocol relies on
column purification of biotinylated peptides and, therefore,
the whole proteome is not fully captured; thus, the data set
only represents a fraction of the possible oxidized proteome.
Graphical representation of the percentage oxidation for
each of the captured peptides shows an overall shift from
left to right, indicating that a large portion of the assayed
proteome was oxidized when exposed to exogenous
hydrogen peroxide (Figure 2B). Using the Search Tool for
the Retrieval of Interacting Genes/Proteins30 analysis of
those peptides with significant difference of P < 0.05 or less
revealed a diverse range of cellular functions for hydrogen
peroxideesensitive proteins (Table 1). Of particular interest
was the identification of proteins with functions involving
the formation of focal adhesions, tight junctions, and
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Immune cellegenerated reactive oxygen influences disease activity and Crk-associated substrate (Cas) phosphorylation in an injured intestinal
mucosa. A: Total body weight as a percentage of starting weight of wild-type (WT) and gp91phox-null mice during the treatment of 3% dextran sulfate sodium
(DSS)einduced colitis. B: Disease activity index of mice described in A during the treatment of 3% DSS-induced colitis. A and B: The area under the curve was
calculated for each mouse, and a P value comparing the groups was obtained by a two-tailed t-test: PZ 0.085 (A) and P Z 0.026 (B). A and B: Asterisks (A)
and daggers (B) represent time points at which groups were different. C: Survival of mice described in A during the treatment of 3% DSS-induced colitis. The
Mantel-Cox log-rank test was used to compare the two curves (P Z 0.057). D: Immunofluorescence analysis of phosphorylated Cas (green) and E-cadherin
(red) after injury to the intestinal mucosa by biopsy wounding in wild-type C57BL/6, gp91phox�/�-null, and neutrophil-depleted mice. DNA is stained with
DAPI (blue). Inset in first panel of D shows an enlarged view of the smaller boxed area, magnifying the image at the epithelial cell layer. Note strong
expression of Cas-Y410 at the basolateral end of wild-type epithelial cells adjacent to the biopsy wound. This expression was absent in biopsy wounds inflicted
on gp91phox�/�- or neutrophil-depleted mice. n Z 8 (AeC). *P < 0.05 (analysis of variance); yP < 0.05 (two-tailed t-test). Scale bars Z 100 mm (D).

Redox Signaling during Intestinal Repair
construction and maintenance of the cytoskeleton
(Supplemental Figure S1). These proteins also function in
wound healing and tissue restitution in the gut, altogether
implicating neutrophil-derived reactive oxygen as playing
an important signaling role in adjacent epithelial cells to
regulate cell migration in a restituting wound.

Hydrogen Peroxide Oxidizes Cas, FAK, and Rac1

To validate the findings of the ICAT analysis in Figure 2
that elements involved in the formation of focal adhesions
Figure 2 Identification of hydrogen peroxide (H2O2)eresponsive signaling path
affinity tag (ICAT) labelingmethod.B: Relative peptide oxidation levels significantly c
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within cells are sensitive to reactive oxygen, SK-CO-1 cells
were subjected to 1 mmol/L H2O2 for 15 minutes. Cells
were harvested and oxidized proteins were identified using a
BIAM cysteine labeling pull-down assay,27 where BIAM
reacts with reduced thiols. If the thiol is oxidized after the
addition of hydrogen peroxide, then BIAM will not react
with the thiol on that protein and, therefore, the protein will
not be pulled down by streptavidin agarose. Therefore, a
diminished amount of protein in the pull-down fraction in-
dicates that the protein harbors cysteine residues that have
been oxidized by 1 mmol/L H2O2. The results revealed
ways in cultured epithelial cells. A: Graphical representation of isotope-coded
hange in SK-CO-15 cells exposed to 1mmol/L H2O2 for 15minutes. CTL, control.
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Table 1 Search Tool for the Retrieval of Interacting Genes/
Proteins Analysis to Detect the Functional Process Attributed to
Peptides that Are Sensitive to Reactive Oxygen, as Detected by
ICAT Analysis

Pathway No. of genes P value

Ribosome 10 1.06 � 10�8

Carbon metabolism 8 3.3 � 10�7

Spliceosome 7 0.00002
Biosynthesis of amino acids 5 0.00009
Focal adhesions 7 0.00034
RNA transport 6 0.00045
MAPK signaling 7 0.00124
Tight junctions 5 0.00141
Regulation of cytoskeleton 6 0.00233
Cell cycle 4 0.00787
Adherens junctions 3 0.0105

ICAT, isotope-coded affinity tag; MAPK, mitogen-activated protein kinase.

Matthews et al
diminished amounts of Cas, FAK, and Ras-related C3 bot-
ulinum toxin substrate 1 (Rac1) (Figure 3A) in the strepta-
vidin agarose pull-down fraction, indicating that these
proteins are oxidized by 1 mmol/L H2O2; however, other
cellular proteins, such as histone deacetylase 4 and Abl
kinase, did not diminish for control versus hydrogen
peroxide and, therefore, were not significantly oxidized by
hydrogen peroxide. These data confirm that H2O2 applied
exogenously to cultured human intestinal epithelium cells at
1 mmol/L is sufficient to elicit oxidation of cysteine residues
within target proteins that control cell movement. Activation
of Cas and FAK within focal adhesions occurs as a result of
the phosphorylation of specific residues within these pro-
teins. Because these phosphorylation events are critical to
the activity of Cas and FAK within the focal adhesion
complex, the extent to which these phosphorylation events
and the cellular localization of these proteins were influ-
enced by reactive oxygen was examined. The phosphory-
lation of FAK at residue Y397 (p-FAK Y397) is the primary
upstream phosphorylation site controlling FAK activity.31

The p-FAK Y397 species is also known to localize and
function within focal adhesions.32,33 Because of the estab-
lished role of FAK in modulating the activity of Cas at focal
adhesions, and reports of FAK altering endothelial barrier
properties,17e22 its localization in the epithelium in response
to reactive oxygen was examined. Antibodies against total
FAK, p-FAK Y397, or p-FAK Y861 were used to identify
the cellular localization of FAK and its phosphorylated
species. Immunostaining analysis revealed that at steady
state, total FAK and p-FAK Y861 localized to the cell
junctions (Figure 3B), whereas p-FAK Y397 did not, and
was primarily in the focal adhesions and cytosol (data not
shown). Focal adhesion staining was positive for p-FAK
Y861 (Figure 3C), suggesting that different forms of p-FAK
Y861 might be shuttling between focal adhesions and cell
junctions through a controlled phosphorylation-dependent
mechanism, or, alternatively, total FAK is being controlled
2226
at these sites by kinase/phosphatase regulation of Y861.
Exposure to 1 mmol/L H2O2 for 15 minutes increased the
levels of FAK Y861 in the junctions, demonstrating a
redox-dependent component to FAK’s localized activity in
the junctions (Figure 3C). Immunoblot analysis of SK-CO-1
cultured cells subjected to 1 mmol/L H2O2 for 15 minutes
confirmed phosphorylation at Y861 and also detected
phosphorylation of Cas at residue Y410, as previously re-
ported,16 and at Y165, whereas Y249 was not detected to be
phosphorylated in the same assay (Figure 3D). These data
show that the phosphorylation state and subcellular locali-
zation of Cas and FAK are sensitive to altering hydrogen
peroxide levels.
FAK Localizes to Cell Junctions and Can Alter Barrier
Activity

FAK is also known to function in maintaining intestinal
epithelia barrier integrity.34 The catalytic activity of FAK was
disrupted using the inhibitor PF-562271, which binds in the
ATP-binding cleft of FAK, thereby abrogating the kinase ac-
tivity of FAK. Inhibition of FAK activity in SK-CO-1 cells
resulted in a significant increase in transepithelial resistance,
which was in contrast to a decrease in transepithelial resistance
observed in these cells when incubated in the presence of 1
mmol/L H2O2 (Figure 4A). Inhibition of FAK activity with PF-
562271 also reduces the levels of FAK phosphorylation at
Y397, as well as the phosphorylation of Cas at Y410
(Figure 4B), demonstrating a link between FAK catalytic ac-
tivity and Cas phosphorylation. Evidence for this association
was further demonstrated by showing the inhibition of FAK
activity with PF-562271 disrupted the Cas/Crk complex, where
Cas failed to coimmunoprecipitate with Crk after the inhibition
with FAK (Figure 4C). As a control, these data were similar to
the effect of activatingABLkinaseusing5-[3-(4-fluorophenyl)-
1-phenyl-1H-pyrazol-4-yl]-2,4-imidazolidinedione, whose
increased activity is known to disrupt the Cas/Crk complex
(Figure 4C). Taken together, these observations indicate a
signaling role for FAK, and potentiallyCas, in the cell junctions
to regulate barrier properties during repair. To determine
whether the effects of FAK inhibition on improved barrier
function took place at the adherens junctions or tight junctions,
the corresponding levels of b-catenin (adherens signaling) and
myosin light chain (tight junction signaling) phosphorylation
were measured in response to PF-562271 inhibition of FAK. A
reduction in FAK phosphorylation at Y397was detected after 5
minutes of incubation with PF-562271, and levels of myosin
light chain S18/19 decreased slightly by 20 minutes and
continued to decrease along the time course. A similar decrease
in levels ofb-catenin phosphorylationatS552,which leads to its
disassociation from cell-cell contacts, was observed after in-
cubation with PF-562271 (Figure 4D). These data suggest that
hydrogen peroxide affects signaling at both the tight junctions
and adherens junctions in an FAK-dependent manner.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Hydrogen peroxide (H2O2) specif-
ically oxidizes Crk-associated substrate (Cas), focal
adhesion kinase (FAK), and Ras-related C3 botuli-
num toxin substrate 1 (Rac1). A: Biotin-
iodoacetamide (BIAM) pull-down analysis of pro-
teins extracted from SK-CO-15 cells after exposure
to 1 mmol/L exogenous H2O2 for 15 minutes.
Protein bands and relative intensity were detected
by Western blot analysis using antibodies specific
to proline-rich acidic protein 1 (Prap-1), histone
deacetylase 4 (HDAC4), FAK, CAS, Abelson murine
leukemia viral oncogene homolog (ABL), and Rac1.
Blots shown are representative of at least three
replicate experiments. B: Immunofluorescence
analysis of SK-CO-15 cells for the detection of total
FAK and phosphorylated FAK (p-FAK) at residue
Y861. Total FAK localized to the cytosol, focal
adhesions, nucleus, and cellular junctions,
whereas phosphorylated FAK Y861 primarily local-
izes to cell junctions, as indicated by the white
arrowheads. Focal adhesions are indicated by the
yellow arrowhead. C: Immunofluorescence anal-
ysis of SK-CO-15 cells exposed to 1 mmol/L exog-
enous H2O2 for the detection of phosphorylated
FAK at residue Y861, which primarily localizes to
cell junctions, as indicated by the white arrow-
heads. Focal adhesions are indicated by the yel-
low arrowheads. D: Immunoblot analysis for the
detection of phosphorylated FAK at residue Y397
or Y861, and of phosphorylated Cas at residue
Y410, Y165, or Y295, before and after exposure of
SK-CO-15 to 1 mmol/L H2O2. Scale bars Z 20 mm
(B and C). CTL, control; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

Redox Signaling during Intestinal Repair
FAK and p-Cas Interact with ZO-1

To test whether p-Cas or FAK physically interact with
elements in the tight or adherens junctions and gain further
insight into how the relocalization of these proteins might
affect barrier function, proximity ligation assays were per-
formed on SK-CO-1 cells exposed to 1 mmol/L H2O2 for 15
minutes. If two proteins are within approximately 40 nm of
each other, possibly within actual physical contact, prox-
imity ligation assay allows for complementary oligo-paired
The American Journal of Pathology - ajp.amjpathol.org
and conjugated secondary antibodies recognizing the pri-
mary antibodies of two different proteins in question to form
a DNA heteroduplex that can be ligated and serves as a
template to incorporate DNA polymeraseeinserted fluores-
cent nucleotide that can be visualized and quantified by
fluorescence microscopy. Although no coligation was
detected in untreated cells, indicating no interaction, a
strong coligation signal between the tight junction protein
zonula occludens-1 (ZO-1) and p-Cas in a chicken-wire
pattern, indicative of junctional staining, was detected
2227
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Figure 4 Focal adhesion kinase (FAK) localizes to
cellular junctions and can alter barrier activity. A:
Measurement of transepithelial electrical resistance
(TEER) of cultured SK-CO-15 cells treated with FAK
inhibitor (FAK-i) PF-562271 or with 1 mmol/L exog-
enous H2O2. One-way analysis of variance at each time
point compares FAK-i and H2O2 treatment groups with
control (CTL). B: Immunoblot analysis for the detec-
tion of phosphorylated FAK or Crk-associated sub-
strate (Cas) at the indicated residues in cultured SK-
CO-15 cells treated with the FAK inhibitor PF-
562271. C: Coimmunoprecipitation and immunoblot
analysis to detect interactions between Crk and Cas.D:
Immunoblot analysis for the detection of the phos-
phorylation of proteins that are associated with tight
junctions or adherens junctions for up to 2 hours in
cultured SK-CO-15 cells treated with the FAK inhibitor
PF-562271. *P< 0.05, **P< 0.01, and***P< 0.001.
DPH, 5-[3-(4-fluorophenyl)-1-phenyl-1H-pyrazol-4-
yl]-2,4-imidazolidinedione; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; MLC, myosin light chain;
RAN, GTP-binding nuclear protein Ran.
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after a 15-minute exposure to hydrogen peroxide
(Figure 5A). In addition, ligation signal was detected be-
tween ZO-1 and FAK in both untreated SK-CO-1 cells and
at 3.5-fold higher in SK-CO-1 cells exposed to hydrogen
peroxide (Figure 5B). No signal was detected in control
Figure 5 Focal adhesion kinase (FAK) and phosphorylated Crk-associated substr
A: Immunofluorescence analysis of proximity ligation assay (PLA) to detect interact
were run in the absence of primary antibodies, but included secondary antibodies, l
after exogenous hydrogen peroxide (H2O2) exposure. Groups were compared using

2228
experiments, in which primary antibodies were omitted in
the assay (Figure 5A). These data indicate a direct contact
between ZO-1 and Cas after hydrogen peroxide treatment
and an increased interaction between FAK and ZO-1 after
hydrogen peroxide treatment.
ate (p-Cas) interact with the zonula occludens-1 (ZO-1) tight junction protein.
ions between p-Cas and ZO-1 (indicated in red). PLA-negative controls (CTLs)
igation, and polymerase reaction. B: PLA analysis of FAK and ZO-1 before and
a two-tailed t-test (PZ 0.13). Scale barsZ 20 mm (A).
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Redox Signaling during Intestinal Repair
Active Rac1 Increases p-Cas Accumulation in Cell
Junctions

A regulator protein of Cas and FAK activity is the Rho
family, small GTPebinding protein Rac1. Rac1-Cas-FAK
signaling is connected to integrin signaling to regulate
cellular stiffness and cell cycle through modifications in
the cytoskeleton.35 These processes are also critical mo-
lecular events during wound healing in tissue. All three
proteins, FAK, Cas, and Rac1, are oxidized by the
addition of exogenous hydrogen peroxide (Figure 3),
indicating that this pathway can be altered on increases in
levels of reactive oxygen. To test the effect of active
Rac1 on p-Cas localization, SK-CO-15 cells, transfected
with a plasmid harboring an active form of Rac1 (G12V),
were treated with 1 mmol/L H2O2 for 15 minutes. In the
absence of hydrogen peroxide, p-Cas is primarily located
in the cytoplasm and focal adhesions. However, after
exposure to hydrogen peroxide, p-Cas rapidly increases its
presence in the cell junctions (Figure 6). Constitutive
expression of Rac1 (G12V) caused an increase in the
cytoplasmic accumulation of p-Cas that primarily turned
to defined junctional staining (similar to junctional adhe-
sion molecule A localization) on addition of hydrogen
peroxide (Figure 6). Although p-Cas clearly accumulates
in and around the junctional domains after oxidation, the
presence of active Rac1 during hydrogen peroxide expo-
sure produces a much more pronounced accumulation of
p-Cas in the junctions, indicative of enhanced targeting.
Thus, active Rac1 (G12V) enhances p-Cas accumulation
in cell junctions in response to elevated levels of reactive
oxygen.
Figure 6 Active Ras-related C3 botulinum toxin substrate 1 (Rac1) increases
junctions. Immunofluorescence analysis of p-Cas (green) and junctional adhesion
transfection with a plasmid harboring a myc-tagged G12V Rac1 open reading frame (
15 minutes. Yellow arrows indicate the more localized appearance of p-Cas labeling

The American Journal of Pathology - ajp.amjpathol.org
Isotope-Coded Affinity Tags Identify Pak2 as a
Mediator of Oxidative Signaling

Another protein that was identified to be significantly
oxidized in response to hydrogen peroxide exposure using
ICAT analysis was Pak2, which was significantly oxidized
(P < 0.05) at C352 (Figure 2 and Supplemental Table S1).
More important, Pak1 is known to function in the regulation
of Rac1,36 which itself is sensitive to oxidation in response to
hydrogen peroxide exposure (Figure 3). Analysis of the Pak2
amino acid sequences reveals that C352 lies within a
C-terminal domain (amino acids 330 to 490) containing five
cysteines that likely play an intrinsic structural role through
disulfide bond formation. Using the BIAM cysteine labeling
pull-down assay on SK-CO-15 cell lysates prepared from
hydrogen peroxideetreated or untreated cultures, an increase
in the levels of Pak2 oxidation was observed, confirming
identification of Pak2 as a reactive oxygenesensitive protein
(Figure 7A). As a functional corollary, it was tested if inhib-
iting Pak2 activity before exposure of cells to hydrogen
peroxide would block the accumulation of p-Cas in cell
junctions. Pretreating SK-CO-15 cells with FRAX597, a
small-molecule inhibitor of the p21-activated kinase 2, for 1
hour disrupted the ability of p-Cas to accumulate in the
junctions after hydrogen peroxide exposure (Figure 7B).
FAK, however, still remained in the junctions after inhibition
of Pak2. These data suggest that Pak2 contributes to the
regulatory events that induce the accumulation of p-Cas in cell
junctions in response to increases in levels of reactive oxygen,
thereby implicating Pak2 as another protein that is responsive
to elevated reactive oxygen levels, including reactive oxygen
generated by leukocytes within wounds during restitution.
phosphorylated Crk-associated substrate (p-Cas) accumulation at cellular
molecule A (JAM-A; gray) localization in SK-CO-15 cells at 48 hours after

red) or empty vector control (CTL) after exposure of cells to 1 mmol/L H2O2 for
in cell-cell junctions. DNA is stained with DAPI (blue). Scale barsZ 20 mm.
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Figure 7 Isotope-coded affinity tags identify p21-activated kinase 2 (Pak2) as a mediator of oxidative signaling. A: Biotin-iodoacetamide (BIAM) labeling
analysis of Pak2 from SK-CO-15 cells treated with 1 mmol/L H2O2 for 15 minutes. Immunoblot analysis was used to detect the levels of total Pak2. Immunoblot
shown is representative of at least three replicate experiments. B: Immunofluorescence analysis of SK-CO-15 cells treated with the Pak2 inhibitor FRAX597 at 2
mmol/L for 1 hour, followed by exposure to 1 mmol/L H2O2 for 15 minutes. Analysis detected phosphorylated Crk-associated substrate (p-Cas; red), and total
focal adhesion kinase (FAK; green) localization in nuclei was stained with DAPI (blue). Scale bars Z 20 mm (B). CTL, control.
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Discussion

The data presented in this article demonstrate that proteins
that form focal adhesions in the epithelium, including Cas
and FAK, are phosphorylated within intestinal wounds in
conditions of elevated reactive oxygen. In vivo reactive
oxygen species can be generated by the catalytic complex
that includes gp91phox, which is known to be expressed
within infiltrating immune cells, such as neutrophils at the
site of injury. This study shows that Cas and FAK are not
phosphorylated within wounds of mice that are null in
gp91phox or in mice depleted of neutrophils using an anti-
Ly6G antibody. To model synchronous exposure of the
epithelium to higher levels of immune cellegenerated
reactive oxygen, cultured epithelial cells were exposed to
exogenous hydrogen peroxide, which resulted in the
oxidation of thiol groups of specific cysteine residues within
Cas, FAK, and Rac1. The phosphorylation state and the
subcellular localization of Cas and FAK are sensitive to
altering reactive oxygen levels. Finally, using ICAT-based
proteomics, PAK2, which is an effector protein that links
Rho GTPases to cytoskeletal reorganization, was identified
2230
as another protein that acts as a sensor to elevated levels of
reactive oxygen. Taken together, these analyses indicate that
oxidation of epithelial cell proteins by exogenously pro-
duced reactive oxygen within an intestinal wound orches-
trates a network of signaling events that modulate restitution
and tissue repair. Furthermore, these results imply that in-
flammatory neutrophil products, previously understood as
deleterious to tissues, may have direct effects in initiating
events in the wound healing process.
The sensitivity of focal adhesion proteins to reactive

oxygen has previously been shown to modulate cell
migration.37 However, the influence of reactive oxygen in
the cross talk between focal adhesions and cell junctions
remained unclear. Cas has long been known to target mul-
tiple cellular processes, and Rac1 is a primary mediator of
Cas signaling.38,39 The Cas binding partner Crk was
recently reported to facilitate Cas signaling by modulating
the Rac1/c-Jun N-terminal kinase (JNK) pathway after
integrin-mediated activation.16 Our studies show that Cas
also plays a further role in intermediate signaling events that
function in the lateral to basolateral shift in Cas localization
within a tissue wound microenvironment after exposure to
ajp.amjpathol.org - The American Journal of Pathology
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Redox Signaling during Intestinal Repair
immune cellegenerated reactive oxygen. Interestingly, Cas
has been shown to regulate JNK signaling in a hydrogen
peroxideedependent manner,40 a mechanism that has been
suggested to involve the activity of Rac1, which is another
redox-sensitive protein. Furthermore, prolonged JNK
signaling is widely recognized as proapoptotic. These ob-
servations suggest that elevated levels of exogenous reactive
oxygen at the villus tips surrounding inflicted wounds may
also stimulate apoptosis and/or anoikis to accommodate the
increase in cell proliferation within stem cell compartments
and the movement of the adjacent enterocytes along the
crypt axis during wound repair.41 The role of Cas in regu-
lating anoikis has also been reported in three different
studies,42e44 in which Cas dephosphorylation and Cas
cleavage were shown to be required to induce signaling
events involved in anoikis,42,44 via a mechanism regulated
by the chemokine CXCL12.43 These multiple roles of Cas
highlight the complex and coordinated progression of
cellular events that occur within a wound bed during the
healing process.

The localization of p-Cas to cell junctions after injury may
play a role in regulating barrier integrity during healing.
Specifically, FAK has also been shown to function in regu-
lating barrier activity in the endothelium22 and epithe-
lium,34,45 and its accumulation at cell junctions under baseline
conditions suggests it plays a direct role regulating epithelial
barrier integrity in healthy gut tissue. The redox-driven
changes in p-Cas localization were further dissected at cell
junctions after exposure to reactive oxygen by showing that
bothCas and FAK interact with proteins that form adherens or
tight junctions, thereby indicating functions for these proteins
in maintaining epithelial barrier integrity. A significant in-
crease in the association of p-Cas with ZO-1 after hydrogen
peroxide exposure was detected, whereas FAK associated
with ZO-1 before and after hydrogen peroxide exposure. The
observation of a direct association between FAK and ZO-1 is
consistent with the results of other studies.23 Because similar
increases between E-cadherin and FAK, or between E-cad-
herin and p-Cas, were not observed, it can be concluded that
reactive oxygeneinduced changes observed in p-Cas and
FAK at cell junctions likely occur through signaling events at
tight junctions. In addition, these data generated using prox-
imity ligation corroborate the immunofluorescence analysis
data showing that p-Cas localizes to cell junctions only after
oxidation, whereas FAK localizes to cell junctions before and
after oxidation. Taken together, the increase in FAK/ZO-1
binding, and the accumulation of phosphorylated FAK at
Y861 at cell junctions after exposure to hydrogen peroxide,
coupled with the increase in epithelial barrier integrity after
the pharmacologic blocking of FAK activity, suggests that
reversible phosphorylation of FAK at Y861 is redox sensitive
and regulates its binding to ZO-1 at tight junctions. These
events likely influence intestinal barrier properties during
injury repair, especially after exposure to elevated reactive
oxygen levels as a result of the recruitment of leukocytes to
wound beds.
The American Journal of Pathology - ajp.amjpathol.org
Finally, ICAT proteomics was used to identify additional
candidate proteins and corresponding cysteine residues that
are sensitive to reactive oxygen. A current limitation of the
ICAT mass spectrometry analysis is the inability to capture
all peptides during a run, and, as such, peptides from Cas or
FAK could not be directly detected in the proteomic anal-
ysis. However, many other proteins involved in pathways
intersecting the focal adhesions, cell junctions, and cyto-
skeleton pathways, which are known to be regulated by Cas
and FAK, including Abl kinase, were detected. Blocking
Abl kinase activity with imatinib mesylate (Gleevec,
Novartis International AG, Cambridge, MA) reduces the
accumulation of p-Cas at cell junctions after exposure to
hydrogen peroxide.16 In the current study, Pak2 was iden-
tified as playing a role in the reactive oxygenemediated
accumulation of p-Cas at cell junctions. Pak proteins, or
p21-associated kinases, are regulators of GTPase activity
and, in particular, of Rac1 activity. Given the enhanced
accumulation of p-Cas at cell junctions during constitutive
expression of active Rac1, or during exposure to exogenous
hydrogen peroxide, redox-dependent mechanisms that may
be regulated by infiltrating leukocytes at the site of intestinal
injury were described further. This study shows that infil-
trating leukocytes generate high levels of extracellular
reactive oxygen that function in orchestrating focal adhe-
sionetoecell junction interaction in the adjacent epithe-
lium, where numerous scaffolding molecules, such as Cas,
FAK, Abl, and Pak2, as well and signaling modules within
adherens and tight junctions augment intestinal barrier
strength during tissue wound repair.
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