
Rho activation regulates CXCL12 chemokine stimulated
actin rearrangement and restitution in model intestinal
epithelia
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Chemokines are critical regulatory factors that direct migration, proliferation and maturation of receptor expressing
target cells within gut mucosa. The aim of the present study was to define the cellular mechanisms whereby engagement
of the essential chemokine CXCL12 to CXCR4 regulates restitutive epithelial cell migration. Non-transformed IEC-6 cells or
polarized T84 epithelial monolayers were wounded and F-actin accumulation assessed using fluorescence microscopy
and flow cytometry. Immunoblot analysis, pull-down assays, fluorescence microscopy and wound healing assays defined
activation of Rho, Rho-kinase (ROCK), and myosin light chain (MLC) and the role for those Rho effectors in CXCL12-
regulated epithelial restitution. CXCL12 increased RhoGTP and F-actin localization to the leading edge of wounded IEC-6
and T84 monolayers. CXCL12 congruently stimulated an increase in active MLC that was inhibited by blockade of ROCK
and myosin light chain kinase and regulated epithelial migration. Our data in model intestinal epithelia suggest CXCR4
and CXCL12 may function as an autocrine and paracrine mucosal signaling network regulating the competency of the
epithelial barrier to withstand injury and mediate repair following damage.
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The single layer of epithelial cells lining the gastrointestinal
mucosal surface comprise a physical barrier between the
external luminal environment and the internal milieu and
are a critical component of the mucosal innate immune
system. Defects in barrier integrity have been implicated in
the etiology of inflammatory bowel disease, colorectal can-
cer, radiation injury, and infectious enterocolitis. Formation
of an intact epithelium is tightly regulated and depends
upon directed migration of epithelial cells out of the
highly proliferative crypts of Leiberkühn1 and differentia-
tion into mature enterocytes as those cells move up the
crypt-villus axis. Sheet migration, typical of enterocytes
within the mucosal epithelium, is also required for epithelial
tissue repair. Intestinal wound repair is dependent upon the
balance of three cellular events that include precise migra-
tion, proliferation, and differentiation of the epithelial cells
adjacent to the wounded area.2,3 Intestinal epithelial cells,
in contrast to leukocytes that move as single independent
cells, migrate in a tight cohort with each other as intact
epithelial sheets.4 The rapid, proliferation-independent

migration of enterocytes across wounded mucosa is termed
restitution.3

Directional trafficking of leukocytes is regulated by che-
mokines, host defense molecules that upon engagement to
their G-protein coupled chemokine receptors regulate cel-
lular migration and other processes required for epithelial
wound repair.5 Chemokines can be subdivided into distinct
inflammatory or homeostatic subsets, with the latter being
minimally regulated by proinflammatory cytokine stimula-
tion.5,6 We and others,7–10 have demonstrated the expression
of several chemokine receptors, notably CXCR4, CCR5,
CCR6, and CX3CR1, by human intestinal epithelial cells. Of
these only CXCR4 is known to be embryonic lethal in
genetically deficient knockout mice.11 Engagement of CXCR4
by its cognate ligand CXCL12 is known to be involved in
proliferation of hematopoietic stem cells, migration of thy-
mocytes, and inhibition of human immunodeficiency virus
(HIV)-1 infection through occupancy of the chemokine
co-receptor.12–14 A further role for CXCL12 engagement to
CXCR4 has been established in the trafficking of multiple
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metastatic carcinoma cells.15–23 The lethality phenotype ex-
hibited by CXCR4 or CXCL12 gene deficient mice, while
unique relative to chemokine receptors or chemokines, par-
allels the ‘failure to thrive’ and peri- and post-natal lethality
observed in other genes encoding mediators of the innate
immune system.24–27 Our laboratory has been investigating
the role for this essential chemokine receptor–chemokine
ligand signaling arc within the gastrointestinal mucosal
immune system which rests critically upon a strong innate
immune response to maintain overall health.6,7,20,28

The current paradigm asserts that chemokines upregulated
in inflammation induce or exacerbate mucosal damage
through the directed migration of infiltrating leukocytes ex-
pressing chemokine receptors such as CCR5 to the site of
injury.29–36 In contrast, roles for those constitutively ex-
pressed chemokines and chemokine receptors such as
CXCL12 and CXCR4 that are minimally regulated in in-
flammatory diseases remain largely unknown. In the present
study, we tested the hypothesis that the chemokine receptor
CXCR4 and its cognate ligand CXCL12 regulate epithelial
wound healing through activation of a canonical wound
healing pathway.37–44 Our findings are consistent with the
notion that differing subsets of chemokines may not only
exacerbate tissue injury through migration of leukocytes, but
may also play a key role in the restitutive repair processes of
mucosal inflammation.

MATERIALS AND METHODS
Materials
Recombinant human CXCL12 was purchased from R&D
Systems (Minneapolis, MN, USA). The Rho kinase (ROCK)
inhibitor Y27632 (Ki¼ 140mM) was purchased from EMD
Calbiochem (San Diego, CA, USA). The specific myosin light
chain kinase (MLCK) inhibitor Drev-PIK was as described
previously.45 The CXCR4 antagonist AMD3100 and lyso-
phosphatidic acid (LPA) were purchased from Sigma (St
Louis, MO, USA). Alexafluor-488-phalloidin and Alexafluor-
568 phalloidin were obtained from Invitrogen (Carlsbad, CA,
USA). Antibodies for phospho-myosin light chain (MLC)
and total-MLC were obtained from Cell Signaling Technol-
ogies (Danvers, MA, USA). Polyclonal rabbit antibody to
CXCR4 was purchased from EMD Calbiochem and poly-
clonal actin antibody was obtained from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Wild type and dominant-
active Rho-GFP constructs were the kind gift from Dr Joseph
Barbieri (Medical College of Wisconsin, Milwaukee, WI,
USA). The dominant-negative Rho-GFP construct was con-
structed by substituting amino acid 19 of a wild-type Rho-
GFP plasmid construct to asparagine using the QuikChange
II site-directed mutagenesis kit (Stratagene, La Jolla, CA,
USA) according to the manufacturer’s instructions.

Cell Culture
The normal, non-transformed rat small intestinal (IEC-6)
cell line (CRL-1592) was purchased from the American Type

Culture Collection (ATCC; Rockvillle, MD, USA) and cul-
tured using DMEM (4 g/l glucose), supplemented with 10%
(v/v) heat-inactivated fetal bovine serum (Omega Scientific,
Tarzana, CA, USA), 2mM L-glutamine, 1.5 g/l NaHCO3 and
0.1U/ml bovine insulin (Invitrogen). The human T84
colonic carcinoma cell line46 was cultured in DMEM/Ham’s
F-12 medium [1:1] supplemented with 5% (v/v) newborn
calf serum (Invitrogen) and 2mM L-glutamine as described
previously.6,28

Reverse Transcriptase-PCR Analysis
Total RNA was isolated from colonic crypt epithelium using
TRIzol reagent (Invitrogen), DNase-treated (Ambion, Austin,
TX, USA) and 2 mg of total RNA was converted into cDNA
via reverse transcription using random priming in a 40 ml
volume. CXCL12, CXCR4, glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), CD45 and villin mRNA transcripts
were amplified using previously described PCR primers and
conditions.20,28 As a negative control RNA was excluded in
cDNA synthesis reactions, and as a separate control, template
was excluded from the PCR.

IEC-6 Wounding Assay
Confluent IEC-6 cell monolayers grown in 60-mm dishes
were incubated 48 h in serum-free medium, wounded with a
sterile razor blade and incubated with serum-free medium
alone or 20 ng/ml CXCL12 for 18 h at 371C in 5% CO2 as
described previously.28,47,48 This dose of chemokine was se-
lected as we have previously shown it to be optimal for both
leukocyte chemotaxis and enterocyte migration.28 To assess
CXCL12 signaling mechanisms, monolayers were pretreated
for 30min with Y27632 (10 mM) or Drev-PIK (300 mM) and
stimulated in the presence or absence of CXCL12. Photo-
micrographs were taken using � 100 magnification at 4–5
locations per wound and the number of migrated cells de-
termined by counting nucleated cells that crossed the wound
edge. To assess F-actin accumulation, the wounded mono-
layers were stained with Alexafluor-488–phalloidin according
to the manufacturer’s instructions and imaged using a
fluorescence microscope at � 200 magnification.

T84 Wounding Assay
Polarized T84 cells were grown to confluence in six-well
Transwell inserts (pore size 0.4 mm Corning, Danvers, MA,
USA) until transepithelial resistance (TER) wasZ1000O cm2

as measured using a hand-held Millicell-ERS volt ohmmeter
(Millipore). Cells were serum-starved 48 h and wounded with
a 0.1–10 ml plastic pipette tip (USA Scientific, Ocala, FL,
USA) connected to a bench top vacuum aspirator. In our
hands, this apparatus consistently established round wounds
of between 800 and 1000 mm in diameter. Medium on
wounded T84 monolayers was replaced with serum-free
medium, or serum-free medium containing 20 ng/ml
CXCL12. Photomicrographs were taken of the circular
wounds using the � 4 objective after wounding and each day
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thereafter and the area of each wound defined using Meta-
morph software. Barrier integrity of the same wounded
monolayers was monitored using the hand-held Millicell-ERS
volt-ohmmeter to measure TER of the injured and restitutive
T84 epithelium.

Rho Activation Assay
RhoGTP levels were assessed using a Rho-binding domain
(RBD) affinity precipitation assay (Cytoskeleton, Denver,
CO, USA).49 Briefly, IEC-6 cells were grown to 80% con-
fluence in 100mm tissue culture plates and serum-starved
overnight. Cells were preincubated with 5 mg/ml AMD3100
before stimulation with 20 ng/ml CXCL12 for 20min in
serum-free media. Cells were stimulated with 1 mg/ml LPA
in serum-free media for 20min as a control. Cells were
solublized in lysis buffer provided by the manufacturer and
cleared by centrifugation. Cleared lysates were incubated
with RBD-GST beads for 1 h at 41C to bind RhoGTP.
The beads were washed, eluted in SDS-sample buffer and
size-separated using reducing SDS-PAGE. Proteins were
electrophoretically transferred to PVDF (Immobilon-P,
Millipore, Bedford, MA, USA) as detailed previously6,50

and analyzed by immunoblot with anti-RhoA monoclonal
antibody.

RhoGTP and F-actin Fluorescence Microscopy
T84 or IEC-6 monolayers were wounded as described above
and stimulated with 20 ng/ml CXCL12 or 1 mg/ml LPA for
20min. The monolayers were fixed with 4% (w/v) paraf-
ormaldehyde (Kodak Eastman Company, Rochester, NY,
USA) in PBS for 15min. Cells were quenched with 50mM
NH4Cl in PBS and permeablized with 0.3% (v/v) Triton-X
100 in PBS for 10min. Cells were washed in 1% (w/v) BSA in
PBS wash buffer and blocked 30min in 5% (w/v) BSA/PBS
and incubated with 40 mg/ml RBD-GST or 40 mg/ml re-
combinant GST (Upstate, Charlottesville, VA, USA) over-
night at 41C. The cells were washed in buffer and incubated
with 1 mg/ml mouse-anti-GST (Cell Signaling) or mouse IgG
(Molecular Probes) in 1% (w/v) BSA/PBS for 1 h at room
temperature. Cells were washed and incubated with 2mg/ml
Alexafluor-488 goat-anti-mouse antibody (Molecular
Probes). Cells were then stained for F-actin using Alexafluor-
595 phalloidin according to the manufacturer’s directions.
Cells were visualized using confocal or fluorescence micro-
scopy. RhoGTP activity or F-actin accumulation in CXCL12-
stimulated or unstimulated control cells was quantified by
measuring the fluorescence intensity along a line extending
perpendicular from the wound edge into the epithelial
monolayer using MetaMorph software. Fluorescence in-
tensity for each line was plotted over distance from the
wound edge and the length RhoGTP or F-actin localization
defined as the distance from wound edge to baseline fluor-
escence. Three separate measurements along lines of equal
length were performed for each wound in three separate
experiments.

F-actin Formation
To quantify cellular F-actin content, IEC-6 were grown to
80% confluence and serum-starved 48 h before stimulation.
To assess the specificity of binding CXCR4 cells were pre-
treated with 5 mg/ml AMD3100 overnight before stimulation
with 20 ng/ml CXCL12. Cells were pretreated 30min with the
10 mM Y27632 to assess the involvement of ROCK in CXCR4-
mediated activation of F-actin. Cells were then permeablized
with 1% (w/v) saponin in PBS and stained with Alexafluor-
488-phalloidin for 20min at 371C 5% CO2. To facilitate
release of the cells from the dish 50mM EDTA in PBS was
added and the cells were incubated at 371C for 20min. The
cells were gathered and transferred to FACS tubes (BD
Biosciences, San Jose, CA, USA), washed in PBS, fixed in 2%
(w/v) paraformaldehyde/PBS and fluorescence quantified by
using an LSR2 flow cytometer (BD Biosciences).

Immunoblot Analysis
IEC-6 cells were grown to 80% confluence and serum-starved
48 h before stimulation with 20 ng/ml CXCL12. To assess if
ROCK or MLCK was involved, cells were pretreated with
10 mM Y27632 or 300 mM Drev-PIK, respectively. Cells were
solubilized in hypotonic lysis buffer (50mM Tris-HCl, pH
7.4, 10mM MgCl2, and Protease Inhibitor Cocktail Set III
(EMD CalBiochem)). Lysates were passed through a 25-
gauge needle and centrifuged at 550 r.p.m. in a benchtop
centrifuge for 5min at 41C to pellet nuclei. Protein con-
centrations were determined using the Bradford protein assay
kit (BCA kit, Pierce Biotechnology, Rockford, IL, USA) and
10 mg of protein were size-separated using reducing SDS-
PAGE. Proteins were electrophoretically transferred to PVDF
(Immobilon-P, Millipore) for immunoblot analysis as de-
tailed previously.6,50 Equal protein loading was confirmed by
Coomassie blue staining.

Statistical Analysis
Differences between unstimulated control and experimental
samples were analyzed using an unpaired Student’s t-test
using SigmaStat (Jandel Scientific Software, San Rafael, CA,
USA). Statistical significance was defined as Pr0.05.

RESULTS
CXCL12-Induced Restitution Correlates with
Accumulation of F-actin at the Leading Edge of
Wounded IEC-6 Monolayers
The cellular and biochemical mechanisms whereby extra-
cellular immune mediators such as chemokines maintain and
repair the innate epithelial barrier in inflammatory bowel
disease, colorectal cancer, radiation injury, and infectious
enterocolitis are not well understood. The objective of these
studies was to therefore define the signaling mechanisms
whereby the ubiquitous chemokine CXCL12 regulated epi-
thelial sheet migration, an important step in barrier repair.3

As formation of actin filaments is an essential step in mucosal
restitution, we first sought to determine if CXCL12 evoked
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the accumulation of F-actin in intestinal cells.37,38,40 As
shown in Figure 1, CXCL12-treated normal, non-trans-
formed IEC-6 cells had 50% more F-actin than untreated
cells when quantified using FITC-phalloidin staining in
flow cytometric analyses. Further, increased F-actin was
inhibited by treatment with the specific CXCR4 receptor
antagonist AMD3100 before stimulation with CXCL12
(Figure 1a and b).

Next, we assessed if CXCL12-induced F-actin accumula-
tion corresponded with a change in localization within a
migrating epithelial sheet consistent with its reorganization
to the leading edge of wounded monolayers as a precursor to
lamellae formation and restitution.37 To this end, a conven-
tional intestinal wound healing model51 was employed in
which monolayers of IEC-6 cells were wounded, stimulated
with CXCL12, and F-actin visualized using FITC-phalloidin
staining. In accordance with its observed accumulation,
CXCL12 induced the localization of F-actin at the wound
edge relative to unstimulated control cells (Figure 2a) and
concomitantly simulated an increase in cell migration in
those monolayers (Figure 2b). In parallel with our flow

cytometric analyses (Figure 1), additional experiments
determined that inhibition of CXCR4 with AMD3100
abolished CXCL12-mediated restitution in IEC-6 cells (data
not shown), thereby confirming that engagement to CXCR4
induced accumulation of F-actin at the leading edge of
wounded IEC-6 monolayers.

CXCR4 Signals RhoGTP in Intestinal Epithelial Cells
As Rho acts as a molecular switch for a variety of cellular
processes including F-actin cytoskeletal rearrangements, the
formation of stress fibers, and restitutive enterocyte migra-
tion,39,52,53 we tested the hypothesis that CXCL12 binding to
CXCR4 activates Rho in intestinal epithelial cells. Rhotekin-
GST pull-down assays demonstrated the consistent increase
in active RhoGTP in cells stimulated with CXCL12 (Figure
3a). Consistent with chemokine-induced F-actin accumula-
tion AMD3100 abolished CXCL12-stimulated RhoGTP
(Figure 3). Densitometry from three independent experi-
ments confirmed the AMD3100-sensitive increase in
RhoGTP formation (Figure 3b). Immunofluorescence ana-
lyses verified the increase in RhoGTP in CXCL12-stimulated
cells, with the cellular distribution of active Rho in chemo-
kine-stimulated cells (Figure 3c, top panels) paralleling its
distribution in cells transfected with dominant-active
RhoGFP (Figure 3c, middle panel).

Figure 1 CXCL12 binding to CXCR4 increases F-actin accumulation.

(a) Flow cytometric analyses of IEC-6 cells treated with 20 ng/ml CXCL12

(dark line) showed an increase in FITC-phalloidin staining representative of

F-actin formation. Increased F-actin was inhibited upon treatment with

5 mg/ml of the specific CXCR4 antagonist AMD3100 (AMD; dotted line).

Histogram data are representative of 3–5 experiments. (b) Quantification of

F-actin as a percent of unstimulated IEC-6 cells (% no stim) indicated that

AMD3100 completely blocked CXCL12-stimulated increases in F-actin.

Cells were treated with AMD3100 alone as a control. Values are mean

fluorescence intensity units normalized to untreated cells (no stim) for

3–5 independent experiments. Asterisks denote statistically significant

difference (Pr0.05) from untreated cells.

Figure 2 F-actin accumulation and distribution correlates to increased

migration in CXCL12-treated epithelial cells. (a) FITC-phalloidin fluorescence

microscopy of untreated (no stim) or CXCL12 (20 ng/ml)-treated IEC-6

wounded monolayers indicated increased F-actin accumulation at the

wound edge 20 h after chemokine stimulation. (b) Enumeration of

migrating cells in CXCL12-treated and FITC-phalloidin stained monolayers.

Data are representative of three independent experiments. Asterisk

denotes statistically significant difference between CXCL12-stimulated

and control monolayers (Pr0.05).
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Next, we asked if the Rho-kinase (ROCK), a major down-
stream effector of activated Rho known to stimulate
F-actin formation and actinomyosin bundling,54,55 played a
role in CXCL12-mediated F-actin accumulation. As shown in
Figure 3d, the specific ROCK inhibitor Y27632 blocked
CXCL12-mediated F-actin accumulation in IEC-6 (Figure 3d).
Taken together these data show that CXCL12 binding to
CXCR4 activates Rho in a model of normal intestinal epithe-
lium and implicates involvement of the downstream RhoGTP
effector ROCK in CXCL12-stimulated F-actin changes.

CXCL12 Signaling Regulates MLC Phosphorylation
through ROCK and MLCK in IEC-6 Cells
MLC is a regulatory subunit of myosin that upon activation
by phosphorylation facilitates the assembly of myosin and its
interaction with F-actin to form contractile actomyosin
fibers.54–56 MLCK is thought to be the major kinase responsible
for phosphorylation of MLC in intestinal epithelial cells.41,57,58

In addition, ROCK can regulate MLC either by inactivating its
regulatory phosphatase, myosin light chain phosphatase
(MYPT1), or by directly phosphorylating MLC at serine 19, its

Figure 3 CXCR4 signals activation of Rho in IEC-6 cells. (a) RhoGTP pull-down assay with Rhotekin-GST and immunoblot analysis indicated an increase in

active Rho in IEC-6 cells stimulated with 20 ng/ml CXCL12, or 1 mg/ml LPA control. CXCL12-stimulated RhoGTP formation was blocked in the presence (5 mg/
ml) of the CXCR4 antagonist AMD3100 (AMD). Immunoblots of total Rho were assessed as a loading control. (b) Gel densitometry of active RhoGTP

normalized to total Rho protein verified that CXCL12 activated Rho in a CXCR4-dependent manner. Relative densitometry unit data are representative of

three independent experiments. (c) Confocal fluorescence microscopy of IEC-6 cells treated with 20 ng/ml CXCL12 confirmed increased active RhoGTP

formation. CXCL12-stimulated RhoGTP immunoreactivity was similar to cells transfected with dominant-active (DA)-RhoGFP and distinct from that observed

in dominant-negative (DN)-Rho transfectants or the rGST controls. (d) Flow cytometric analysis of IEC-6 cells showed that the downstream Rho effector

kinase (ROCK) contributes to CXCL12-mediated F-actin accumulation. CXCL12-stimulated cells were incubated with or without the ROCK inhibitor Y27632,

permeablized and stained with FITC-phalloidin and analyzed by flow cytometry. IEC-6 cells stimulated with LPA (1 mg/ml) and Y27632 alone (10mM) were

analyzed as controls. Values are mean fluorescence intensity units normalized to untreated cells (no stim) for 3–5 independent experiments. Asterisks

denote statistically significant difference from untreated cells (Pr0.05).
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primary phosphorylation site.54,59 We therefore asked whether
CXCR4 regulated MLC phosphorylation. Immunoblot analysis
of IEC-6 cells using an antibody specific for the phosphory-
lation of MLC serine 19 showed an increase in phospho-MLC
(pMLC) in cells stimulated with CXCL12 for 20 and 60min
(Figure 4a). CXCL12 phosphorylation of pMLC is abrogated
upon pretreatment with the specific ROCK inhibitor Y27632
(Figure 4b) or the MLCK inhibitor Drev-PIK (Figure 4c),45

demonstrating a role for those effector kinases in CXCL12
signaling. Further immunoblot analysis of the inactivating
phosphate group showed that CXCL12 downmodulates
MYPT1 thorough ROCK (data not shown). Together, these
data indicate that CXCL12 activates MLC by increasing
MLCK activity as well as negatively regulating the balancing
phosphatase via ROCK signaling.

ROCK and MLCK are Involved in CXCR4-Mediated
Wound Healing of IEC-6 Monolayers
ROCK and MLCK have been shown to work in concert to
regulate MLC and actinomyosin bundling important in
wound healing.41,60 Therefore, we next sought to determine if
CXCR4 stimulated restitution through ROCK and MLCK. To
this end, we performed wound healing assays in which
separate IEC-6 monolayers were wounded and stimulated

with 20 ng/ml CXCL12 or pretreated with ROCK inhibitor
Y27632 (Figure 5a and b) or the MLCK inhibitor Drev-PIK
(Figure 5c and d). Untreated wounded monolayers were
examined as a separate control. As we had shown previously,
CXCL12 consistently increased the number of cells migrating
across the wounded epithelial monolayer relative to untreated
monolayers (Figure 5). Consistent with our hypothesis, we
observed that inhibition of ROCK (Figure 5b) or, separately,

Figure 4 CXCL12 stimulates phosphorylation of MLC via ROCK and MLCK.

(a) Immunoblot analysis of phospho-MLC (pMLC) and total MLC in IEC-6

cells stimulated with 20 ng/ml CXCL12 for 5, 20, 60, 120min, or 18 h showed

CXCL12 increased phosphorylation of MLC maximally at 20 and 60min

above unstimulated cells (no stim). (b and c) Inhibition of ROCK with

Y27632 (10 mM) or MLCK with Drev-PIK (300 mM) abolished CXCL12-

mediated phosphorylation of MLC. Cells treated with Y27632 (10 mM), or

Drev-PIK (300 mM) alone or with 1 mg/ml LPA were controls. Data are

representative of three independent experiments.

Figure 5 CXCL12-mediated restitution involves ROCK and MLCK. IEC-6 cells

were wounded and restitution quantified by enumerating cells that

migrated into the denuded ulcer in 3–5 fields of 2–3 wounds per

experiment (n¼ 3 independent experiments). Wounded IEC-6 monolayers

treated with 20 ng/ml CXCL12 demonstrated increased restitution relative

to unstimulated cells (no stim). Treatment with the ROCK inhibitor Y27632

(10 mM) (a and b) or the MLCK inhibitor Drev-PIK (300 mM) (c and d)

impeded CXCL12 restitution. Asterisks denote statistically significant

difference from unstimulated monolayers (Pr0.05).
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MLCK (Figure 5d) significantly impeded CXCL12-mediated
restitution.

CXCL12 Stimulates Localization of F-actin and RhoGTP
to the Leading Edge of IEC-6 Wounds
Since RhoGTP and F-actin are known to be present at the
leading edge of wounded epithelial monolayers,37,40,41 we
next determined if CXCL12 stimulated the accumulation of
RhoGTP (Figure 6, left panels) and F-actin (Figure 6, middle

panels) at the leading edge of wounded IEC-6 monolayers.
The increase in active Rho and reorganization of F-actin in
CXCL12 treated monolayers was greater than that seen in
unstimulated cells (no stim) and paralleled that observed
in the LPA-treated positive control epithelium (Figure 6).
Together our data are consistent with the notion that the
canonical wound-healing pathway consisting of RhoGTP,
ROCK, MLCK, pMLC, and accumulation of F-actin is
stimulated by CXCL12 in IEC-6 cells.

Figure 6 CXCL12 stimulates accumulation of F-actin and RhoGTP at the leading edge of migrating IEC-6 epithelial sheets. IEC-6 monolayers wounded with

a razor blade were incubated 20min with or without 20 ng/ml CXCL12, or 1 mg/ml LPA as a control, fixed, permeablized, and stained for RhoGTP using

Rhotekin-GST and an anti-GST antibody, or F-actin with Alexa-fluor-595-phalloidin. Photomicrographs indicated the CXCL12 stimulated accumulation of

F-actin and RhoGTP at the leading edge of new wounds greater than that of unstimulated cells (no stim). Cells were examined using fluorescence

microscopy at � 400. Data are representative of three independent experiments.
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CXCL12 Increases Wound Healing in Polarized Human
T84 Model Epithelium Using a Mechanism Analogous to
that of IEC-6 Cells

Polarized human T84 epithelial monolayers were next used to
determine if CXCR4-mediated restitution was similarly regu-
lated in a model of differentiated human intestinal epithelium.
For these studies, we first established a wound healing assay
using human intestinal T84 epithelial cells cultured on poly-
carbonate filters in which those cells are known to differen-
tiate spontaneously into a polarized monolayer akin to the
in vivo mucosa.28,46 Differentiated and polarized epithelial
monolayers possessing TER Z1000O cm2 were reproducibly
wounded (Figure 7). Wounded monolayers were left untreated
(no stim) or were stimulated with CXCL12 and closure of
those B0.8–1.0mm circular wounds was monitored and
wound closure calculated. As shown in Figure 7a, CXCL12
enhanced wound closure with a statistically significant increase
in restitution observed from day 3 through day 6 of treatment.
In parallel with our previous report that CXCL12 strengthens
barrier integrity in non-wounded, differentiating model
epithelia,28 the TER of wounded T84 monolayers was signi-

ficantly higher in CXCL12-treated monolayers relative to the
unstimulated controls (Figure 7a, bottom). In Figure 7b
representative CXCL12-treated monolayer shown at day 3 of
stimulation demonstrates that polarized monolayers treated
with CXCL12 heal faster and approach complete closure
relative to unstimulated T84 monolayers.

As a final step, we sought to determine if CXCL12 initiated
wound closure in T84 model epithelia using similar me-
chanisms as defined for normal, non-transformed IEC-6
cells. Fluorescence microscopy confirmed that CXCL12-sti-
mulated wound closure in polarized, differentiated mono-
layers was similarly associated with the accumulation of
F-actin cables and RhoGTP at the leading edge after stimu-
lation (Figure 7c). This accumulation, measured as the dis-
tance of fluorescence intensity from the wound edge, was
statistically greater than that observed in unstimulated con-
trol cells (Figure 7c). Combined, these data demonstrate that
CXCL12 stimulates the accumulation of F-actin and RhoGTP
at the wound edge in two characteristic models of intestinal
epithelium. Collectively, our data in the T84 human epithelial
model are consistent with our biochemical and wound

Figure 7 CXCL12 mediates wound closure and induces the accumulation of RhoGTP and F-actin in polarized human model epithelium. CXCL12-treated

monolayers demonstrated increased closure and increased TER relative to untreated monolayers. (a, top panel) Wounded polarized T84 monolayers were

stimulated with 20 ng/ml CXCL12 and photomicrographs taken directly after wounding (b, 0 h) and daily after that for 4–6 days. Relative area of the wounds

was calculated using MetaMorph software and wound closure (a, top) was monitored over time by normalizing wound area to 0 h and shown as a

percentage of the initial wound area. (a, bottom panel) TER was measured on the same wounded T84 monolayers as measured in the top panel and

demonstrated the parallel increase in barrier integrity with wound closure. (b) Representative T84 monolayer wounds at days 0 and 3 of CXCL12 treatment.

Wound closure observed on day 3 outlined and superimposed upon the day 0 wound demonstrated the consistent restitution of CXCL12 treated T84

monolayers. Data are representative of 6–17 independent wounds. (c) Photomicrographs demonstrate the significantly increased accumulation of F-actin

and RhoGTP at the leading edge of wounds in CXCL12-treated relative to unstimulated cells (no stim). The length of F-actin and RhoGTP fluorescence from

the wound edge was quantified using MetaMorph software as described in Materials and Methods. Cells were examined using fluorescence microscopy at

� 100 (insets � 200). Immunofluorescence data are representative of three independent monolayers. Values in (a and c) are the mean7s.d. of three

independent monolayers. Asterisks denote statistically significant difference from unstimulated (no stim) monolayers (Pr0.05).
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healing data in IEC-6 cells and indicate that the essential
chemokine CXCL12 and its receptor CXCR4 are likely
candidate regulators of mucosal restitution in the human
gastrointestinal mucosa.

DISCUSSION
Previous investigations indicate that RhoGTP activation
leading to regulation of MLC, with the cooperation of ROCK
and MLCK, results in actomyosin bundling and F-actin ac-
cumulation and epithelial sheet migration. Although these
key effectors are known to regulate, in part, epithelial mi-
gration, the actual cellular and biochemical mechanisms
whereby extracellular immune mediators regulate those
constituents to maintain and repair the innate epithelial
barrier are not well understood.37–39 Further, while the che-
mokine receptor CXCR4 has been shown to participate in
epithelial sheet migration in embryonic development,4,61 the
cellular mechanisms regulating those processes have yet to be
elucidated. Our data describe for the first time the cellular
signaling mechanism for CXCR4-facilitated sheet migra-
tion in model epithelium and establish the CXCR4–CXCL12
signaling axis as a novel extracellular activator of the cano-
nical wound healing pathway. Epithelial restitution of model
epithelia, together with our previous reports demonstrating a
role for CXCR4–CXCL12 signaling in epithelial chemotaxis28

and metastasis20 of individual colonic carcinoma cells in vivo,
implicate this chemokine receptor-chemokine ligand pair in
the health and homeostasis of the intestinal barrier.

Migratory processes of single cells have been well studied
(reviewed in Sheetz et al62) and are consistent with other
reports showing that in leukocytes RhoGTPase regulates
CXCR4-mediated chemotaxis or metastasis to sites of
CXCL12 production.42,44 Our data demonstrate for the first
time that CXCR4 signals RhoGTP in model intestinal epi-
thelial cells and expand upon those reports by demonstrating
CXCR4-mediated activation of Rho localization at the
leading edge of migrating IEC-6 epithelial sheets.41,63

Recapitulation of these data in human polarized T84
monolayers demonstrates RhoGTP localization to the leading
edge is not an artifact of either the rat IEC-6 cell line or the
straight edge scrape wound. Since RhoGTP is known to be
required for membrane protrusions in intestinal cell lines,64

we postulate CXCR4-mediated activation and localization of
Rho at the leading edge of restitutive epithelial cells may
facilitate formation of lamellae required for wound healing.
As CXCR4 signaling is multifactorial and this receptor can
signal through other GTPases such as Rac,65 we acknowledge
that additional RhoGTPases, or down stream actin regulatory
factors may also participate in CXCR4-mediated epithelial
restitution.

Utilization of the pharmacological inhibitors Y27623 and
Drev-PIK indicate that ROCK and MLCK are involved in
CXCR4-mediated wound healing. ROCK is a well-char-
acterized downstream effector of RhoGTP known to facilitate
actomyosin bundling and contraction via phosphorylation of

MLC, either directly or indirectly by inhibiting MYPT1.54

MLCK is the major kinase responsible for phosphorylation of
MLC in intestinal cells41,57 and works in conjunction with
MYPT1 to regulate activation of MLC. We determined that
CXCL12 leads to MLC phosphorylation in IEC-6 cells and
show that inhibition of either ROCK or MLCK abolished
CXCR4-mediated wound healing to control levels. Our data
are consistent with the notion that CXCL12 stimulates MLC
phosphorylation via ROCK and MLCK, which, in turn,
promotes restitution by facilitating accumulation of F-actin.

Studies using the specific CXCR4 inhibitor AMD3100
showed that CXCR4 stimulates actin polymerization in IEC-6
cells. This increase in F-actin accumulation at the wound
edge of IEC-6 and T84 cells correlates with increased cell
migration and parallels previous data showing F-actin
rearrangement to the leading edge a hallmark event in epi-
thelial wound healing.37,40,66 CXCL12-mediated accumula-
tion of F-actin is activated after 20min and parallels the
activation of RhoGTP and pMLC. However, we also observed
significant F-actin accumulation in CXCL12-stimulated
monolayers 18 h after chemokine addition, a time point at
which we show CXCL12 no longer activates pMLC suggesting
that CXCR4-mediated F-actin accumulation may be regu-
lated by more than one mechanism. For example, in leuko-
cytes CXCR4 signals F-actin accumulation and migration via
the LIM-kinase pathway,65 suggesting that LIMK and in turn
cofilin-mediated inhibition of F-actin depolymerization67

may also regulate chemokine-mediated epithelial restitution.
Inflammatory bowel diseases such as Crohn’s disease and

ulcerative colitis, radiation injury and enterocolitis have long
been associated with epithelial permeability defects.68–70

Furthermore, mucosal healing is thought to be a major defect
for people undergoing steroidal treatment for inflammatory
bowel disease.71 The epithelium must be able to heal wounds
rapidly that constantly afflict the intestine to prevent
permeability defects and maintain health of this important
innate immune barrier. Therefore, factors that contribute to
wound healing are of clinical importance as possible ther-
apeutics for permeability homeostasis. An array of cytokines
and a subset of particular chemokines are upregulated during
and participate in immunocyte infiltration into the gut
mucosa.32,33,72 Notably an array of inflammatory chemokines
including CXCL8, CCL2, and CCL5 are elevated in Crohn’s
disease and ulcerative colitis and likely direct the trafficking
of monocytes and T lymphocytes into the gut mucosa.29–34

Mice deficient in the chemokine receptors CCR5,73 one of the
receptors for CCL5, or alternatively, concomitant blockade of
the chemokine receptors CCR2, receptor for CCL2, CCR5
and CXCR3 confers mucosal protection in dextran sodium
sulfate-induced murine colitis through abrogation of leuko-
cyte trafficking to the gut mucosa.36 Moreover, a recent
report implicates gut T lymphocytes in exacerbating epithe-
lial barrier defects and worsening gut inflammation in a
murine model of colitis.74,75 Those reports ascribe a role
for chemokines limited to the directed infiltration of the
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damage-provoking or, alternatively damage-exacerbating,
immune cells into the gut mucosa in inflammatory bowel
disease. However, our data endorse expanding that model
and suggest a role for the immune surveillance chemokine
and chemokine receptor pair CXCL12 and CXCR4 in the
mucosal restitution steps subsequent to inflammatory injury.
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