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Toll-like receptor-4 (TLR4) is the receptor for bacterial
lipopolysaccharide, yet it may also respond to a variety of
endogenous molecules. Necrotizing enterocolitis (NEC) is
the leading cause of death from gastrointestinal disease in
newborn infants and is characterized by intestinal mucosal
destruction and impaired enterocyte migration due to in-
creased TLR4 signaling on enterocytes. The endogenous
ligands for TLR4 that lead to impaired enterocyte migration
remain unknown. High mobility group box-1 (HMGB1) is a
DNA-binding protein that is released from injured cells dur-
ing inflammation. We thus hypothesize that extracellular
HMGB1 inhibits enterocyte migration via activation of TLR4
and sought to define the pathways involved. We now demon-
strate that murine and human NEC are associated with
increased intestinal HMGB1 expression, that serum HMGB1
is increased inmurineNEC, and that HMGB1 inhibits entero-
cyte migration in vitro and in vivo in a TLR4-dependent man-
ner. This finding was unique to enterocytes as HMGB1 en-
hancedmigration of inflammatory cells in vitro and in vivo. In
seeking to understand the mechanisms involved, TLR4-de-
pendent HMGB1 signaling increased RhoA activation in
enterocytes, increased phosphorylation of focal adhesion
kinase, and increased phosphorylation of cofilin, resulting in
increased stress fibers and focal adhesions. Using single cell
force traction microscopy, the net effect of HMGB1 signaling
was a TLR4-dependent increase in cell force adhesion,
accounting for the impaired enterocyte migration. These
findings demonstrate a novel pathway by which TLR4 activa-
tion by HMGB1 delays mucosal repair and suggest a novel
potential therapeutic target in the amelioration of intestinal
inflammatory diseases like NEC.

Toll-like receptor 4 (TLR4)3 is the receptor for bacterial
lipopolysaccharide (LPS) on inflammatory cells (1), yet it may
also respond to a variety of endogenous molecules that are col-
lectively termed “DAMPS,” for damage-associated molecular
patterns (2). Necrotizing enterocolitis (NEC) is the leading
cause of death from gastrointestinal disease in newborn infants
and is characterized by destruction of the intestinal mucosa (3)
and increased TLR4 signaling within enterocytes (4, 5). We
have shown that increased enterocyte TLR4 signaling leads to
reduced enterocyte migration and impaired mucosal healing,
leading to the development of NEC (4, 6). High mobility group
box-1 (HMGB1) is aDNA-binding protein that is released from
injured cells, where it possesses cytokine-like properties (7),
and can be secreted by macrophages in culture (8). Although
HMGB1 has been shown to activate TLR4 on immune cells (9),
a potential link between HMGB1 and TLR4 signaling in non-
immune cells such as enterocytes remains largely unexplored.
However, our recent demonstration that NEC is characterized
by TLR4-dependent impaired enterocyte migration (4) raises
the spotlight on the consequences of TLR4 signaling in the
intestinal epithelium and pinpoints the search for potential
endogenousmolecules thatmay serve asTLR4 ligands.Wenow
hypothesize that extracellular HMGB1 activates TLR4 on
enterocytes in vitro and in vivo, leading to reduced enterocyte
migration, and sought to define the pathways involved.

EXPERIMENTAL PROCEDURES

Cell Culture, Antibodies, and Reagents—Intestinal epithe-
lial cell (IEC)-6 cells and RAW264.7 macrophages were
obtained from ATCC (Manassas, VA) and maintained as
described (6). The source of antibodies is provided in the sup-
plemental methods. RhoA activation was measured using the
Rhotekin precipitation assay according to the manufacturer’s
protocol (Cytoskeleton, Denver, CO). The immunoanalysis of
cultured enterocytes, mouse, and human intestine was per-
formed as described previously (6) and evaluated using an
Olympus Fluoview 1000 confocal microscope under oil-im-
mersion objectives. SDS-PAGE was performed as described
previously (6). The images on radiographic filmwere quantified
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using a GS700 Bio-Rad densitometer and Quantity One analy-
sis software. Adenoviruses expressing wild-type or dominant
negative (P712H)TLR4with theC-terminal fusion ofGFPwere
constructed using the Adeno-X Expression System 2 (Clon-
tech) according to the manufacturer’s protocol, as described in
the supplemental methods and in our previous work (10).
Isolation and Purification of Recombinant HMGB1 from

Yeast—To avoid the potential for endotoxin contamination
and thus inadvertent activation of TLR4 in experiments involv-
ingHMGB1, we elected to purify HMGB1 from yeast. To do so,
the full-length cDNA for human HMGB1 was subcloned in-
frame to the secretion signal of the FLAG expression vector,
YEpFLAG (Sigma), modified to eliminate the FLAG cassette.
This vector was then transformed into the protease-deficient
yeast strain BJ3505. The transformed yeast were grown at 30 °C
for 3 days on a rotary shaker at 175 rpm in 500ml of expression
medium (1% glucose, 3% glycerol, 1% yeast extract, 2% peptone,
100 mM potassium phosphate, pH 6.4) as described (11). The
culturewas then chilled at 4 °C and centrifuged (10min, 1000�
g), the supernatant was centrifuged (10,000 � g, 15 min), and
ammonium sulfate was added to a final concentration of 65%.
After 30 min at 4 °C, the mixture was centrifuged for 15 min,
10,000 � g, and ammonium sulfate was added to bring the final
concentration to 80%, which was incubated for 30 min at 4 °C.
The mixture was then centrifuged 15 min at 10,000 � g, the
supernatant was discarded, and the pellet was dissolved in 20
mM TrisCl, 150 mM, KCl, 1 mM dithiothreitol, pH 8.0, and dia-
lyzed versus 2 � 1 liter of same. The sample was then loaded
onto an Econo-Pac High Q column (Bio-Rad), washed with 20
mM TrisCl, 220 mM Kcl, 1 mM dithiothreitol, pH 8.0, and then
elutedwith a gradient of 220mMKCl to 700mMKCl in the same
TrisCl-dithiothreitol buffer. Aliquots from the elution profile
were run on 12% PAGE and analyzed byWestern blot and pro-
tein staining (GelCodeBlue, Pierce). Pure fractionswere pooled
and then dialyzed versus 25 mM TrisCl, 150 mM KCl, 2 mM

dithiothreitol, pH 8.0. Protein concentration was determined
by BCA (Pierce). To further guard against inadvertent contam-
ination with LPS in the HMGB1 preparations, polymyxin B
(Sigma-Aldrich) was added to HMGB1 (50 units/�g of recom-
binant protein).
Enterocyte-Macrophage Co-culture System—To assess whether

activated or necroticmacrophages could affect themigration of
adjacent enterocytes via release of HMGB1, IEC-6 cells were
plated on the bottom of a six-well plate, RAW264.7 macro-
phages were plated on a 0.4-�m Transwell insert (Corning,
Corning, NY), and IEC-6 migration was assessed using the
wound-scraping assay as we have described (6) in the presence
of either necrotic or activated macrophages. Necrotic macro-
phageswere prepared via freezing (�80 °C) and thawing (37 °C)
cycles as described. Macrophages were activated by treatment
with IFN� (100 units/ml, Sigma-Aldrich). Polyclonal HMGB1
antibody was added at 10 �g/ml into the bottom chamber.
Cell Traction Force Microscopy—For single cell determina-

tion of cell-matrix adhesiveness, cell traction force microscopy
was performed. This technique specifically and sensitively
measures cell contraction force based on substrate surface
deformations caused by cells spreading on a thin elastic surface
(12). In brief, polyacrylamide gels embedded with 0.5-�m red

fluorescent Microbeads (Molecular Probes, Eugene, OR) were
assembled according to the methods of Chen et al. (13). The
gels were then covered with a solution of sulfo-SANPAH
(Pierce), exposed to UV for 10 min, and incubated with 100
�g/ml type I collagen solution (Angiotech BioMaterials, Palo
Alto, CA) overnight at 4 °C. After rinsing with PBS three times,
4,000 cells, some of which were transfected 48 h earlier with
wild-type adenoviral TLR4, dominant negative adenoviral
TLR4, or adenoviral GFP as a control, were seeded on a poly-
acrylamide gel dish and cultured at 37 °C in 5% CO2 for 6 h. To
perform cell traction force microscopy, a phase contrast image
of individual cells and a fluorescence image of the embedded
fluorescent beads were taken under the same view. Cells were
then removed by trypsinization, and another fluorescence
image of the beads in the same view and same z-plane was
taken. Based on this set of images, cell traction forces were
obtained by computation using theMATLAB program accord-
ing to published algorithms (14).
In Vitro and in Vivo Determination of Enterocyte Migration,

Macrophage Chemotaxis, and the Induction of Necrotizing
Enterocolitis—Detailed information regarding these proce-
dures and the relevant statistical analyses has been published
from our group elsewhere (4, 10) and can be found in the sup-
plemental methods.

RESULTS

HMGB1 Expression Is Increased in the Intestinal Mucosa in
Humans and Mice with Necrotizing Enterocolitis and Inhibits
EnterocyteMigration in a TLR4-dependentManner—To inves-
tigate the effects of HMGB1 on enterocytes, we first examined
its expression in the intestinal mucosa in a disease character-
ized by increased TLR4 signaling and reduced enterocyte
migration, namely necrotizing enterocolitis (10). As shown in
Fig. 1, HMGB1 expression was significantly increased in the
intestinal mucosa of human infants (panels A and C) and mice
(panels B and C) with NEC when compared with healthy con-
trols. This finding is in agreement with previous work per-
formed in a rat model of NEC in which HMGB1 was shown to
be elevated, yet neither its relevance nor a potential receptor for
HMGB1 was explored in that prior work (15). As shown in Fig.
1D, in normal intestinal tissue, HMGB1 was distributed in a
pattern that was largely associated with the nuclear compart-
ment. By contrast, in mice with NEC, HMGB1 was found in
aggregates scattered at the periphery of the damaged mucosa,
consistent with the release of this molecule during intestinal
injury. By enzyme-linked immunosorbent assay, the concentra-
tion of HMGB1 in the serum of mice with NEC was 15 � 3
ng/ml when compared with 3 � 3 ng/ml in breast-fed control
mice (n � three separate experiments, p � 0.05).

We next sought to determine the effects, if any, of HMGB1
on enterocyte migration and whether TLR4 may be involved.
To do so, IEC-6 enterocytes were plated to confluence and
allowed to migrate into a scraped wound. As shown in Fig. 2A,
control enterocytes healed the wound by �14 h, consistent
with our previous results (4, 6). Strikingly, HMGB1-treated
cells showed a dose-dependent inhibition in the enterocyte
migration (Fig. 2B). As a negative control, there was no effect of
the addition of CD14 on enterocytemigration, a protein of sim-
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ilarmolecularweight toHMGB1 thatwas synthesized using the
same yeast expression system (data not shown).
In consideration of our previous finding that bacterial endo-

toxin (LPS) inhibits enterocyte migration (6, 16), four separate
lines of experimental evidence now exclude the possibility that
LPS contamination within the HMGB1 preparation could
account for the observation that HMGB1 inhibits enterocyte
migration. First, HMGB1 was synthesized in our laboratory
from yeast cells, excluding the possibility of bacterial-derived
LPS contaminating our preparations. Second, all experiments
included the addition of the LPS-neutralizing agent polymyxin
B, which would significantly reduce the biological activity of
any LPS within any of the buffers. Thirdly, our HMGB1 prep-
aration did not cause either the release of cytokines or the
activation of NF-kB in enterocytes, events that do occur in
response to even nanomolar concentrations of LPS (not

shown). Finally, measurement of
our HMGB1 preparation by limulus
assay did not demonstrate any
measurable endotoxin activity (not
shown). Taken together, we are con-
fident that the effects of HMGB1
on enterocyte migration cannot be
attributable to LPS contamination,
yet rather represent a novel and
direct inhibitory effect of this dan-
ger molecule on cell movement.
We next sought to define further

the initial molecular requirements
that mediate the inhibition of entero-
cyte migration by HMGB1 and fo-
cused on the innate immune receptor
TLR4,whichhasbeenshowntosignal
in response to HMGB1 in immune
cells but not in any other cell type. To
do so,we engineered adominantneg-
ative adenovirus with the inhibitory
P712H mutation in the cytoplasmic
tail of TLR4 based upon the TLR4
mutation in the C3H/HeJ mouse
that renders it insensitive to endo-
toxin (17). As shown in Fig. 2C,
treatment of IEC-6 cells with domi-
nant negative TLR4 reversed the
inhibitory effects of HMGB1 on
enterocyte migration (checkered bars).
In two important control experi-
ments, HMGB1 did inhibit entero-
cyte migration in IEC-6 cells that
were transfected with adenoviral-
GFP (black bars) and in IEC-6 cells
that were transfected with GFP-
tagged wild-type TLR4 (white bars),
thereby excluding nonspecific ef-
fects of either the virus or the infec-
tion procedure on enterocyte migra-
tion. Taken together, these findings
indicate thatHMGB1 inhibits entero-

cyte migration in vitro in a TLR4-dependent manner.
In the next series of studies, we sought to define in greater

detail the physiological relevance of the inhibitory effects of
HMGB1 on enterocyte migration. HMGB1 was originally
shown to be released from necrotic cells or actively secreted
by immune cells that had been activated by pro-inflamma-
tory cytokines such as interferon � (18). To model these
parameters in vitro, we utilized a macrophage-enterocyte co-
culture system in which macrophages were untreated, induced
to become necrotic, or activated to release HMGB1 with the
addition of the pro-inflammatory cytokine IFN and then co-
incubated with enterocytes in a Transwell apparatus; the
enterocytes were then induced to migrate by scraping (see sup-
plementalmethods). To define the involvement of extracellular
HMGB1 on enterocytemigration, inhibitory antibodies against
HMGB1 were added to the upper Transwell. As is shown in

FIGURE 1. HMGB1 expression is increased in the ileal mucosa in human and murine necrotizing entero-
colitis. A–C, SDS-PAGE showing the expression of HMGB1 and F-actin in terminal ileum from mice (A) and
human infants (B) with NEC (NEC) and without NEC (Control). Quantification is shown in C (*, p � 0.05, n � three
experiments; error bars indicate S.E.). Ctrl, control. D, confocal microscopic expression of HMGB1 (green), F-actin
(phalloidin, red), nuclei (Draq-5, blue), and merged image in terminal ileum of mice with and without NEC,
results shown are representative of three separate experiments. Bar � 100 �m.

HMGB1 Inhibits Enterocyte Migration

FEBRUARY 12, 2010 • VOLUME 285 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4997

http://www.jbc.org/cgi/content/full/M109.067454/DC1
http://www.jbc.org/cgi/content/full/M109.067454/DC1


Fig. 2D, treatment of enterocytes with necrotic macrophages
(brownbars) inhibited enterocytemigration,whereas this effect
could be reversed by the addition of inhibitory antibodies to
HMGB1. By enzyme-linked immunosorbent assay, necrotic
macrophages released �200 ng/ml HMGB1 when compared
with live macrophages, which released 2–3 ng/ml. Treatment
with IFN�, which is known to cause the release ofHMGB1 from
macrophages (18), inhibited enterocyte migration in a manner
that could also be reversed by co-treatment with inhibitory
antibodies to HMGB1 (blue bars). Taken together, these find-

ings indicate that HMGB1 inhibits
enterocyte migration in vitro, either
when administered exogenously or
when released from adjacent acti-
vated macrophages.
To explore the potential in vivo

relevance of these findings, we sought
to determine whether HMGB1 may
affect enterocyte migration in mice,
and if so, whether TLR4 signaling
may play a role. Enterocyte migra-
tion was determined in vivo by
assessing the extent of migration
of bromodeoxyuridine-labeled en-
terocytes from the crypts of the ter-
minal ileum along individual villi
over time, as we have performed
and validated previously (6, 19). As
shown in Fig. 2E, treatment of TLR4
wild-type (C3H/HeOUJ) mice with
HMGB1 significantly inhibited the
rate of enterocyte migration when
compared with mice injected with
saline alone. A similar inhibition in
the rate of migration was observed
when half of this concentration was
used (not shown). Importantly, in-
jection of TLR4-mutant (i.e. C3H/
HeJ) mice with HMGB1 did not
affect enterocytemigration (Fig. 2,E
and F). These findings indicate that
HMGB1 inhibits enterocyte migra-
tion in vivo as well as in vitro and
suggest a critical role for TLR4 sig-
naling in the process.
HMGB1 Increases Macrophage

Chemotaxis in Vitro and in Vivo—
Although we now demonstrate that
HMGB1 inhibits enterocyte migra-
tion, previous authors have shown
that HMGB1 enhances the migra-
tion of several cell types at inflam-
matory sites, especially macrophages
(20). Consistent with these prior
results, we observed that HMGB1
significantly increased macrophage
chemotaxis when compared with
PBS (Fig. 3A). Importantly, HMGB1

also caused a dramatic rearrangement in the distribution of
F-actin in macrophages, from a uniform appearance within the
cytoplasm (Fig. 3B) to the accumulation of actin filopods ema-
nating from the cell periphery, known to be associated with
increased macrophage chemotaxis (21) (Fig. 3C, arrows). Fur-
thermore, injection with HMGB1 significantly increased both
the proportion (Fig. 3, D and E) and the number (Fig. 3F) of
peritonealmacrophages thatmigrated into theperitoneal cavity of
TLR4 wild-type mice (i.e. C3H/HeOUJ) yet had no measurable
effect on macrophage migration in TLR4-mutant mice (i.e. C3H/

FIGURE 2. HMGB1 release inhibits enterocyte migration in vivo and vitro in a TLR4-dependent manner.
A, migration of IEC-6 cells in the absence or presence of HMGB1 (100 ng/ml) over 14 h; dashed line indicates
leading edge at t � 0, bar � 40 �m. B, effect of HMGB1 on enterocyte migration, n � 5, *, p � 0.05,†, p � 0.005
versus control (Ctrl). C, IEC-6 cell migration after transfection with GFP (black), GFP-dominant negative TLR4
(checkered), or GFP-wild-type TLR4 (white) � HMGB1 *, p � 0.05 versus paired control. D, IEC-6 migration after
co-culture with macrophages (M�, pink), being induced to become necrotic (brown), or activation with IFN
(blue) � inhibitory HMGB1 antibodies (�-HMGB1). *, p � 0.05 versus control, †, p � 0.05 versus necrotic macro-
phages, ‡, p � 0.05 versus IFN-treated macrophages. E, micrographs showing bromodeoxyuridine immuno-
staining in the terminal ileum of TLR4-wild-type and mutant mice 24 h after injection with saline or HMGB1 (1
�g/kg). Arrows show leading enterocytes. F, the migration rate and percentage of the maximal crypt height
achieved by migrating enterocytes as shown; mean � S.E., 100 cells/experiment, bar � 50 �m.
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HeJ) (see panel D, quadrant 4 (Q4), and quantification in panel E).
These findings indicate that althoughHMGB1 inhibits enterocyte
migration (Fig. 2), HMGB1 serves to enhance the migration of
macrophagesboth in vitro, aswell as into theperitoneal cavity, and
does so via TLR4. This suggests that the inhibitory effects of
HMGB1 onmigrationmay be relatively restricted to enterocytes.
HMGB1 Increases Actin Stress Fiber Formation and Cell-

Matrix Adhesion in Enterocytes—We next sought to further
explore the mechanisms by which HMGB1 inhibits entero-

cyte migration and thus investigated
whether HMGB1 altered actin poly-
merization in enterocytes. To mea-
sureactinpolymerization, IEC-6 cells
were transfected with GFP-actin,
which becomes incorporated into
nascent actin filaments and there-
fore allows for the assessment of
actin polymerization through the
detection of the intensity and distri-
bution of the GFP emission. As is
shown in Fig. 4A, in untreated cells,
GFP-actin appears diffusely through-
out the cytoplasm. By contrast,
HMGB1 caused a time- and dose-
dependent increase in the accumu-
lation of actin stress fibers that tra-
versed throughout the cytoplasm
(Fig. 4, panels A and B). This effect
on the cytoskeleton led us to assess
whether HMGB1may affect the sig-
naling molecules that are known to
be important for stress fiber forma-
tion, specifically RhoA, focal adhe-
sion kinase (FAK), and cofilin. As is
shown in Fig. 4, C and D, HMGB1
caused a dose-dependent increase
in the extent of RhoA activation, as
determined using a pull-down assay
with the effector molecule Rho-
tekin. HMGB1 also caused a dose-
dependent increase in the phosphor-
ylation of FAK, a kinase that is
immediately downstream of RhoA
activation and plays a key role in the
generation of stable focal adhesions
in various cells (Fig. 4, E and F). To
measure directly whether HMGB1
affected focal adhesions, we per-
formed confocal microscopy to
assess the expression and distribu-
tion of phosphorylated FAK (Fig.
4G). Under control settings, p-FAK
was detected in a largely cytoplas-
mic distribution with the occasional
sites of colocalization at discreet
ends of actin stress fibers (arrows).
By contrast, HMGB1 dramatically
increased focal adhesion formation

with significantly increased colocalization of p-FAK along the
lengths of individual actin stress fibers. The increase in focal
adhesion formation was dose-dependent as there was a more
profound effect on focal adhesion formation at higher concen-
trations of HMGB1 (Fig. 4G).

Given that focal adhesions serve to generate increased
strength in the interaction of cells with the underlying matrix,
we next sought to evaluate whether HMGB1 could affect cell-
matrix adhesiveness in enterocytes. Because HMGB1 may act

FIGURE 3. HMGB1 increases macrophage chemotaxis in vitro and in vivo in a TLR4-dependent manner.
A, the number of macrophages (M�) found to migrate toward formylmethionylleucylphenylalanine by Tran-
swell assay � HMGB1 (100 ng/ml) *, p � 0.05, three separate experiments. Ctrl, control. B and C, confocal
micrographs showing F-actin in RAW264.7 macrophages � HMGB1 (100 ng/ml). Arrows denote filopod-like
extensions, bar � 10 �m, D, flow cytometric analysis of peritoneal lavage effluent obtained from C3H/HeOUJ
and C3H/HeJ mice that had been injected with either PBS or HMGB1 3 h earlier. FITC, fluorescein isothiocyanate.
E and F, quantification of the percentage (E) and number (F) of macrophages migrating into the peritoneal fluid
as indicated, *, p � 0.05 versus by analysis of variance. Error bars indicate S.E.
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non-uniformly on cells to generate cell-matrix adhesiveness,
we utilized a highly robust single cell assay of cell-matrix ten-
sion, thereby capturing any potential regional differences in the
effects of HMGB1 on cell-matrix binding as described under
“Experimental Procedures.” As is shown in Fig. 5, A and B, in
IEC-6 cells that were transfected with either GFP-TLR4 or
wild-type TLR4, HMGB1 significantly increased cell-matrix
adhesiveness, whereas HMGB1 treatment of IEC-6 cells that
had been transfected with dominant negative TLR4 cells did
not demonstrate an increase in cell-matrix adhesiveness.
Given this finding and because RhoA is required for regulat-

ing cell-matrix adhesiveness, we next evaluated whether TLR4

signaling was required for the in-
crease in RhoA activation in re-
sponse to HMGB1. As is shown in
Fig. 5C, treatment of either non-
transfectedorGFP-transfected IEC-6
cells with HMGB1 significantly
increased RhoA activation when
compared with untreated cells,
consistent with Fig. 4C, or when
compared with IEC-6 cells that
were transfected with wild-type
TLR4. However, transfection with
dominant negative TLR4 prevented
the increase in RhoA activation
after exposure to HMGB1, confirm-
ing the importance of TLR4 signal-
ing in themolecular events that lead
to RhoA activation.
HMGB1 Inhibits Enterocyte Mi-

gration through Activation of the
RhoA—In the next series of studies,
we sought to explore further the
mechanisms by which HMGB1 in-
hibits enterocytemigration. To do so,
we first examined whether HMGB1
may alter thephosphorylationof cofi-
lin, a critical actin-binding protein
that regulates actin turnover in
response to RhoA. The activity of
cofilin is critical for cell motility and
is inversely regulated by increased
phosphorylation such that phos-
phorylated cofilin completely loses
its actin depolymerization activity,
leading to increased actin stability
(22). As shown in Fig. 5D, HMGB1
time- and dose-dependently in-
creased the extent of phosphoryla-
tion of cofilin. This suggested the
possibility that RhoA activation
may be required for the inhibition
in enterocyte migration in
response to HMGB1. To deter-
mine this experimentally, IEC-6
cells were treated with HMGB1 in
the presence or absence of

Y27632, a specific Rho kinase inhibitor. As shown in Fig. 5E,
HMGB1 dose-dependently inhibited the rate of enterocyte
migration, yet this was reversed upon pretreatment with
Y27632. Taken in aggregate, these findings indicate that
HMGB1-induced activation of TLR4 leads to RhoA signal-
ing, increased focal adhesion formation, and an inhibition in
enterocyte migration.

DISCUSSION

Wenowdemonstrate that extracellular HMGB1 can activate
TLR4 in enterocytes, leading to increased cell-matrix adhesive-
ness and impaired migration. This effect was found to occur

FIGURE 4. HMGB1 leads to rearrangements in the cytoskeleton in enterocytes. A, confocal micrographs
showing GFP expression in IEC-6 cells after GFP-actin transfection and treatment with HMGB1 as indicated. Size
bar � 10 �m; quantification of stress fiber density by Metamorph in B. *, p � 0.05, †, p � 0.005 versus control
(Ctrl) by analysis of variance. C–F, SDS-PAGE showing expression of active and total RhoA (C) or p-FAK and total
FAK (t-FAK) (E) in IEC-6 cells lysates treated with HMGB1 as indicated. Quantification is shown in D and F; error
bars indicate S.E. G, confocal micrographs showing expression of p-FAK (green) and actin (red), as well as
merged images, after treatment with HMGB1 or PBS as indicated. Arrows show focal adhesions, bar � 10 �m.
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both in vitro and in vivo and not to occur in macrophages,
whose migrations were found to be enhanced by HMGB1.
These results may have relevance to the pathogenesis of
NEC, a disease that we have shown to require TLR4 signaling
in the intestinal mucosa (4), yet for which no prior study has
demonstrated the role of endogenous ligands for TLR4 in its
development. We acknowledge that we have not definitively
proven a role for HMGB1 in the development or progression
NEC; rather this study was designed to assess the roles, if
any, of extracellular HMGB1 on enterocyte migration.
Indeed, the lack of readily available inhibitors to HMGB1
and the early mortality of HMGB1-deficient mice (23) make
definitive proof of HMGB1 in NEC pathogenesis difficult to
determine. However, given the novel finding that HMGB1
inhibits enterocyte migration both in vivo and in vitro, mol-

ecules that are designed to modify
HMGB1 function may now be
evaluated not merely for their role
on immune cells but also on the
ability of HMGB1 to affect intesti-
nal healing.
A major finding of the current

study relates to the fact that the
impairment in enterocytemigration
in response to HMGB1 occurs in
large part through an increase in
focal adhesions and a subsequent
increase in the strength with which
enterocytes attach to the underlying
matrix. To accurately determine the
effects of HMGB1 on enterocyte-
matrix adhesiveness, we utilized a
novel single cell assay device in
which the extent of matrix adhesion
could be calculated using a complex
fluorometric, force detection sys-
tem. This technique served to rem-
edy potential pitfalls associatedwith
standard, global population studies
of cell-matrix adhesiveness inwhich
the degree of binding may be vari-
able and less reliable. Given that
increased cell-matrix adhesiveness
in response to HMGB1 would be
expected to reduce the ability of
individual enterocytes to detach
from the underlyingmatrix, the cur-
rent findings present a plausible
mechanism to account for the
inhibitory effects of HMGB1 on cell
movement and are consistent with
previous reports showing that
HMGB1 can modulate the actin
cytoskeleton of a variety of cell types
(21).
In summary, we have now identi-

fied that human and murine NEC
are associated with an increase in

the expression of HMGB1 in the intestine and that the
release of HMGB1 leads to an inhibition in enterocytemigra-
tion in vitro and in vivo via signaling through TLR4. The
current studies serve to complement and advance previous
work from our laboratory showing that TLR4 activation by
its known agonist bacterial LPS leads to reduced enterocyte
migration in part via increased focal adhesion formation (6)
and expand our understanding of the role of TLR4 in non-
hematopoietic cells as a receptor that can contribute to
organ injury rather than cytoprotection. The current find-
ings extend these observations by identifying HMGB1 as a
potentially important endogenous molecule that may be
involved in TLR4 signaling on enterocytes, possibly playing a
role in the development of intestinal inflammation and
necrotizing enterocolitis.

FIGURE 5. HMGB1 increases adhesiveness of enterocytes to the underlying matrix in a TLR4-dependent
manner. A, single cell force contraction microscopy of IEC-6 cells after transfection with the indicated construct
and treatment with PBS or HMGB1 (100 ng/ml); the region of interest is shown in white. Bar � 5 �m. WT, wild
type; DN, dominant negative. Quantification is shown in B. *, p � 0.05 versus PBS paired control. Results shown
are representative of three separate experiments. C and D, SDS-PAGE showing expression of active and total
RhoA (C) or phosphorylated and total cofilin (D) in IEC-6 cells after transfection with indicated construct �
HMGB1 or LPS (50 �g/ml) as indicated. Results shown are representative of three separate experiments. Ctrl,
control. E, IEC-6 migration after treatment with HMGB1 � Rho kinase inhibitor Y27632. Results shown are
representative of three separate experiments. *, p � 0.05 versus control. Error bars indicate S.E.
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