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Shi X, Bruns JR, Branca M, Li J, Weisz OA, Sodhi C, Hackam
DJ. Interferon-vy inhibits enterocyte migration by reversibly dis-
placing connexin43 from lipid rafts. Am J Physiol Gastrointest
Liver Physiol 295: G559-G569, 2008. First published July
17,2008; doi:10.1152/ajpgi.90320.2008.—Necrotizing enterocolitis
(NEC) is associated with the release of interferon-y (IFN) by entero-
cytes and delayed intestinal restitution. Our laboratory has recently
demonstrated that IFN inhibits enterocyte migration by impairing
enterocyte gap junctions, intercellular channels that are composed of
connexin43 (Cx43) monomers and that are required for enterocyte
migration to occur. The mechanisms by which IFN inhibits gap
junctions are incompletely understood. Lipid rafts are cholesterol-
sphingolipid-rich microdomains of the plasma membrane that play a
central role in the trafficking and signaling of various proteins. We
now hypothesize that Cx43 is present on enterocyte lipid rafts and that
IFN inhibits enterocyte migration by displacing Cx43 from lipid rafts
in enterocytes. We now confirm our previous observations that intes-
tinal restitution is impaired in NEC and demonstrate that Cx43 is
present on lipid rafts in IEC-6 enterocytes. We show that lipid rafts are
required for enterocyte migration, that IFN displaces Cx43 from lipid
rafts, and that the phorbol ester phorbol 12-myristate 13-acetate
(PMA) restores Cx43 to lipid rafts after treatment with IFN in a
protein kinase C-dependent manner. IFN also reversibly decreased the
phosphorylation of Cx43 on lipid rafts, which was restored by PMA.
Strikingly, restoration of Cx43 to lipid rafts by PMA or by transfec-
tion of enterocytes with adenoviruses expressing wild-type Cx43 but
not mutant Cx43 is associated with the restoration of enterocyte
migration after IFN treatment. Taken together, these findings suggest
an important role for lipid raft-Cx43 interactions in the regulation of
enterocyte migration during exposure to IFN, such as NEC.

gap junctions; connexin; necrotizing enterocolitis; cytokine; phorbol
ester

NECROTIZING ENTEROCOLITIS (NEC) is the leading cause of death
from gastrointestinal disease in newborn infants (1). The
pathological features that characterize NEC include patchy
areas of mucosal inflammation, which develop in part due to
the release of proinflammatory cytokines including interfer-
on-y (IFN) (14, 21). The importance of IFN to the development
of NEC is highlighted by our recent observation that IFN-
deficient mice are nearly completely protected from the devel-
opment of experimental NEC, owing largely to the effects of
IFN on repair of the injured gastrointestinal mucosa (32).
Mucosal repair occurs through the process of intestinal resti-
tution, which involves the rapid migration of enterocytes from

healthy areas to areas of mucosal disruption (42, 51). Our
laboratory has recently demonstrated that intestinal restitution
is significantly impaired in experimental NEC (6), an effect
that that can be modeled in vitro upon exposure of cultured
enterocytes to IFN (32). Previous authors have also shown that
intestinal restitution is decreased in other inflammatory states
that are characterized by an increase in IFN, including hemor-
rhagic shock (11), sepsis (4), and intestinal ischemia (10).
Impaired intestinal restitution and persistent mucosal disrup-
tion is thought to lead to bacterial translocation across the
injured mucosa, which initiates and propagates a local and
systemic inflammatory response that characterizes NEC (39).
Taken together, these findings underscore the importance of
studying enterocyte migration to further understand the factors
that lead to the development, and resolution, of this devastating
disease.

The mechanisms by which IFN and other proinflammatory
molecules inhibit enterocyte migration remain incompletely
understood. However, our laboratory recently reported the
novel finding that enterocytes are interconnected via molecular
channels called gap junctions (32), structures comprised of
individual connexin monomers that allow for the passage of
small molecules (under 1,000 Da) between adjacent cells (20,
29). We have shown that gap junction communication is
required for enterocyte migration to occur and that IFN inhibits
enterocyte migration in part through the disruption of gap
junction communication between adjacent enterocytes (32).
Although the precise mechanisms by which IFN impairs gap
junction communication remain unclear, we have recently
determined that IFN caused a rapid loss of the most abundant
connexin isoform connexin43 (Cx43) from the enterocyte
surface (32). This suggests the exciting possibility that IFN
may also regulate molecules that are required for gap junction
dynamics within the plasma membrane.

In understanding the mechanisms by which IFN could alter
the trafficking of Cx43, we turned our attention to the study of
lipid rafts, discrete regions of the plasma membrane that are
characterized by the accumulation of cholesterol-sphingolipid
rich microdomains and integral membrane proteins called
caveolins (26). Lipid rafts are known to play a central role in
the trafficking and signaling of various proteins within the cell
(41). Connexins have been reported to be present on lipid rafts
in some cells (30, 33), although their presence on lipid rafts in
enterocytes has not been evaluated. We therefore now hypoth-
esize that Cx43 is present on lipid rafts in enterocytes and that
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IFN inhibits enterocyte migration by displacing Cx43 from
lipid rafts. Such a mechanism could account for the rapid
redistribution of Cx43 from the surface of enterocytes after
exposure to IFN, as well as the reversibility of the effect (32).

In the present paper, we now confirm our previous observa-
tions that intestinal restitution is impaired in NEC, and we
demonstrate that Cx43 is present on lipid rafts in enterocytes.
We also show for the first time that lipid rafts are required for
enterocyte migration, that IFN displaces Cx43 from lipid rafts,
and that the phorbol ester analog phorbol 12-myristate 13-
acetate (PMA) restores Cx43 to lipid rafts after treatment with
IFN in a PKC-dependent manner. Strikingly, restoration of
Cx43 to lipid rafts by PMA exposure or by infection with
adenoviruses expressing wild-type Cx43 but not mutant Cx43
is associated with the restoration of enterocyte migration after
IFN treatment. Taken together, these findings suggest an im-
portant role for lipid raft-Cx43 interactions in the regulation of
enterocyte migration during conditions characterized by expo-
sure to IFN such as NEC.

MATERIALS AND METHODS

Cell culture, treatment, and reagents. Cultured IEC-6 cells (small
intestine cell line) were obtained from the American Type Culture
Collection (Manassas, VA) and maintained as described (9, 23, 44).
Where indicated, cells were treated with IFN (Sigma-Aldrich, St.
Louis, MO; 1,000 IU/ml for 1-14 h, 37°C). The phorbol ester PMA or
the nonactivating analog 4a-PMA (25 nM PMA, Calbiochem, San
Diego, CA) were added for 1 h after incubation with IFN in the
presence or absence of the PKC inhibitor calphostin (100 nM, 1 h,
Calbiochem). Antibodies to the following proteins were obtained as
follows: phospho-Cx43 and Cx43 from Chemicon (Temecula, CA);
the lipid raft protein caveolin-1 (Cav-1) from BD Biosciences (San
Diego, CA), the Golgi-membrane protein TGN38 from Calbiochem;
the mitochondrial membrane protein Pmp-70 from Zymed (San Fran-
cisco, CA); the plasma membrane protein Na™-K*-ATPase from
Upstate Biotechnologies (Lake Placid, NY).

Induction of experimental necrotizing enterocolitis. The following
experimental protocol was approved by the Animal Research and
Care Committee of the Children’s Hospital of Pittsburgh (protocol no.
0805). NEC was induced in 10-day-old Swiss-Webster mice (the
Jackson Laboratory, Bar Harbor, ME) by the administration of enteral
formula and the induction of hypoxia (5% oxygen for 10 min prior to
each feeding) thrice daily for 4 days (7). We and others have
demonstrated that this experimental protocol induces intestinal in-
flammation in animals that resembles clinical NEC (8, 13, 31, 38, 45).
Control animals remained with their mothers and received breast milk.
To measure enterocyte migration, animals were injected with 50
mg/kg 5'-bromodeoxyuridine (BrdU; Sigma Chemical, St. Louis MO)
intraperitoneally then euthanized 18 h later. Samples of terminal ileum
were then immunostained with anti-BrdU antibodies as described (24,
31). Enterocyte migration was expressed by measuring the distance
from the bottom of the crypt to the foremost labeled enterocyte and is
expressed both as a velocity and as a percentage traveled of each
villus enumerated (100 villi per field, over 100 fields per experiment).

Measurement of enterocyte migration. Enterocyte migration was
determined according to standardized techniques published previously
by our laboratory (5, 31). In brief, IEC-6 cells were grown on glass
coverslips to 100% confluence, scraped with a cell scraper, and then
transferred to the stage of an Olympus 1X71 fluorescent inverted
microscope (Melville, NY) and perfused with DMEM + 10 mM
HEPES pH 7.4 at 0.5 ml/h. Where indicated, cells were treated with
the lipid raft inhibitor 2-hydroxypropyl-B-cyclodextrin (HPbCD, 5
mg/ml, Sigma), the gap junction inhibitor oleamide (10 M), IFN
(1,000 IU/ml), and/or PMA (25 nM) or where infected with adeno-
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viruses that express either green fluorescent protein (GFP), wild-type
Cx43, or dominant negative Cx43. Adequacy of ectopic Cx43 protein
expression was assessed by evaluating GFP emission. Images were
taken every 5 min for 18 h and analyzed using Metamorph software
(Universal Imaging, Downingtown, PA). A calibration scale was
obtained and the migration rate was determined by measuring the
mean distance traveled by 15 cells per field over the course of the
experiment. Measurements were obtained from cells that were se-
lected both at the leading edge and several rows back. The migration
rate was determined by measuring the mean distance traveled by 15
cells per field over the course of the experiment.

RNA preparation and PCR. Total RNA was isolated from the
mucosal scrapings of terminal ileum of breast-fed (control) and
formula-fed (NEC) mice using RNeasy kit (Qiagen, Valencia, CA).
RNA quality and integrity was verified by agarose gel electrophoresis.
cDNA synthesis (0.5-1.0 pg RNA) was performed with the Quanti-
tect Reverse Transcription kit (Qiagen). The following mouse-specific
primer pairs were used: IFN (forward 5'-AGGCCATCAGCAACAA-
CATAAGCG-3', reverse 5'-TGGGTTGTTGACCTCAAACTTGGC-
3") and B-actin (forward 5'-CCACAGCTGAGAGGGAAATC-3', re-
verse 5'-TCTCCAGGGAGGAAGAGGAT-3"). The following PCR
cycles were used to amplify the cDNA: 94°C for 2-min hold and
30-35 cycles of 94°C for 15 s, 56°C for 30 s, and 72°C for 90 s, via
a Bio-Rad MyCycler (Hercules, CA). PCR products were separated
by electrophoresis on a 2.5% agarose gel stained with ethidium
bromide. In all cases, water was used instead of cDNA to serve as a
nontemplate control. Images were captured with a Kodak Gel Logic
100 Imaging System (New Haven, CT).

Generation of Cx43 adenoviruses. Adenoviruses expressing either
wild-type or dominant-negative (L90V) connexin 43 with the COOH
terminal fused to GFP were constructed using the Adeno-X Expres-
sion System 2 from Clontech according to the manufacturer’s proto-
col. Briefly, cDNAs encoding GFP, wild-type Cx43 (wtCx43), and
dominant-negative Cx43 (dnCx43) (L90V) (generous gifts of Dr.
Charles Murry, University of Washington, Seattle, WA and Dr. Dale
Laird, University of Western Ontario, London, ON, Canada) (36, 46)
were cloned into pPDNR-CMYV and integrated into Adeno-X acceptor
vectors by using Cre-loxP site-specific recombination. The L90V
mutation in Cx43 was recently characterized to be incapable or
inefficient in forming functional gap junction channels and to be
dominant negative when expressed in equal amounts in cells that also
express wild-type endogenous Cx43 (36, 48). The resulting plasmids
were linearized with Pacl digestion and transfected into the adenovi-
rus packaging cell line HEK293. Adenoviruses were further amplified
and titered in HEK293 cells. In all experiments, IEC-6 cells were then
infected with viruses at a multiplicity of infection of ~20. At this
ratio, all cells were found to express GFP-wtCx43 or GFP-dnCx43 as
determined under fluorescent microscopy using an excitation wave-
length of 390 nm and emission wavelength of 505 nm. The expression
and distribution of GFP-Cx43 was similar to that of endogenous Cx43
in IEC-6 cells, as confirmed by confocal microscopy.

Isolation of lipid rafts. To assess the subcellular distribution of
Cx43, IEC-6 enterocytes were plated on 35-mm plates and grown to
confluence. To isolate lipid rafts, we took advantage of their detergent
insolubility properties at low temperatures in combination with their
specific light buoyant density on sucrose gradients (49). Briefly,
IEC-6 enterocytes plated on 35-mm plates were collected with 1%
Triton X-100 and MES-NaCl buffer containing 25 mM of MES and
150 mM NaCl, pH 6.5. Extracts were homogenized on ice with
protease inhibitors with a 22-gauge needle and mixed with an equal
volume of 80% sucrose in MES-NaCl buffer containing 25 mM MES
(pH 6.5) and 150 mM NaCl without Triton X-100, loaded at the
bottoms of 12-ml ultracentrifuge tubes and overlaid with 8 ml of a 5
to 35% continuous sucrose gradient in MES-NaCl buffer. Samples
were ultracentrifuged at 40,000 g for 21 h at 4°C with a swinging
bucket rotor (SW41 Ti; Beckman Instruments, Fullerton, CA). Thir-
teen 0.9-ml fractions were collected from the top of each gradient.
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Protein samples were diluted with 2X sample loading buffer for 5 min
and then subjected to immunoblot analysis. To investigate the inter-
action of Cx43 with Cav-1 in lipid rafts, sucrose gradient fractions
4-6 that contain these three proteins were collected and solubilized
prior to immunoblot analysis.

Immunoprecipitation, SDS-PAGE, and immunofluorescence mi-
croscopy. To assess for the biochemical interaction of the gap junction
protein Cx43 with the lipid raft protein Cav-1, IEC-6 cells (10° cells
per plate) were cultured on 6-cm dishes, washed with PBS, and
solubilized in detergent solution containing 50 mM Tris, pH 8.0, 1%
Nonidet P-40, 0.4% deoxycholate, 62.5 nM EDTA, and 1 pg/ml
aprotinin. The extract was centrifuged for 5 min in an Eppendorf
(USA) Microfuge model 5414 (10,000 g) at 4°C to remove insoluble
material and nuclei, and the supernatant was recovered. Where indi-
cated, an aliquot of 30 wl of lysate was added to Laemmli sample
buffer, heated for 2 min at 90°C, and subjected to SDS-PAGE.
Alternatively, the entire detergent extract was immunoprecipitated

control
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with anti-Cx43 antibodies, and antibody-antigen complexes were
collected by using protein G-coupled Sepharose (Sigma) as described
(37). An equivalent amount (30 wl lysate, 10° cells/well starting
material) of lysates of IEC-6 cells were prepared as positive controls
for the Cx43 antibodies. In parallel, immunoprecipitation experiments
were performed with irrelevant IgG at equimolar concentrations and
with uncoated beads. Samples were then electrophoresed on 8%
SDS-PAGE gels and band density from radiographic film images was
analyzed with Scion Image Beta4.03 [National Institutes of Health
(NIH), Bethesda, MD]. For immunohistochemistry, cells were pro-
cessed as described (6).

For the immunodetection of lipid rafts, IEC-6 cells were grown to
70% confluence on glass coverslips, washed with PBS, and then
incubated in chilled IEC-6 growth medium supplemented with the
lipid raft marker 1 mg/ml Alexa Fluor-555-conjugated cholera toxin,
subunit B (Molecular Probes, Eugene, OR) at 4°C for 20 min. IEC-6
cells were then copiously washed with ice cold PBS, fixed with 4%

NEC

100

Migration rate pm/hour

Migration rate pm/hour

il A

Ctrl  NEC Ctrl

I*

Fig. 1. Enterocyte migration is reduced in
experimental necrotizing enterocolitis (NEC)
and is also inhibited by interferon-y (IFN), by
the inhibition of gap junctions, and by disrup-
tion of lipid rafts. A and B: NEC was induced
in 10-day-old mice by a combination of for-
mula gavage and hypoxia for 4 days as de-
scribed in METHODS, and the terminal ileum
was harvested 1 cm proximal to the ileocecal
valve. Shown are the terminal ileal histology
in control, breast-fed mice (A) and mice with
experimental NEC (B). C: expression of IFN
in the terminal ileum of two samples obtained
from each of mice with and without NEC by
RT-PCR; the expression of the housekeeping
gene f-actin is shown. D-F: 10-day-old
Swiss-Webster mice were induced to develop
NEC and injected intraperitoneally with bro-
modeoxyuridine (BrdU) 18 h prior to eutha-
nasia and immunostained for BrdU (arrows
indicate position of peroxidase staining). In
control animals, most BrdU has accumulated
at varying positions along the villi (D, arrows).
In animals with NEC, BrdU uptake remains in
the crypts (E), demonstrating a significant im-
pairment in migration. F: rate of migration and
percent of maximum crypt height reached are
both significantly decreased in NEC compared
with controls. Data are means * SE of 4
separate experiments. *P < 0.05 vs. control. A
0l minimum of 100 cells were counted per ex-
NEC periment. G: rate of migration of IEC-6 cells
into a scraped wound in the presence or ab-
sence of interferon (IFN), the gap junction
inhibitor oleamide (OLM), or upon adenoviral
infection and overexpression of dominant neg-
ative connexin43 (Cx43; dnCx43), wild-type
Cx43 (wtCx43), or the lipid raft inhibitor
2-hydroxypropyl-B-cyclodextrin (HpB). Rep-
resentative of 4 separate experiments with
over 100 cells per experiment counted; *P <
0.05 vs. control; **P < 0.05 vs. dnCx43.

% Crypt height reached

*

m
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paraformaldehyde, and analyzed by confocal microscopy. Where
indicated, cells were immunostained with antibodies against phos-
phorylated Cx43 (Chemicon). The extent of colocalization between
lipid rafts and GFP was determined by use of Image J software with
the colocalization plug-in (NIH, Bethesda, MD).

Statistical analysis. Data presented are means * SE, and compar-
isons are by two-tailed Student’s r-test or ANOVA, with statistical
significance accepted for P < 0.05.

RESULTS

Enterocyte migration is reduced in experimental NEC and is
also inhibited by IFN, by the inhibition of gap junctions, and by
disruption of lipid rafts. We first sought to confirm our recent
observations regarding the rate and extent of enterocyte migra-
tion in experimental NEC. To do so, 7- to 10-day-old mice
were subjected to intermittent hypoxia and formula gavage for
4 days, an experimental model that we and others have shown
to result in the development of morphological and pathological
features of NEC in ~70% of mice (31). Control mice remained
with their mothers and were breast-fed; they demonstrated
healthy intact villi (see Fig. 1A), whereas animals with NEC
developed blunted, irregular villi, neutrophil infiltration, and
submucosal edema (Fig. 1B). As shown in Fig. 1C, experimen-
tal NEC was associated with an increase in the expression of
IFN in the ileal mucosa as determined by RT-PCR (Fig. 1C).
To assess the rate of enterocyte migration in experimental
NEC, sections of the terminal ileum were harvested from
breast-fed and NEC-induced animals 18 h after injection with
BrdU, a nucleotide analog that accumulates in dividing cells
within the crypts. Immunostaining of tissue using anti-BrdU
antibodies reveals the rate of migration of enterocytes along the
crypt-villus axis. As our laboratory (6) and others (12) have
reported previously, in control mice, BrdU-stained enterocytes
were observed to travel along the villi such that they reach the
villus tips by ~20 h (Fig. 1D). By contrast, in animals with
experimental NEC, BrdU-stained enterocytes remained local-
ized to the intestinal crypts and did not migrate toward the villi
tips (Fig. 1E), indicating that enterocyte migration was im-
paired. When multiple tissue sections were evaluated, both the
rate of enterocyte migration along the crypt-villus axis and the
extent by which BrdU-positive enterocytes traveled along in-
dividual villi were found to be significantly reduced in exper-
imental NEC compared with untreated mice (Fig. 1F), con-
firming our previous studies (6, 45).

In the next series of experiments we sought to further
evaluate the mechanisms by which enterocyte migration may
be impaired during intestinal inflammation and to test the
possibility that IFN may inhibit enterocyte migration by dis-
placing the gap junction protein Cx43 from lipid rafts. To study
the various roles of IFN, Cx43, and lipid rafts on enterocyte
migration directly, we first utilized a scrape-wounding assay,
as we have previously described (6), in which IEC-6 entero-
cytes are grown to confluence and then wounded with a cell
scraper and evaluated for their ability to migrate into and close
the resulting wound. As is shown in Fig. 1G, the rate of
enterocyte migration was significantly reduced upon exposure
to IFN, consistent with our previous findings (32) and those of
others (52). Importantly, inhibition of gap junctions with ole-
amide or upon infection of IEC-6 cells with adenoviruses that
express dominant negative but not wild-type Cx43 significantly
reduced the rate of enterocyte migration (Fig. 1G, open bars).

A ROLE FOR Cx43-LIPID RAFT DYNAMICS FOR ENTEROCYTE MIGRATION

Moreover, disruption of lipid rafts using the specific inhibitor
HPbCD markedly reduced the rate of enterocyte migration
(Fig. 1G, shaded bar). Taken together, these findings confirm
our previous observations that IFN inhibits and gap junctions
are required for enterocyte migration, and they identify an
important role for lipid rafts in enterocyte migration. And
although these findings are similar to previous findings from
our group, they provide the necessary context and rationale for
the present studies.

The gap junction protein Cx43 is expressed on lipid rafts in
enterocytes. In the next series of studies, we sought to deter-
mine whether Cx43 is localized on lipid rafts in enterocytes. To
identify lipid rafts, we performed confocal immunomicroscopy
on IEC-6 cells that had been treated with Alexa 555-labeled
cholera toxin, an agent that intercalates with and therefore
directly identifies lipid rafts in enterocytes (22) (Fig. 2A). The
distribution of Cx43 was assessed by coimmunostaining with
antibodies against Cx43 (Fig. 2B), in which significant colo-
calization between lipid rafts and Cx43 was observed (Fig. 2C;

Cholera toxin

A

D Sucrose Fraction
172 34 567 8910111213

Caveolin-1 | o G - : g |
PMP 70 | ———— |
Na/K-ATPase| —— |
TGN38 | —
E Sucrose Fraction
12 34567 8910111213
Connexin43| = |

Caveolin-1 | R e ‘ |
Fig. 2. The gap junction protein Cx43 is expressed on lipid rafts in entero-
cytes. A—C: IEC-6 cells were treated with Alexa555-cholera toxin as described
in METHODS, then fixed, immunostained with anti-Cx43 antibodies, and eval-
uated by confocal microscopy. Shown are the distribution of lipid rafts (A),
Cx43 (B), and the merged image (C), in which regions of colocalization of
lipid areas and Cx43 are shown in yellow (arrows). D: subcellular fractionation
of IEC-6 cells as obtained by sucrose density ultracentrifugation. Fractions
were subjected to SDS-PAGE and immunoblotted for the indicated markers:
caveolin-1 (Cav-1), lipid rafts; PMP-70, mitochondria; Na/K-ATPase, plasma
membrane; TGN28, Golgi. Note that the lipid raft marker Cav-1 is most
prominent on fractions 4—7. E: SDS-PAGE showing the expression of Cx43 on
lipid raft enriched fractions from IEC-6 cells. Representative of at least 5
separate experiments.

AJP-Gastrointest Liver Physiol « VOL 295 « SEPTEMBER 2008 « WWW.ajpgi.org

800¢ ‘G laqwaldas uo 610 ABojoisAyd-i6dle woiy papeojumod



http://ajpgi.physiology.org

A ROLE FOR Cx43-LIPID RAFT DYNAMICS FOR ENTEROCYTE MIGRATION

yellow staining indicates points of colocalization at arrows).
To confirm these cellular-based results, a biochemical ap-
proach was taken to determine whether Cx43 is found on lipid
rafts in enterocytes. As described in METHODS, lipid raft frac-
tions were isolated from IEC-6 cells by density gradient mem-
brane centrifugation, and the raft-enriched fractions were iden-
tified by using antibodies to the lipid raft protein Cav-1. The
molecular characterization of other fractions was performed by
assessing for the expression of PMP70 (mitochondria), Na*-
K" -ATPase (plasma membrane), and TGN38 (Golgi). As is
shown in Fig. 2D, Cav-1-enriched lipid raft fractions were
identified in fractions 4—7 of the membrane preparation in
enterocytes. By contrast, PMP70-rich fractions were detected
in fractions 8—12, Na"-K"-ATPase enriched fractions were
detected in fractions 8—12, and TGN38-enriched fractions
were detected in fractions 9-13. Having identified a lipid
raft-enriched fraction in IEC-6 cells, we next sought to exam-
ine whether Cx43 was present on this fraction. As is shown in
Fig. 2E, Cx43 was detected by SDS-PAGE on the Cav-1 (lipid
raft)-enriched fraction in enterocytes, and not on other frac-
tions. Taken together, these findings demonstrate that the gap
junction protein Cx43 is present on lipid rafts in enterocytes.

IFN displaces Cx43 from enterocyte lipid rafts. Having
shown that Cx43 is expressed on lipid rafts in enterocytes (Fig.
2), and on the basis of our recent finding that IFN inhibits gap
junction communication and migration in part by inhibiting

A B

Lipid raft isolation
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Cx43 (32), we next sought to examine whether IFN could
displace Cx43 from surface lipid rafts. As shown in Fig. 34,
treatment of IEC-6 cells with IFN led to a significant reduction
in the association of Cx43 from lipid rafts in enterocytes, as
demonstrated by SDS-PAGE analysis of lipid raft fractions
(upper blot). IFN had no effect on the expression of Cx43 in
whole cell lysates, excluding the possibility of protein degra-
dation in response to IFN (Fig. 3A, lower blot; see quantifica-
tion in B). As shown in Fig. 3C the lipid raft protein Cav-1
could be detected in Cx43-immunoprecipitates that were pre-
pared from IEC-6 cell lysates (upper blot), providing further
confirmation that Cx43 is found on lipid rafts in enterocytes
(see quantification in Fig. 3D). However, pretreatment of
IEC-6 cells with IFN led to a significant decrease in the extent
of Cav-1 that was found to coimmunoprecipitate with Cx43
(Fig. 3C, upper blot), further supporting the finding that IFN
displaces Cx43 from lipid rafts. In control experiments, IFN
did not alter the expression of Cx43 that could be detected in
immunoprecipitates that were prepared with the anti-Cx43
antibody, excluding the possibility that IFN simply interfered
with the immunoprecipitation process (Fig. 3C, lower blot).
The quantification of three such experiments is shown in
Fig. 3D.

We next sought to determine whether IFN treatment led to
fewer rafts or less Cx43 in each raft. To do so, we performed
Western blot analysis of Cav-1 expression on IEC-6 cells that

Fig. 3. IFN displaces Cx43 from enterocyte lipid rafts; the
phorbol ester PMA restores Cx43 to lipid rafts after treat-
ment with IFN. A, upper blot: SDS-PAGE of Cx43 in lipid
raft-enriched fractions that were purified from IEC-6 cells
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that had been either untreated (Ctrl), or treated with IFN in
the absence (IFN) or presence of PMA (IFN + PMA) or
PMA alone (PMA). Lower blot: SDS-PAGE showing the
expression of Cx43 in whole cell lysate of IEC-6 cells
treated as above. Representative of at least 5 separate
experiments. B: quantification of 3 separate experiments
similar to those in A, showing means and SE. *P < 0.05 vs.
control by ANOVA. C, upper blot: SDS-PAGE showing
the expression of Cav-1 in IEC-6 cells that had undergone
immunoprecipitation with anti-Cx43 antibodies as de-
scribed in METHODS. Cells had been treated with IFN and/or

PMA as in A. Lower blot: the expression of Cx43 in the
’l‘ anti-Cx43 immunoprecipitate. Representative of at least 3
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separate experiments. D: quantification of 3 separate ex-
periments similar to those in C, showing means and SE.
*P < 0.05 vs. control by ANOVA. E: expression of Cav-1
in whole cell lysates purified from IEC-6 cells under the
I conditions indicated, representative of 3 separate experi-

ments. F: quantification of 3 separate experiments similar
to those in E, showing means and SE. *P < 0.05 vs. control
by ANOVA.
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had been treated with IFN, PMA, or the combination of these
agents. As is shown in Fig. 3, E and F, the total amount of
Cav-1 was unaffected by IFN or PMA, either alone or in
combination. Taken together, these findings demonstrate that
IFN displaces Cx43 from lipid rafts in enterocytes.

To confirm the effects of IFN on displacing Cx43 from lipid
rafts as determined biochemically, an immunohistochemical
approach was undertaken. As shown in Fig. 4A, i-iii, the
distributions of Cx43 (red staining) and Cav-1 (green staining)
were found to significantly colocalize (see arrows, Fig. 4A, iii).
This finding is consistent with that seen when enterocyte lipid
rafts were detected by use of labeled cholera toxin, as shown in
Fig. 2, and confirms the finding that Cx43 is found on entero-
cyte lipid rafts. Importantly, the treatment of IEC-6 cells with
IFN resulted in a significant decrease in the extent of colocal-
ization of Cx43 with Cav-1 (see Fig. 4A, iv—vi). Taken to-
gether, these findings suggest that IFN causes the displacement
of Cx43 from lipid rafts between adjacent enterocytes. We next
sought to determine the physiological significance of this
finding by attempting to restore Cx43 to lipid rafts in the face
of continued exposure to IFN and to assess the subsequent
effects on enterocyte migration.

The phorbol ester PMA restores Cx43 to lipid rafts after
treatment with IFN. Previous authors have demonstrated that
phorbol esters including PMA can regulate the association of
membrane proteins with lipid rafts (2). We therefore next

A

Control

Fig. 4. IFN reversibly displaces Cx43 from
lipid rafts in IEC-6 cells and decreases the
phosphorylation of Cx43 at lipid rafts; these
events are reversed by PMA. A: IEC-6 cells
were either untreated (i—iii), treated with IFN
(iv—vi) or treated with IFN in the presence of
PMA (vii-ix) as described in METHODS. Cells
were stained with antibodies against Cx43 (red
staining) and Cav-1 (green staining) along
with the nuclear marker Drag-5 (blue staining)
and were examined by immunoconfocal mi-
croscopy. Arrows indicate sites of colocaliza-
tion of Cx43 and Cav-1 on the merged images.
Representative of 5 separate experiments.
B: confocal micrographs of IEC-6 cells that
were either untreated (i) or were treated with
IFN in the absence (ii) or presence (iii) of
PMA, treated with cholera toxin and immuno-
stained with antibodies against phosphorylated B
Cx43 as described in METHODS. The colocal-

ization of phosphorylated Cx43 with lipid rafts

is revealed by arrows. Representative of 3

separate experiments.

PN+ pvrs
PMA
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Control
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tested the possibility that exposure of IEC-6 cells to PMA
could restore the localization of Cx43 to lipid rafts. As is
shown in Fig. 3, treatment of IEC-6 cells with IFN in the
presence of PMA restored the association of Cx43 with lipid
rafts as demonstrated by evaluation of lipid raft-rich fragments
using SDS-PAGE (Fig. 3A, quantification in Fig. 3B). PMA
treatment also restored the extent of coimmunoprecipitation of
Cav-1 with Cx43 after IFN treatment (Fig. 3C, quantification in
Fig. 3D). There was no effect of PMA on the total number of
lipid rafts, as determined by SDS-PAGE of IEC-6 cell lysates
(Fig. 3, E and F). PMA was also found to reverse the decrease
in colocalization of Cx43 and Cav-1 as detected by immuno-
confocal microscopy (Fig. 4A, vii—ix). There was no effect of
the negative control phorbol ester (4a-PMA) on each of these
assays, confirming the specificity of the effect (not shown).
Taken together, these findings suggest that PMA treatment can
restore Cx43 to lipid rafts in enterocytes after exposure to IFN.

Treatment of IEC-6 cells with IFN and PMA modulates the
phosphorylation of Cx43 in lipid rafts. We have previously
demonstrated that the function and subcellular localization of
Cx43 in enterocytes is associated with the protein’s phosphor-
ylation status (32). We therefore next investigated whether IFN
and/or PMA would affect the phosphorylation of Cx43 in lipid
rafts. Of note, treatment with IFN and/or PMA was indeed
found to modulate the phosphorylation of Cx43 in the lipid
rafts. Evidence for this is shown in Fig. 4B, in which IEC-6

Caveolin-1

IFN IFN+PMA
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cells were treated with IFN in the presence or absence of PMA,
and the location of phosphorylated Cx43 on lipid rafts was
determined by staining cells with the lipid raft marker cholera
toxin (in red) and antibodies against phosphorylated Cx43
(green). As can be seen, in untreated cells, phosphorylated
Cx43 is found at the intersection of adjacent cells on lipid rafts
(Fig. 4B, i, see arrows). Treatment with IFN led to a loss of
phosphorylation of Cx43 from lipid rafts (Fig. 4B, ii), whereas
treatment with IFN in the presence of PMA restored the
phosphorylation of Cx43 at lipid rafts (Fig. 4B, iii, arrows).
Taken together with our previous findings (see Ref. 32), these
data suggest that the phosphorylation of Cx43 in the lipid rafts
may be linked with its ultimate loss from the raft fraction of
cells, and the reversibility of this effect by PMA.

The phorbol ester PMA reverses the inhibitory effects of IFN
on enterocyte migration. Having shown above that PMA could
restore Cx43 to enterocyte lipid rafts after IFN treatment, we
next sought to investigate whether PMA could restore entero-
cyte migration after IFN treatment. To do so, live cell video-
microscopy was performed to evaluate the migration of IEC-6
cells into a scraped wound in the presence of IFN and PMA. As
shown in Fig. 5, A-D and [, IFN inhibited the migration of
IEC-6 cells into a scraped wound compared with untreated
cells, a finding consistent with recent findings from our group
(32) and supported by the work of others (52). Strikingly, the
pretreatment of enterocytes with PMA, which restores Cx43 to
lipid rafts after IFN treatment (see Fig. 3), led to a restoration
of the rate of enterocyte migration in the face of ongoing IFN
exposure (Fig. 5, E-F and I). There was no effect of treatment
of cells with PMA alone (Fig. 5, G-H and I) or of 4a-PMA
(not shown) on enterocyte migration after IFN exposure, con-
firming the specificity of this effect. Since PMA is known to
activate many intracellular pathways including those that in-
volve PKC, we next sought to investigate whether the activity
of PMA on enterocyte migration required PKC. To do so, we
utilized the specific PKC inhibitor calphostin, which is known
to inhibit PKC by competing at the binding site for diacylglyc-
erol and phorbol esters (3, 27). As shown in Fig. 57, calphostin
prevented the ability of PMA to reverse the inhibitory effects
of IFN on enterocyte migration. Addition of calphostin alone
had no effects on enterocyte migration (not shown). Of note,
PMA did not reverse the effects of IFN on enterocyte migration
in cells that had been pretreated with lipid raft inhibitor
HPbCD (Fig. 1G), indicating that intact lipid rafts are required
for PMA to act to reverse the effects of IFN on enterocyte
migration.

The overexpression of wild-type but not dominant-negative
Cx43 restores the ability of enterocytes to migrate in the
presence of IFN exposure. The above findings suggest the
possibility that PMA may reverse the effects of IFN on entero-
cyte migration by restoring Cx43 to lipid rafts. To test this
directly, a viral transfection approach was undertaken. Specif-
ically, we generated adenoviruses that expressed either GFP
alone, GFP-tagged wild-type Cx43 (wild-type), or GFP-tagged
Cx43 bearing a dominant negative L90V mutation in its
polypeptide backbone (dominant negative). This mutation
leads to the inhibition of the function of endogenous Cx43
(36). Representative confocal micrographs revealing GFP
emission are displayed in Fig. 6 and indicate that, compared
with the diffuse cytoplasmic appearance of cells infected with
adenoviruses that express GFP alone (Fig. 6A), both wild-type-
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Fig. 5. The phorbol ester PMA reverses the inhibitory effects of IFN on
enterocyte migration. PMA reverses the inhibitory effects of IFN on enterocyte
migration. IEC-6 cells were induced to migrate across a scraped wound as
described in METHODS after being either untreated (A and B) or treated with IFN
in the absence (C and D) or presence (E and F) of PMA or were treated with
PMA alone (G and H). Shown are representative images from a typical
experiment at the beginning (1 = 0) of the experiment and 14 h later (+ = 14 h),
where the dotted line indicates the position of the cells at the edge of the
scraped wound, at ¢ = 0. I: quantification of migration rate. Where indicated,
IEC-6 cells were treated with IFN in the presence or absence of PMA, as well
as the PKC inhibitor calphostin (100 nm, 1 h) or the lipid raft inhibitor
2-hydroxypropyl-B-cyclodextrin (HpB, 5 mg/ml). Shown are means = SE of
3 separate experiments with over 50 cells per condition, *P < 0.05 by
ANOVA compared with untreated cells.

Cx43 (Fig. 6B) and mutant Cx43 (Fig. 6C) were localized at
sites between adjacent enterocytes as well as in the cytoplasm.
To assess the roles, if any, of the ectopic expression of Cx43 on
enterocyte migration after treatment with IFN, IEC-6 cells
were infected with each of these adenoviruses and then
treated with IFN and assessed for the ability of cells that
overexpress either wild-type or mutant Cx43 to migrate into
a scraped wound. As expected, in control experiments in
which cells infected with GFP alone were treated with IFN,
the rate of enterocyte migration was significantly reduced

AJP-Gastrointest Liver Physiol « VOL 295 « SEPTEMBER 2008 « WWW.ajpgi.org

800¢ ‘G laqwaldas uo 610 ABojoisAyd-i6dle woiy papeojumod



http://ajpgi.physiology.org

G566
Adeno-GFP

Fig. 6. Overexpression of wild-type but not
dominant-negative Cx43 restores the ability of
enterocytes to migrate in the presence of IFN
exposure. IEC-6 cells were infected with ad-
enoviruses expressing either green fluorescent
protein (GFP) alone, GFP-wild-type Cx43
(GFP-wtCx43), or GFP-dominant negative
Cx43 (GFP-dnCx43), then treated with IFN
and induced to migrate into a scraped wound.
A-C: confocal images demonstrating the GFP
emission of IEC-6 cells expressing GFP alone D
(A), GFP-wtCx43 (B), or GFP-dnCx43 (C).
D: rate of enterocyte migration of IEC-6 cells
after transfection with the above constructs in
the absence (solid bars) or presence of IFN
(nonsolid bars). Shown are means = SE; rep-
resentative of 3 separate experiments with over
100 cells counted in each group; *P < 0.05 by
ANOVA vs. GFP alone (open vs. solid bars,
checkered vs. solid bars); **P < 0.05 by
ANOVA vs. IFN + GFP and IFN + dnCx43
(shaded vs. open bars; shaded vs. checkered
bars).

Migration rate um/hour

compared with untreated cells (Fig. 6D, see open vs. solid
bars). Strikingly, the overexpression of wild-type Cx43
restored the ability of enterocytes to migrate in the presence
of IFN treatment compared with cells that overexpressed
GFP alone (Fig. 6D, see shaded vs. open bars). It is
noteworthy that the overexpression of mutant Cx43 could
not “rescue” the ability of enterocytes to migrate after IFN
treatment, confirming the specific role of wild-type Cx43 in
mediating this effect (Fig. 6D, see checkered vs. open bars).
Taken in aggregate, these findings indicate that wild-type
Cx43 is necessary to reverse the inhibitory effects of IFN on
enterocyte migration and, in conjunction with the results
shown in Figs. 3 and 4, raise the possibility that the
“recovery” in enterocyte migration occurs through the res-
toration of ectopic Cx43 to lipid rafts.

Cx43 overexpression restores Cx43 to lipid rafts in IFN-
treated enterocytes. We next sought to determine whether the
exogenously expressed wild-type Cx43 was found on lipid
rafts after IFN treatment, a finding that would strongly suggest
that a loss of Cx43-lipid raft interactions mediates the impair-
ment in enterocyte migration induced by IFN. To do so, IEC-6
cells were infected with either GFP alone, GFP-tagged wild-
type Cx43, or GFP-tagged dominant-negative Cx43 and then
treated with IFN and assessed for the extent of the association
of Cx43 with lipid rafts as determined by confocal microscopy
using the lipid raft marker Alexa 555-labeled cholera toxin. In
non-IFN-treated, GFP-infected cells (Fig. 7, A-D), cholera
toxin was detected at the expected sites between adjacent cells
and on the cell surface (A), whereas GFP was found in a diffuse
cytoplasmic distribution (B) and did not colocalize with lipid

A ROLE FOR Cx43-LIPID RAFT DYNAMICS FOR ENTEROCYTE MIGRATION
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rafts to any detectable degree (C and D). Treatment of GFP-
infected cells with IFN (Fig. 7, E-H) led to the loss of
detectable lipid rafts from the regions between adjacent cells
(E), which expectedly did not localize with GFP to any detect-
able degree (F-H). Strikingly, overexpression of wild-type
Cx43 in [EC-6 cells that were treated with IFN (Fig. 7, I-L) led
to enhanced expression of Cx43 on the cell surface and
between adjacent cells at sites of lipid rafts, a finding that did
not occur in IEC-6 cells treated with dominant negative Cx43
(Fig. 7, M—P). Taken in conjunction with the studies presented
in Fig. 5 in which overexpression of wild-type Cx43 restores
enterocyte migration after IFN treatment, these findings pro-
vide strong evidence in support of the notion IFN prevents
enterocyte migration by disrupting the association between
Cx43 and lipid rafts in enterocytes.

DISCUSSION

In the present study, we report the novel observations that
Cx43 is found on lipid rafts in enterocytes, that IFN, a proin-
flammatory cytokine released in the ileal mucosa in NEC,
inhibits enterocyte migration in vitro by disrupting the associ-
ation between lipid rafts and gap junctions and that the redis-
tribution of Cx43 to lipid rafts through the use of either phorbol
esters or the induced overexpression of Cx43 results in a
reversal of the inhibitory effects of IFN on enterocyte migra-
tion. The physiological relevance of the present findings to the
pathogenesis of NEC lie in our recent observations that the
expression of Cx43 in enterocytes in vivo is decreased and
Cx43 becomes internalized from the surface of enterocytes in
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the small bowel when NEC is induced in neonatal mice (32).
Taken together, these findings provide insights into the mech-
anisms by which IFN modulates enterocyte migration through
effects on gap junctions and provide insights into why mucosal
healing may be impaired in diseases associated with high levels
of local IFN release, such as experimental NEC.

The present study represents a departure from current think-
ing by demonstrating that the association between Cx43 and
lipid rafts in enterocytes plays an important role in the regu-
lation of enterocyte migration. The finding that Cx43 is found
on lipid rafts in enterocytes is novel and is supported by
previous studies showing that Cx43 is detected on lipid rafts in
keratinocytes (30). There are several possible mechanisms by
which gap junctions may participate in the regulation of en-
terocyte migration. Since gap junctions are known to facilitate
the intercellular connectivity of adjacent cells, the present
findings raise the possibility that enterocyte migration is gov-
erned by the gap junction-mediated interchange of critical
molecules between adjacent cells. The exact molecule(s) that
are exchanged between gap junctions to regulate enterocyte
migration remain unknown, although possibilities include ATP
(19) or ions that are required for migration, such as calcium
and magnesium (25, 35). Alternatively, and perhaps more
likely, Cx43 may act as a docking platform for a variety of
proteins that themselves are required for enterocyte migration.
Specifically, Cx43 has been shown to interact directly with a
host of actin binding and intracellular signaling proteins (16—
18, 40), that themselves could lead to the cytoskeletal changes
required for migration to occur. Indeed, Cx43 has been shown
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Fig. 7. Cx43 overexpression restores Cx43
to lipid rafts in IFN-treated enterocytes.
IEC-6 cells were infected with adenoviruses
expressing either GFP alone (GFP), GFP-
wild-type Cx43 (wtCx43), or GFP-domi-
nant negative Cx43 (dnCx43), then treated
with IFN as in METHODS. Cells were then
treated with Alexa555-cholera toxin to label
lipid rafts, then fixed and evaluated by con-
focal microscopy for the localization of
lipid rafts (red) and the distribution of the
transfected GFP or Cx43 (green). The extent
of colocalization (green + red) was determined
by using Image J software. A—D: IEC-6 cells
were infected with adenoviruses expressing
GFP alone and were untreated. There is no
measurable colocalization between the GFP sig-
nal and the lipid rafts; E-H: IEC-6 cells were
infected with adenoviruses expressing GFP
alone and were treated with IFN, leading to a
loss of lipid rafts from the cell surface. There is
no measurable colocalization between the GFP
signal and the lipid rafts. /-L: IEC-6 cells were
infected with adenoviruses expressing GFP-
tagged wild-type Cx43 and were treated with
IFN, leading to a restoration of lipid rafts to the
cell surface at sites where Cx43 was detected.
: Note the colocalization between the GFP
(wtCx43) signal and the lipid rafts (arrows in
K-L). M-P: 1IEC-6 cells were infected with
adenoviruses expressing GFP-tagged dominant
negative Cx43 and were treated with IFN, lead-
ing to a failure of restoration of lipid rafts to the
cell surface, at sites where Cx43 was detected.
Note the lack of colocalization between the GFP
(wtCx43) signal and the lipid rafts. Representa-
tive of 3 separate experiments.
to be a target of the Rho signaling cascade in astrocytes (47),
a protein that we have shown to play a pivotal role in the
regulation of enterocyte migration (6). Cx43 has also been
shown to interact with kinases including c- and v-Src kinase,
PKC, and mitogen-activated protein kinase (16), each of which
has been shown to play a role in the regulation of migration
(43). The localization of Cx43 to lipid rafts in enterocytes may
thus facilitate the initiation of a signaling cascade that is
required to allow enterocytes to migrate; as such the loss of
Cx43 from lipid rafts in response to IFN would be expected to
prevent migration from occurring. It is tempting to speculate
that this could also explain our observation that the inhibition
of lipid rafts led to a marked disruption in enterocyte migration
independent of other treatment. By restoring Cx43 to lipid rafts
either pharmacologically or through overexpression of wild-
type Cx43, the capacity of the signaling cascade to initiate
migration is recovered.

It should be acknowledged that the ability of GFP-Cx43 to
bypass the effect of IFN does raise the possibility that these
results could represent either an artifact of the GFP tag or some
degree of mislocalization due to the overexpression system.
However, the fact that the dominant negative GFP-Cx43 did
not rescue the inhibitory effects of IFN-despite being GFP-
tagged and expressed at similar levels to the wild-type protein-
argue strongly for a specific effect of Cx43 being relocalized to
lipid rafts in mediating this effect and emphasize the impor-
tance of the role of Cx43 on lipid rafts in the regulation of
enterocyte migration.
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We readily acknowledge that IFN may affect other pathways
that impair migration. For instance, IFN has been shown to
prevent wound healing by causing endocytosis of (31-integrin
focal adhesions (52) and to disrupt tight junctions(34) in vitro.
These findings therefore raise the possibility that the disruption
of gap junctions by IFN between enterocytes may be a sec-
ondary consequence to disruption of other junctional/cell ad-
hesion complexes. However, the present findings that overex-
pression of Cx43 rescues the effects of IFN on enterocyte
migration and that overexpression of Cx43 restores Cx43 to
lipid rafts upon IFN treatment lead us to conclude that lipid
raft-Cx43 interactions must play a major role. It is also note-
worthy that the adenovirus-based induced expression of Cx43
as used in the present work also has several limitations,
including the possibility of virus-induced effects independent
of the expression of Cx43. However, the fact that adenoviral
infection with GFP alone had no measurable effect on either
migration or lipid raft dynamics as well as the fact that
wild-type Cx43 had opposite effects to those observed when
dominant negative Cx43 was expressed strongly argue in favor
of a specific effect of the virally induced protein in rescuing the
inhibition of IFN on enterocyte migration.

The present studies raise the important question as to how
IFN actually disrupts the association between lipid rafts and
Cx43 in enterocytes in the first place. Although a definitive
explanation remains lacking, we now speculate that the binding
of IFN to its receptor may induce a conformational change in
the enterocyte plasma membrane, leading to biophysical alter-
ations in the binding ability of lipid rafts such that they lose
affinity for Cx43 and potentially other components of gap
junction channels. Evidence for this possibility may be found
in a recent study demonstrating that IFN can lead to changes in
the plasma membrane receptor ifnarl, with effects on signaling
(28, 50). Alternatively, IFN may exert its effects on the
association between lipid rafts and Cx43 by acting through
parallel signaling pathways, such as those involving MAPK or
the JAK-STAT signaling pathway, and these pathways could
lead to secondary effects on the assembly of lipid rafts in
enterocytes and their association with Cx43. This latter possi-
bility is supported by our observation that the loss of Cx43
from lipid rafts induced by IFN could be reversed by phorbol
esters, which are known to activate the MAPK and STAT
signaling pathways (15). It is also noteworthy that expression
of dominant negative Cx43 was not able to restore the local-
ization of Cx43 to lipid rafts, indicating a specific effect of IFN
on functional gap junction-lipid raft interactions that cannot be
reversed by a mutant protein.

In summary, we have now shown that IFN inhibits entero-
cyte migration by reversibly disrupting the association between
the gap junction protein Cx43 and lipid rafts. Given that
necrotizing enterocolitis is characterized by the release of IFN
and the loss of enterocyte migration, we now propose that a
loss of Cx43-lipid raft interactions may represent an early
event in the impairment in enterocyte migration that charac-
terizes NEC.
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