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Formation of the epithelial barrier and apico-basal
cell polarity represent two characteristics and mutu-
ally dependent features of differentiated epithelial
monolayers. They are controlled by special adhesive
structures, tight junctions (TJs), and polarity protein
complexes that define the apical and the basolateral
plasma membrane. The functional interplay between
TJs and polarity complexes remains poorly under-
stood. We investigated the role of Scribble, a basolat-
eral polarity protein and known tumor suppressor,
in regulating TJs in human intestinal epithelium.
Scribble was enriched at TJs in T84 and SK-CO15
intestinal epithelial cell monolayers and sections
of normal human colonic mucosa. siRNA-mediated
knockdown of Scribble in SK-CO15 cells attenuated
development of epithelial barrier and inhibited TJ
reassembly independently of other basolateral polar-
ity proteins Lgl-1 and Dlg-1. Scribble selectively co-
imunoprecipitated with TJ protein ZO-1, and ZO-1
was important for Scribble recruitment to intercel-
lular junctions and TJ reassembly. Lastly , Scribble
was mislocalized from TJs and its expression down-
regulated in interferon-�-treated T84 cell monolay-
ers and inflamed human intestinal mucosa in vivo.
We conclude that Scribble is an important regulator
of TJ functions and plasticity in the intestinal epi-
thelium. Down-regulation of Scribble may mediate
mucosal barrier breakdown during intestinal in-
flammation. (Am J Pathol 2010, 176:134–145; DOI:

10.2353/ajpath.2010.090220)

The epithelial cell layer in the gut plays two crucial phys-
iological functions. One function involves the formation of
the physical barrier that separates body compartments
from the gut lumen and protects underlying tissues from
pathogen invasion and other harmful external stimuli.1,2

Another function involves the regulation of bidirectional
passages of solutes and macromolecules, which is es-
sential for nutrients supply and removal of body waste.3–5

Both barrier integrity and vectorial transport in the intes-
tinal epithelium are regulated by specialized cellular
structures known as tight junctions (TJs). TJs represent a
complex network of protein fibrils within the plasma mem-
brane, which encircle the apical region of the epithelial
cell perimeter in close proximity to the gut lumen.6 TJ
fibrils are composed of adhesive transmembrane pro-
teins, which associate with ensembles of scaffolding
proteins at the cytosolic face of the membrane. The
paracellular barrier is created by homotypical interac-
tions between transmembrane TJ components of con-
tacting epithelial cells such as occludin, members of
the claudin family and junctional adhesion molecule-A
(JAM-A).6–8 These cell-cell adhesions are enhanced and
regulated by cytosolic scaffolds such as members of
zonula occludens (ZO) family and AF-6/afadin, which
cluster and stabilize transmembrane TJ components at
the plasma membrane.6–8 Although other junctional
complexes at the plasma membrane, viz., adherens junc-
tions (AJs) and desmosomes also mediate cell-cell ad-
hesions, TJs play a unique role in sealing the paracellular
space and creating the epithelial barrier.1,6,7
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The mature TJs not only mediate barrier function of the
intestinal epithelium, but also contribute to the formation
and maintenance of the apico-basal cell polarity.9–11

Such cell polarity implies that the apical and basolateral
domains of the plasma membrane differ in the composi-
tion of transporters, channels and receptors; therefore
ensuring directionality of secretion and adsorption pro-
cesses in epithelial cells.12,13 TJs regulate the epithelial
cell polarity by creating a fence that prevents intermixing
of protein and lipid constituents of the apical and baso-
lateral plasma membrane domains.9–11 However, TJs
alone are not sufficient for the apico-basal polarization of
epithelial cells. In this process apical junctions cooperate
with specialized protein polarity complexes that control
the “identity” of distinct plasma membrane domains.

Epithelial cells have three major evolutionarily con-
served polarity complexes that were initially identified
and named in model invertebrates. They are known as
Crumbs (composed by Crumbs, PALS, and PATJ pro-
teins), Par (Par3, Par6, and atypical protein kinase C) and
Scribble (including Scribble, Disks Large (Dlg) and Le-
thal Giant Larvae (Lgl)) complexes.11,14–16 Crumbs and
Par cooperate to define the apical plasma membrane,
whereas Scribble is critical for establishment of the ba-
solateral membrane domain.11,14–16 A number of studies
have demonstrated a functional interplay between epi-
thelial junctions and the polarity complexes, where these
entities mutually affect each other. Thus, several mem-
bers of the Crumbs and Par complexes were shown to
regulate TJ assembly via either direct binding to TJ com-
ponents (ZO-1 and claudins) or indirect mechanisms,
involving modulation of vesicle trafficking and actin cy-
toskeleton remodeling.11,14–16 In contrast, the role of the
Scribble polarity complex in the regulation of epithelial
TJs is not well understood,17,18 although such a role is
supported by several lines of evidence. For example,
mutations in any member of this complex in Drosophila
resulted in dramatic disorganization of epithelial architec-
ture that included loss of columnar cell shape and cell-
cell adhesions.19–21 Furthermore, several reports have
linked decreased protein levels of mammalian Scribble
and Lgl with progression and invasiveness of epithelial
tumors,22–24 which is also accompanied by down-regu-
lation of TJs.25 Two recent studies have addressed the
role of Scribble in the regulation cell-cell adhesions in
mammalian epithelia; however their results appear to be
inconsistent. Indeed, siRNA-mediated depletion of this
protein in Madin-Darby canine kidney (MDCK) epithelial
cells resulted in altered cell morphology and disorga-
nized E-cadherin-based AJs.26 However, no changes in
cell morphology or AJ structure were observed following
the silencing of Scribble expression in MCF10A human
mammary epithelial cells.27 Such inconsistent results
may reflect tissue- specific effects of Scribble depletion,
and they indicate that more work is needed to establish
functional links between Scribble and TJs in human epi-
thelia under normal physiological conditions and in dis-
ease states.

In this study, we examined the role of Scribble in the
regulation of the intestinal epithelial barrier and reorgani-
zation of TJs. Our results demonstrate that Scribble is

important for TJ barrier function and assembly, and that it
may regulate junctions by interacting with the TJ scaffold,
ZO-1. We also report that Scribble is mislocalized and its
expression down-regulated in the intestinal epithelium by
inflammatory conditions in vitro and in vivo.

Materials and Methods

Antibodies and Other Reagents

The following primary polyclonal (pAb) and monoclonal
(mAb) antibodies were used to detect junctional, polarity
and signaling proteins: anti-occludin, ZO-1, E-cadherin,
and �-catenin mAbs and pAbs (Invitrogen, Carlsbad,
CA); anti-�-Scribble pAb (Santa Cruz Biotechnology,
Santa Cruz, CA); anti-Dlg-1 and AF-6 mAbs (BD PharM-
ingen, San Diego, CA); anti-ERK1/2, phosphorylated
ERK1/2, JNK1/2, phosphorylated JNK, p38, and phos-
phorylated p38 pAbs (Cell Signaling Technology Inc.,
Beverly, MA); anti-tubulin mAb and anti-actin pAb (Sigma-
Aldrich, St. Louis, MO). Monoclonal �-Scribble antibody
(7C6.D10) has been previously described.28 Monoclonal
antibodies against Lgl-1 (mAb17-35.1.1 and mAb17–
17.1.1) were obtained from corresponding hybridoma
cell lines generated by fusion of P3X63-Ag8.653 mouse
myeloma cells with spleen cells from BALB mice immu-
nized with GST-Lgl-1 (residues 882-1034) fusion protein.
Alexa 488 or Alexa 568 dye conjugated donkey anti-
rabbit and goat anti-mouse secondary antibodies were
obtained from Invitrogen; horseradish peroxidase-conju-
gated goat anti-rabbit and anti-mouse secondary anti-
bodies were obtained from Jackson Immunoresearch
Laboratories (West Grove, PA). Fluorescein isothiocya-
nate-labeled dextran (4 kd) and all other reagents were
obtained from Sigma-Aldrich.

Cell Culture and Calcium Switch Model

T84 (American Type Culture Collection, Manassas, VA)
and SK-CO-15 (a gift from Dr. E. Rodriguez-Boulan, Weill
Medical College of Cornell University, NY) transformed
human colonic epithelial cell lines were cultured as pre-
viously described.29–32 HPAF-II human pancreatic epi-
thelial cells (American Type Culture Collection) were cul-
tured in RPMI medium supplemented with 10 mmol/L
HEPES, 10% fetal bovine serum and sodium pyruvate,33

whereas 16HBE14o- human bronchial epithelial cells34 (a
gift from Dr. D.C. Gruenert, University of California San
Francisco, CA) were cultured in minimum essential me-
dium supplemented with 10 mmol/L HEPES, 10% fetal
bovine serum and glutamine. For immunolabeling exper-
iments, epithelial cells were grown on either collagen-
coated, permeable polycarbonate filters of 0.4 �m pore
size (Costar, Cambridge, MA) or on collagen-coated cov-
erslips. For biochemical experiments, the cells were cul-
tured on six-well plastic plates. To study formation of
epithelial TJs and AJs, confluent SK-CO15 monolayers
were first depolarized by overnight incubation in low-
calcium medium (calcium-free Eagle’s minimum essen-
tial medium for suspension culture (Sigma-Aldrich) sup-

Scribble and Assembly of Tight Junctions 135
AJP January 2010, Vol. 176, No. 1



plemented with 10 mmol/L HEPES, 14 mmol/L NaHCO3,
40 �g/ml penicillin, 100 �g/ml streptomycin, 5 �mol/L
CaCl2, and 10% dialyzed fetal bovine serum, pH 7.4). To
induce junctional reassembly, the cells were returned to
normal cell culture media with high (�1.8 mmol/L) cal-
cium concentration for indicated times at 37°C (referred
hereafter as calcium repletion). To induce a rapid disas-
sembly of AJs and TJs, T84, and SK-CO15 cells were
incubated for 1 hour in the low-calcium medium devoid of
CaCl2 and supplemented with 2 mmol/L ethylene glycol
bis(�-aminoethyl ether)-N,N,N�,N�-tetraacetic acid.

Immunofluorescence Labeling and Image
Analysis

Cell monolayers were either fixed/permeabilized in 100%
methanol (�20°C for 20 minutes) or fixed with 4% para-
formaldehyde (20 minutes at room temperature) and per-
meabilized with 0.5% Triton X-100 (15 minutes). Fixed
cells were blocked in HEPES-buffered Hanks’ balanced
salt solution (HBSS�) containing 1% bovine serum albu-
min (blocking buffer) for 60 minutes at room temperature
and incubated for another 60 minutes with primary anti-
bodies diluted in blocking buffer. Cells were then
washed, incubated for 60 minutes with Alexa dye-conju-
gated secondary antibodies, rinsed with blocking buffer
and mounted on slides with ProLong Antifade medium
(Invitrogen). For tissue labeling, frozen sections (5 �m
thickness) of human colonic mucosa were mounted on
glass coverslips, air-dried, fixed in 100% ethanol (�20°C
for 20 minutes), and immunolabeled as described above.
Stained cell monolayers and tissue sections were ex-
amined using a Zeiss LSM510 laser scanning confocal
microscope (Zeiss Microimaging Inc., Thornwood, NY)
coupled to a Zeiss 100M Axiovert and 63� or 100�
Pan-Apochromat oil lenses. The fluorescent dyes were
imaged sequentially in frame-interlace mode to eliminate
cross talk between channels. Images were processed
using Zeiss LSM5 image browser software and Adobe
Photoshop. Images shown are representative of at least 3
experiments, with multiple images taken per slide.

Immunoblotting

Cells were homogenized in a RIPA lysis buffer �20 mmol/L
Tris, 50 mmol/L NaCl, 2 mmol/L EDTA, 2 mmol/L ethylene
glycol bis(�-aminoethyl ether)-N,N,N�,N�-tetraacetic acid,
1% sodium deoxycholate, 1% Triton X-100, and 0.1%
sodium dodecyl sulfate (SDS), pH 7.4�, containing a pro-
tease inhibitor cocktail (1:100, Sigma) and phosphatase
inhibitor cocktails 1 and 2 (both at 1:200, Sigma). Lysates
were cleared by centrifugation (10 minutes at 14,000 �
g), diluted with 2X SDS sample buffer and boiled. SDS-
polyacrylamide gel electrophoresis and immunoblotting
were conducted by standard protocols with equal amount
of total protein (10 or 20 �g) per lane. Results shown are
representative immunoblots of three independent exper-
iments. Protein expression was quantified by densitomet-
ric analysis of at least three immunoblot images each
representing independent experiments, using Scion Im-

age (Scion, Frederick, MD) and UN-SCAN-IT digitizing
software (Silk Scientific, Orem, UT).

Immunoprecipitation

Confluent or subjected to 5 hours of calcium repletion
SK-CO15 cell monolayers were homogenized in RIPA
buffer supplemented with protease and phosphatase in-
hibitors. Cell debris-free supernatants (500 �l) were pre-
cleared with Protein A-coupled Sepharose beads (Amer-
sham Biosciences, Buckinghamshire, UK) for 60 minutes
at 4°C followed by overnight incubation at 4°C with 5 �g
of either anti-Scribble pAb or control rabbit IgG (Jackson
Laboratories). Immunocomplexes were recovered by in-
cubation with Protein A-Sepharose beads for 3 hours at
4°C with constant rotation. The washed beads were
boiled for 5 minutes in 80 �l of 2X SDS sample buffer and
equal volumes of supernatants (20 �l) were analyzed by
electrophoresis and immunoblotting as described above.

RNA Interference

siRNA-mediated knockdown of Scribble, ZO-1, Lgl-1,
and Dlg-1 was performed as previously described29,35,36

using isoform-specific siRNA SmartPools (Dharmacon,
Lafayette, CO). Cyclophilin B siRNA SmartPool was used
as a control. SK-CO15 cells were transfected using the
DharmaFect 1 transfection reagent (Dharmacon) in Opti-
MEM I medium (Invitrogen) according to manufacturer’s
protocol with a final siRNA concentration of 50 or 100
nmol/L. Cells were used in experiments 3 to 4 days
post-transfection.

Epithelial Barrier Permeability Measurements

Transepithelial electrical resistance (TEER) was mea-
sured using an EVOMX voltohmmeter (World Precision
Instruments, Sarasota, FL). The resistance of cell-free
collagen-coated filters was subtracted from each exper-
imental point. For dextran flux measurements, SK cells
cultured on 5-�m pore size filters were washed in HBSS�

pre-warmed to 37°C. Fluorescein isothiocyanate-dextran
was added to the upper chamber at a concentration of 1
mg/ml, with a total volume of 150 �l, whereas 650 �l of
pre-warmed HBSS� was added to the bottom chamber.
Basolateral samples of 50 �l were taken over a 3-hour
time course of incubation at 37°C, and fluorescence in-
tensity was analyzed on a plate reader (Fluostar; BMG
Labtechnologies, Durham, NC). The amount of dextran
that diffused through the cell monolayer into the bottom
chamber was calculated based on a standard curve and
expressed as �g/h/cm2.

Statistics

Numerical values from individual experiments were
pooled and expressed as mean 	 SEM (SE) throughout.
Obtained numbers were compared by a single-tailed
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Student’s t-test, with statistical significance assumed at
P 
 0.05.

Results

siRNA-Mediated Silencing of Scribble
Expression Attenuated Development of the
Paracellular Barrier and Delayed TJ Reassembly

The role of Scribble in regulation of the intestinal epithelial
barrier was studied using human colonic epithelial cell
lines T84 and SK-CO15. When grown on permeable
membrane support, both cell types form well-polarized
cell monolayers with prominent apical junctions and
tight paracellular barrier.29,31,37,38 SK-CO15 but not
T84 cells are amendable for siRNA-mediated gene
knockdown.29,33,35,36 On the other hand, T84 but not
SK-CO15 cells readily respond to proinflammatory cyto-
kines with TJ disassembly.37 These unique features of
T84 and SK-CO15 cells make them complementary mod-
els to study regulation of intestinal epithelial junctions in
normal and inflammatory conditions.

Given previous data that intracellular localization is
critical for Scribble functions,39–42 we first analyzed if
Scribble is localized at TJs in model human intestinal
epithelium. Polarized T84 and SK-CO15 cell monolayers
grown on permeable membrane support were fixed and
double immunolabeled for Scribble and TJ proteins oc-
cludin and ZO-1. The en face (x-y) confocal image pre-
sented in Figure 1A and B, shows a “chicken-wire” stain-
ing pattern for Scribble in both intestinal epithelial cell
lines, which significantly overlaps with occludin and ZO-1
labeling at TJs (arrows). Likewise, the reconstructed x-z
plane of these images demonstrates that Scribble label-
ing is restricted to the apical portion of the lateral
plasma membrane, where it colocalizes with occludin and
ZO-1(arrowheads). Similar colocalization of Scribble
and ZO-1 was also observed in HPAF-II human pan-
creatic and 16HBE14o- human bronchial epithelial cell
monolayers (see Supplemental Figure 1 at http://ajp.
amjpathol.org), which indicates that Scribble localization
in tight junctions is not a peculiar feature of intestinal
epithelial cells. Because immunofluorescence analysis
does not spatially separate TJ and AJ complexes in
polarized epithelial cell monolayers, we sought to obtain
additional evidence of Scribble localization at TJs. Given
our previous observation that AJ and TJ proteins segre-
gate into distinct endosomal compartments after their
internalization triggered by extracellular calcium deple-
tion,31 we next compared the effect of calcium depletion on
intracellular distribution of Scribble and occludin. As shown
in Supplemental Figure 2 at http://ajp.amjpathol.org, inter-
nalized Scribble colocalizes with occludin and ZO-1 in
T84 and SK-CO15 cells respectively (arrows), thus rein-
forcing our conclusion that Scribble localizes in intact TJs
of polarized human epithelia.

To gain insight into Scribble function at epithelial TJs,
we down-regulated its expression using RNA interfer-
ence in SK-CO15 cells. Figure 2A shows that siRNA-
mediated silencing of Scribble expression resulted in an

approximately 93% decrease in its protein level by day
4 post-siRNA transfection. Notably, Scribble depletion
significantly delayed development of the epithelial bar-
rier. Figure 2B shows that TEER in Scribble-depleted
SK-CO15 cell monolayers was significantly lower than in
control siRNA-treated cells on days 3 and 4 post-siRNA
transfection. Likewise, permeability to fluoresceinated
dextran (4000 da) was significantly increased in Scribble-
depleted cells compared with control siRNA-transfected
SK-CO15 cells (Figure 2C). This functional data provides
the first evidence that down-regulation of Scribble
compromises barrier properties of the model intestinal
epithelium.

Despite inducing functional defects of the epithelial
barrier, Scribble knockdown did not affect structure of
mature TJs. Indeed, immunofluorescence labeling shows
normal localization of either transmembrane (occludin) or
cytosolic plaque (ZO-1) TJ proteins in control and Scrib-
ble-deficient SK-CO15 cell monolayers (see Supplemen-
tal Figure 3 at http://ajp.amjpathol.org). Likewise, immu-
noblotting analysis failed to detect significant effects of
Scribble depletion on total expression of different TJ
(occludin, ZO-1, AF-6) and AJ (E-cadherin, �-catenin)
proteins (see Supplemental Figure 4 at http://ajp.amjpathol.
org). We also investigated if Scribble knockdown af-

Figure 1. Scribble localizes at TJs in polarized human intestinal epithelial cell
monolayers. T84 and SK-CO15 cells were grown on membrane filters until
they formed confluent high-resistance monolayers. T84 cells (A) were dou-
ble-immunolabeled for Scribble (green) and occludin (red), whereas SK-
CO15 cells (B) were labeled for Scribble (red) and ZO-1 (green). Note
significant colocalization of Scribble and TJ proteins (yellow) in both epithe-
lial cell lines according to x-y (arrows) and reconstructed x-z (arrowheads)
confocal images. Scale bar � 10 �m.
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fects development of the apico-basal cell polarity, but
did not observe mislocalization of the apical mem-
brane-associated marker ezrin in Scribble-depleted
SK-CO15 cells (see Supplemental Figure 5 at http://
ajp.amjpathol.org).

Previous studies suggested that several junctional
components and regulators, while being dispensable for
integrity of the mature TJs, are involved in junctional
assembly.29,43,44 Therefore we next examined if Scribble
knockdown affects reassembly of intestinal epithelial TJs.
We used a well-established “calcium switch” model that
involves reversible disruption of epithelial junctions by
extracellular calcium depletion followed by a rapid and
orchestrated junctional reassembly triggered by calcium
repletion.31,45,46 Figure 3 shows that in control SK-CO15
cell monolayers most TJs were reassembled after 5 hours
of calcium repletion. This was evident by the appearance
of continuous junctional labeling of occludin and ZO-1
(Figure 3, arrows). In contrast, Scribble-depleted cell
monolayers demonstrated short and disconnected areas
of occludin and ZO-1 labeling at the cell-cell contacts,

which indicates a significant delay in their TJ reassembly
(Figure 3, arrowheads). To clarify whether such a delay is
specific for TJs or can be attributed to other junctional
complexes, we analyzed the effect of Scribble knock-
down on reassembly of epithelial AJs, which is known to
precede TJ restoration.46 However, as shown in Supple-
mental Figure 6 at http://ajp.amjpathol.org, Scribble-de-
pleted and control SK-CO15 cell monolayers similarly
reassembled their E-cadherin and �-catenin-based AJs
after 1 hour of calcium repletion (arrows).

Scribble Interacts with ZO-1 and Is Recruited by
ZO-1 to Intercellular Junctions

We next addressed the mechanisms underlying Scribble-
dependent regulation of TJ assembly. One potential
mechanism is based on recent studies reporting that
Scribble modulates activity of mitogen-activated protein
kinases (MAPK);47,48 as well as on the known role MAPK
signaling in junctional regulation.49,50 To test this mech-
anism, we analyzed the effects of Scribble depletion on
the activation status of three classes of MAPK, such as

Figure 2. Down-regulation of Scribble attenuates formation of the paracel-
lular barrier in model intestinal epithelium. SK-CO15 cells were transfected
with either Scribble-specific or control (cyclophilin B-specific) siRNAs. De-
velopment of the paracellular barrier was examined by measuring TEER and
fluoresceinated dextran flux. A: Immunoblotting analysis shows siRNA-me-
diated decrease of Scribble protein level on day 4 post-transfection. Perme-
ability assays show significant attenuation of TEER development (B) and
increase in dextran flux (C) in Scribble-depleted cell monolayers on days 2–4
and day 4 post-transfection, respectively. Data are presented as mean 	 SE
(n � 3); *P 
 0.05 compared to control siRNA-transfected cells.

Figure 3. Down-regulation of Scribble attenuates TJ assembly. SK-CO15 cells
were transfected with either control or Scribble-specific siRNAs and on day 3
post-transfection were subjected to overnight calcium depletion to disrupt
cell-cell adhesion. Reassembly of TJs in control and Scribble-deficient cell
monolayers was analyzed after 5 hours of calcium repletion by monitoring
the formation of characteristic chicken wire labeling pattern of the TJ proteins
occludin and ZO-1 (red). Control SK-CO15 cell monolayers show almost
complete restoration of normal TJ localization of occludin and ZO-1 (ar-
rows). By contrast, Scribble-deficient cell monolayers display abnormal
discontinuous occludin and ZO-1 labeling at intercellular contacts (arrow-
heads). Scale bar � 10 �m.
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extracellular signal-activated kinases (ERK) 1/2, c-Jun
N-terminal kinases (JNK) and p38 kinase, in SK-CO15
cells. However, immunoblotting analysis using antibodies
that selectively recognize phosphorylated (active) forms
of ERK1/2, JNK, and p-38 did not show significant differ-
ence in the activation status of these kinases in control
and Scribble-deficient cells (see Supplemental Figure 7 at
http://ajp.amjpathol.org). These data indicate that Scribble-
dependent TJ assembly in SK-CO15 cell monolayers does
not involve modulation of MAPK activity.

Given the known ability of Scribble to participate in
different protein-protein interactions,39,41,42,51 one possi-
bility is that Scribble mediates junctional assembly by
directly interacting with TJ proteins, therefore recruiting
or stabilizing these proteins at intercellular contacts. To
test this mechanism, we examined Scribble interactions
with different TJ and AJ components during calcium-
dependent junctional reassembly in SK-CO15 cells. Fig-
ure 4A shows that endogenous Scribble co-immunopre-
cipitated with ZO-1, but not occludin, after 5 hours of
calcium repletion. Furthermore, we did not observe co-
immunoprecipitation of JAM-A, E-cadherin, or �-catenin
with Scribble (data not shown). We also performed re-
verse pulldown experiments and detected Scribble in
ZO-1 immunoprecipitates from SK-CO15 cells (Figure
4B). Interestingly, we were able to immunoprecipitate
ZO-1 with anti-Scribble antibody only from calcium-re-
pleted SK-CO15 cells but not from confluent cell mono-
layers. Oppositely, Scribble was pulled-down by anti-
ZO-1 antibody from confluent SK-CO15 monolayers but
not from the cells subjected to 5 hours of calcium reple-
tion. The reason for such different immunoprecipitation
results remain unknown, but they may reflect differences
in structure/composition of Scribble-ZO-1 complexes at
newly assembled and mature TJs. Importantly, Scribble
and ZO-1 significantly colocalized at different stages of
junctional biogenesis in SK-CO15 cells including mature

TJs (Figure 1), disassembling junctions (see Supple-
mental Figure 1 at http://ajp.amjpathol.org) and in initial
cell-cell contacts formed at the edge of wounded cell
monolayers (see Supplemental Figure 8 at http://
ajp.amjpathol.org). Such persistent colocalization reinforces
our conclusion pertaining to the formation of Scribble-ZO-1
complexes in the model intestinal epithelium.

If ZO-1-Scribble interactions are important for junc-
tional regulation, one can predict that knockdown of ZO-1
should phenocopy effects of Scribble depletion on TJ
assembly and epithelial permeability. Indeed, siRNA-me-
diated silencing of ZO-1, which resulted in a more than
90% decrease in its protein expression (Figure 4C),
caused delay in development of the paracellular barrier
in SK-CO15 cell monolayers (Figure 4D). Furthermore,
ZO-1 knockdown attenuated reassembly of occludin-
based TJs (Figure 5, top panel) and inhibited Scribble
accumulation at intercellular junctions (Figure 5, lower
panel). It should be noted that ZO-1 has several binding
partners at TJs52 and therefore its depletion may impair
junctional assembly via Scribble-independent mecha-
nisms. However similar effects of Scribble and ZO-1
down-regulation on TJ reassembly together with the data
on colocalization and co-immunoprecipitation of these
proteins strongly support the possibility of their functional
interactions in the intestinal epithelium.

Lgl-1 Interacts with Scribble but Has No Effects
on TJ Assembly and Barrier Integrity

We next sought to determine whether Scribble regulates
the intestinal epithelial barrier as a component of the
Scribble/Dlg/Lgl polarity complex. We rationalized that if
the Scribble effects on epithelial TJs are mediated by its
interactions with Dlg-1 and Lgl-1, then these polarity pro-
teins should be localized at TJs, interact with Scribble,

Figure 4. ZO-1 physically associates with Scrib-
ble and regulates development of the paracellu-
lar barrier. A: Scribble was immunoprecipitated
from SK-CO15 cell monolayers after 5 hours of
calcium repletion and was analyzed for associa-
tion with TJ proteins. Immunoblotting analysis
shows presence of ZO-1 but not occludin in
Scribble immunoprecipitates. B: ZO-1 was im-
munoprecipitated from confluent SK-CO15 cell
monolayers and analyzed for association with
Scribble. Immunoblot shows pulldown of Scrib-
ble with ZO-1 antibody but not with control IgG.
C and D: Effect of silencing of ZO-1 expression
on development of the paracellular barrier was
analyzed in SK-CO15 cell monolayers. Immuno-
blotting analysis shows significant down-regula-
tion of ZO-1 expression on day 4 post-siRNA
transfection (C). Development of TEER was
significantly attenuated in ZO-1-depleted cell
monolayers as compared with control siRNA-
transfected cells (D). Data are presented as
mean 	 SE (n � 3); *P 
 0.05 compared to
control siRNA-transfected cells.
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and their depletion should mimic effects of Scribble
knockdown on barrier integrity and TJ assembly. Figure 6
shows that Lgl-1 colocalized with occludin in intact (ar-
rows) and internalized (arrowheads) TJs of polarized and
calcium-depleted T84 cell monolayers. By contrast, Dlg-1
did not accumulate in TJs but was uniformly distributed
along the lateral plasma membrane in polarized T84 cells
(see Supplemental Figure 9 at http://ajp.amjpathol.org).
Furthermore, internalized Dlg-1 and occludin did not sig-
nificantly colocalize after disruption of TJs in calcium-
depleted cells (see Supplemental Figure 9 at http://ajp.
amjpathol.org). We next examined possible interactions
between Scribble and other basolateral polarity proteins
in SK-CO15 cells. Immunoblotting analysis of Scribble
immunoprecipitates, collected after 4 hours of calcium
repletion, detected the presence of Lgl-1 but not Dlg-1
protein (Figure 7A), indicating selective binding between
Scribble and Lgl-1 during TJ reassembly.

Using RNA interference approach, we next selectively
silenced Lgl-1 and Dlg-1 expression in SK-CO15 cells
(Figure 7B). Notably, Lgl-1, and Dlg-1 depletion neither
affected the expression of each other, nor decreased the
total cellular amount of Scribble. Likewise, Scribble
knockdown did not change Lgl-1 and Dlg-1 protein levels

(Figure 7B). Down-regulation of Dlg-1 expression mod-
estly attenuated the development of the epithelial barrier,
whereas Lgl-1 depletion did not alter the barrier function
of SK-CO15 cell monolayers (Figure 7C). We next inves-
tigated effects of Lgl-1 and Dlg-1 down-regulation on TJ
reassembly. It is noteworthy that Lgl-1 labeling in polar-
ized SK-CO15 cells appeared to be different from its T84
cell labeling shown in Figure 6 and depended on the
fixation protocol. Thus, in methanol or ethanol-fixed
SK-CO15 cells, Lgl-1 demonstrated predominantly apical
labeling (data not shown), and only paraformaldehyde
fixation revealed junctional localization of this protein (see
Supplemental Figure 10 at http://ajp.amjpathol.org). Nev-
ertheless, Lgl-1 or Dlg-1-deficient SK-CO15 cell mono-
layers did not show any delay in reestablishment of TJs
during 5 hours of calcium repletion (see Supplemental
Figure 10 at http://ajp.amjpathol.org,). Overall these data
do not support the formation of a trimeric Scribble/Lgl-1/
Dlg-1 complex in human intestinal epithelial cells and
highlights a unique role of Scribble in regulation of TJ
assembly.

Inflammatory Stimuli Mislocalize Scribble and
Decrease Its Expression in Intestinal Epithelial
Cells

Disruption of the epithelial barrier and TJ disassembly
is well documented in intestinal inflammatory disor-
ders.2,53,54 Thus, we next analyzed whether inflammatory
stimuli affect association of Scribble with TJs by challeng-
ing T84 cell monolayers with known proinflammatory cy-
tokine, interferon (IFN)-�. As shown in Figure 8A, 48 hours
exposure of epithelial cells to IFN-� transformed occludin
labeling from normal chicken-wire pattern into diffuse
cytosolic staining, which is indicative of TJ disassembly.

Figure 5. Down-regulation of ZO-1 attenuates assembly of TJs and recruit-
ment of Scribble to apical junctions. SK-CO15 cells transfected with either
control or ZO-1-specific siRNAs were subjected to calcium switch on day 3
post-transfection. Cells were fixed 5 hours after calcium repletion and dou-
ble-immunolabeled for ZO-1 (green) and either occludin or Scribble (red).
Control cell monolayers show complete restoration of occludin and Scribble
labeling at TJs (arrows). By contrast, TJ reassembly and Scribble recruitment
to apical junctions is attenuated in ZO-1-depleted cell monolayers (arrow-
heads). Scale bar � 10 �m.

Figure 6. Lgl-1 localizes at TJs in the model intestinal epithelium. Polarized
and calcium-depleted for 1 hour T84 cell monolayers were double-immuno-
labeled for occludin (green) and Lgl-1 (red). Note significant colocalization of
occludin and Lgl-1 (yellow) at intact (arrows) and internalized (arrow-
heads) TJs. Scale bar � 10 �m.
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Analogous to occludin, TJ localization of Scribble was
also diminished in IFN-�-treated cell monolayers (Figure
8A, arrows). The cytokine treatment not only caused mis-
localization of Scribble but also affected its total protein
level. Indeed, immunoblotting analysis revealed a �47
and 61% decrease in Scribble expression in T84 cells
after 48 and 72 hours of IFN-� treatment (Figure 8B).
These in vitro results were complemented by immunoflu-
orescence analysis of Scribble localization in the intesti-
nal mucosa of patients with the chronic inflammatory
disorder, Crohn’s disease. As shown in Figure 9, Scribble
is enriched in occludin-based TJs of normal crypt and
surface human intestinal epithelial cells (arrows). In con-
trast, the overall intensity of Scribble immunolabeling is
dramatically decreased in the inflamed mucosa of the
patients with acute Crohn’s disease (Figure 9). Further-
more, in these tissue sections, we did not detect Scribble
localization in TJs (Figure 9). Overall these in vitro and in

vivo observations indicate that intestinal inflammation in-
duces down-regulation of junctional Scribble, which is
orchestrated with TJ disassembly.

Discussion

Formation of epithelial junctions and development of the
apico-basal cell polarity are highly-orchestrated and mu-
tually dependent processes. The integrity of TJs is nec-
essary for maintenance of cell polarity, whereas correct
segregation of the apical and basolateral plasma mem-
brane domains mediated by different protein polarity com-
plexes is essential for TJ structure and stability.9–11,13 Our
study examined the regulation of intestinal epithelial TJs
by Scribble, the polarity protein controlling the identity of
the basolateral plasma membrane domain.17,18 We re-
port the following new and important observations: 1)
Scribble localizes in TJs and controls the integrity of
epithelial barrier and TJ assembly in human intestinal
epithelium; 2) Scribble interacts with ZO-1 and these
interactions may mediate Scribble effects on TJ dynam-
ics and functions; 3) other basolateral polarity proteins
such as Dlg-1 and Lgl-1 are dispensable for TJ assem-
bly; and 4) Scribble is mislocalized and expressionally
down-regulated during intestinal inflammation.

Our conclusion that Scribble is associated with intes-
tinal epithelial TJs is based on immunolabeling/confocal
microscopy data, which demonstrates Scribble colocal-
ization with occludin or ZO-1 in model epithelial cell
monolayers (Figure 1 and Supplemental Figures 1 and 2
at http://ajp.amjpathol.org) and tissue sections of normal

Figure 7. Lgl-1 and Dlg-1 differently associate with Scribble and differently
regulate the epithelial barrier. A: Scribble was immunoprecipitated from
SK-CO15 cell monolayers after 4 hours of calcium repletion and was ana-
lyzed for association with Lgl-1 and Dlg-1. Immunoblotting analysis shows
presence of Lgl-1 but not Dlg-1 in Scribble immunoprecipitates. B and C:
Effects of Lgl-1 and Dlg-1 knockdown on development of paracellular barrier
were analyzed in SK-CO15 cell monolayers. Immunoblotting analysis dem-
onstrates selective down-regulation of Lgl-1 and Dlg-1 expression on day 4
post-siRNA transfection with no effects on each other or Scribble expression
(B). TEER measurement shows significant attenuation in development of the
paracellular barrier in Dlg-1-depleted but not in Lgl-1-deficient SK-CO15 cell
monolayers (C). Data are presented as mean 	 SE (n � 3); *P 
 0.05
compared to control siRNA-transfected cells.

Figure 8. Interferon- � induces mislocalization and down-regulation of ep-
ithelial Scribble in vitro, which parallel TJ disassembly. Polarized T84 cell
monolayers were treated with either vehicle or IFN-� (100 U/ml). A: Cells
were fixed after 48 hours of the cytokine exposure and double-immunola-
beled for Scribble (green) and occludin (red). Note profound disruption of
TJs and disappearance of junctional Scribble in IFN-�-treated cells (arrows).
Scale bar � 10 �m. B: Total cell lysates of vehicle- and IFN-�-treated T84 cells
were analyzed for Scribble expression by immunoblotting. Note that cyto-
kine treatment resulted in significant decrease in Scribble protein expression.
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human colonic mucosa (Figure 9). In addition, IFN-�
treatment, which is known to selectively disrupt TJs while
preserving AJ integrity in T84 cells,37 caused orches-
trated loss of junctional labeling of Scribble and occludin
(Figure 8). These data agree with two recent studies that
demonstrated colocalization of Scribble with TJ scaffolds
ZO-1 and ZO-2 in corneal and renal epithelia,41,55 but
contradict other reports that epithelial Scribble uniformly
localizes along the lateral plasma membrane.28,40,56 Our
findings are also consistent with Scribble localization at
Drosophila septate junctions,20 which are known to be
analogs of vertebrate TJs.57 Such variability of Scribble
immunolabeling may be due to differences in extent of
epithelial cell polarization and/or different experimental
conditions of immunofluorescence analysis; but most
likely these data reflect the ability of Scribble to partici-
pate in multiple protein complexes including different
types of intercellular junctions.

The present study provides the first evidence that
Scribble regulates the barrier function of TJs. Indeed,
according to TEER and dextran flux measurements, de-
pletion of Scribble impaired development of the paracel-
lular barrier in the model intestinal epithelium (Figure 2, B
and C). Importantly, loss of Scribble increased epithelial
permeability to both small ions and large (�4000 kd)
molecules. This indicates that Scribble may regulate two

types of paracellular pores, one of which is selective for
small (
4 Å radius) molecules and another that is per-
meable to large solutes.58 It remains to be investigated
whether Scribble enhances the epithelial barrier by de-
creasing the radius or the number of these paracellular
pores.

Despite its involvement in the maturation of the para-
cellular barrier, Scribble appears to be dispensable once
assembly of TJs has been achieved in confluent epithelial
cell monolayers. Indeed, silencing Scribble expression
did not alter TJ morphology (see Supplemental Figure 3
at http://ajp.amjpathol.org) or the apico-basal polarity
(see Supplemental Figure 5 at http://ajp.amjpathol.org) in
confluent SK-CO15 cell monolayers, which is consistent
with recent data obtained in Scribble-depleted MDCK
cells.26 By contrast, our data suggest that Scribble con-
trols the rate of TJ assembly in model intestinal epithelium
(Figure 3). This resembles the effects of other junctional
or cytoskeletal proteins (ZO-1, E-cadherin, myosin IIA),
which depletion reportedly slowed down assembly but
failed to prevent eventual formation of TJs.29,43,44 To-
gether, these data indicate that integrity of epithelial TJs
is controlled by multiple and duplicative mechanisms,
which can compensate the loss of each other. Some of
these mechanisms can more efficiently regulate junc-
tional assembly and their role still can be revealed by
assays involving a robust and rapid remodeling of TJs.

Interestingly, in intestinal epithelial cells Scribble se-
lectively regulated TJ plasticity and had no effect on
mature AJ structure (data not shown) or the velocity of AJ
assembly (Suppl. Figure 6 at http://ajp.amjpathol.org).
These data agree with a recent study of Scribble knock-
down in MCF10A mammary epithelial cells27 but con-
trasts with the published effects of this protein depletion
in MDCK cells.26 The latter study observed defects in
normal AJ structure that were manifested by altered junc-
tional labeling and detergent solubility of E-cadherin and
�-catenin in Scribble-depleted cells. These contradictory
results can be reconciled by assuming tissue specificity
of Scribble signaling and functions. For example, Scrib-
ble was shown to suppress motility of MDCK cells,26 but
reportedly accelerated migration of MCF10A cells.27 Fur-
thermore, in the mammary epithelium Scribble was
shown to regulate MAPK activity by suppressing ERK47

and activating JNK.48 By contrast, we did not find such
Scribble-dependent modulations of ERK, JNK, and p-38
activity in model intestinal epithelium (see Supplemental
Figure 7 at http://ajp.amjpathol.org). More studies are
needed to explain this cell/tissue-specific context of
Scribble functions.

In line with a recognized role of Scribble in mediating
protein-protein interactions, we concluded that Scribble
may regulate TJ assembly by binding to a junctional
scaffolding protein, ZO-1. This conclusion is based on
the observed interactions between endogenous Scribble
and ZO-1 (Figure 4, A and B) and colocalization of these
proteins at intestinal epithelial TJs (Figures 1 and 3). It is
noteworthy that we pull down Scribble in a complex with
ZO-1 but not with other junctional proteins from cell ly-
sates prepared by using SDS-containing RIPA buffer.
Co-immunoprecipitation in such stringent conditions in-

Figure 9. Mucosal inflammation in vivo down-regulates Scribble expression
and induces TJ disassembly. Tissue sections of colonic mucosa isolated from
a normal human subject and a patient with active Crohn’s disease were
double-immunolabeled for Scribble (green) and occludin (red). Note signif-
icant colocalization (yellow) of Scribble and occludin at intact TJs in normal
intestinal mucosa (arrows) and disappearance of junctional Scribble and
occludin in inflamed intestinal epithelium of Crohn’s disease patient. Scale
bar � 20 �m.
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dicates strong and selective interactions between these
proteins. Previously, Scribble binding to another member
of zonula occludens family, ZO-2, has been reported.41

However, this binding was observed only after overex-
pression of exogenous Scribble and ZO-2 and was not
detected in endogenous proteins. Hence, our study pro-
vides the first evidence of physiologically relevant inter-
actions between endogenous Scribble and TJ protein in
human epithelia. These interactions can be involved in
different stages of junctional biogenesis. For instance,
Scribble may interact with ZO-1 within the TJ cytosolic
plaque, therefore preventing its internalization and stabi-
lizing multiprotein complexes of the mature TJs. Alterna-
tively, given recently reported interactions between
Scribble and syntaxin-4,59 Scribble may mediate vesicu-
lar trafficking of ZO-1 and its delivery to the cell-cell
contacts.

It is generally believed that Scribble functions in a com-
plex with other polarity proteins, Dlg-1 and Lgl-1/2.9,11,13,60

The existence of this Scribble/Dlg/Lgl basolateral polarity
complex has been suggested based on studies in Dro-
sophila, where mutations of either Scribble, Dlg, or Lgl
resulted in phenotypically identical abnormalities in epi-
thelial architecture, and plasma membrane localization of
these proteins depended on each other functions.19,20

However the existence of the Scribble/Dlg-1/Lgl complex
in mammalian cells remains unproven. If Scribble regu-
lates epithelial TJs by being a component of the trimeric
basolateral polarity complex, the following experimental
outcome can be predicted: 1) Scribble, Dlg-1, and Lgl-1
similarly localize at epithelial TJs; 2) physical association
between these proteins is detectable by immunoprecipi-
tation; 3) expression of each of these proteins may be
essential for the expression of the others; 4) down-regu-
lation of Dlg-1 or Lgl-1 phenocopies effects of Scribble
depletion on TJ functions and dynamics. However, our
experimental data appear to be inconsistent with many of
these predictions. Thus, we found that Dlg-1 neither lo-
calized at TJs (see Supplemental Figure 9 at http://ajp.
amjpathol.org) nor interacted with Scribble (Figure 7A) in
colonic epithelial cells. Furthermore, while Dlg-1 deple-
tion attenuated development of the paracellular barrier
(Figure 7C), it did not inhibit TJ reassembly (see Sup-
plemental Figure 10 at http://ajp.amjpathol.org). These
data agree with a recent study involving Dlg-1-depletion
in another human intestinal epithelial cell line, Caco-2
cells61 and suggest that Scribble may regulate TJs in a
Dlg-1-independent manner. In contrast to Dlg-1, we
found that Lgl-1 selectively accumulated at TJs (Figure 6)
and interacted with Scribble in intestinal epithelial cells
(Figure 7A). However the functional role of these interac-
tions remains unclear since Lgl-1 depletion had no effect
on the barrier integrity and TJ reassembly (Figure 7C and
Supplemental Figure 10 at http://ajp.amjpathol.org). Pre-
vious studies addressing the role of Lgl in regulation of
apical junctions in mammalian epithelia produced con-
troversial results. Thus, Lgl-1 knockout mice demon-
strated a dramatic disorganization of junctional com-
plexes in neuroepithelium.62 This indicates that Lgl-1 is
essential for junctional integrity. By contrast, co-depletion
of Lgl-1 and Lgl-2 isoforms in MDCK cells attenuated TJ

disassembly,63 whereas overexpression of Lgl-2 inhib-
ited junctional reassembly.64 These data suggest that Lgl
functions as a destabilizer of epithelial TJs. However, our
study revealed no obvious role for Lgl-1 in TJ regulation.
Such uncertainty surrounding the functions of Lgl-1 is
likely to reflect the functional redundancy among the
basolateral polarity proteins. Notably, our data and pre-
vious reports strongly suggest that these polarity proteins
are not equally redundant, and the loss of Scribble func-
tion in human intestinal epithelium cannot be fully com-
pensated by Dlg and Lgl-1.

Another novel and important result of this study is the
dramatic effects of intestinal inflammation on Scribble
localization and expression in vitro and in vivo. Indeed,
exposure of T84 cell monolayers to IFN-� displaced
Scribble from epithelial TJs and decreased its protein
expression in parallel with TJ disassembly (Figure 8).
Likewise, inflamed intestinal mucosa of Crohn’s disease
patients was characterized by decreased Scribble ex-
pression and abnormal TJ architecture (Figure 9). These
data suggest that cytokine-induced Scribble depletion
may contribute to the breakdown of the epithelial barrier
during intestinal inflammation and/or attenuate barrier re-
covery during epithelial restitution. Such dramatic effects
of inflammation on human epithelial Scribble have not
been previously reported, and their mechanisms remain
to be investigated. However, Scribble is known to be
inactivated by other pathogenic stimuli. For example, cell
infection with human papillomavirus stimulates ubiquiti-
nation and degradation of this polarity protein.65 Addi-
tionally, Scribble level was shown to be decreased in
apoptotic cells due to caspase-dependent degrada-
tion.66 Importantly, loss of expression and mislocalization
of Scribble was observed in human colonic carcino-
mas.22,23 On the other hand, chronic intestinal inflamma-
tion is known to increase risk of the development of
gastrointestinal tract cancer.67,68 Since Scribble is a
powerful tumor suppressor, it is tempting to speculate
that its down-regulation in chronic inflammatory condi-
tions such as inflammatory bowel disease may contribute
to the development of intestinal cancer.

In conclusion, we have uncovered a novel mechanism
that regulates the integrity and plasticity of the intestinal
epithelial barrier. This mechanism involves the known cell
polarity regulator and tumor suppressor, Scribble, which
associates with epithelial TJs by binding to the TJ scaf-
folding protein ZO-1. We found that epithelial Scribble is
mislocalized and down-regulated during intestinal inflam-
mation. This is likely to be important for barrier disruption
in inflamed mucosa and may also contribute to tumor
development during chronic intestinal inflammation.
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