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ABSTRACT The mammalian intestinal epithelium is a rapidly self-renewing tissue in
the body, and its homeostasis depends on a dynamic balance among proliferation,
migration, apoptosis, and differentiation of intestinal epithelial cells (IECs). The pro-
tein phosphatase 2A (PP2A)-associated protein �4 controls the activity and specific-
ity of serine/threonine phosphatases and is thus implicated in many cellular pro-
cesses. Here, using a genetic approach, we investigated the mechanisms whereby
�4 controls the homeostasis of the intestinal epithelium. In mice with ablated �4,
the small intestinal mucosa exhibited crypt hyperplasia, villus shrinkage, defective
differentiation of Paneth cells, and reduced IEC migration along the crypt-villus axis.
The �4-deficient intestinal epithelium also displayed decreased expression of differ-
ent intercellular junction proteins and abnormal epithelial permeability. In addition,
�4 deficiency decreased the levels of the RNA-binding protein HuR in the mucosal
tissue. In cultured IECs, ectopic overexpression of HuR in �4-deficient cells rescued
the production of these intercellular junction proteins and restored the epithelial
barrier function to a nearly normal level. Mechanistically, �4 silencing destabilized
HuR through a process involving HuR phosphorylation by I�B kinase �, leading to
ubiquitin-mediated proteolysis of HuR. These findings indicate that the critical im-
pact of �4 upon the barrier function and homeostasis of the intestinal epithelium
depends largely on its ability to regulate the stability of HuR.

KEYWORDS intestinal epithelial maturation, gut permeability, proliferation,
differentiation, migration, conditional deletion

The mammalian intestinal epithelium is a vigorously self-renewing adult tissue in the
body and functions as a physical barrier that separates mucosal tissues from luminal

noxious substances and microbiota. Intestinal stem cells and amplified progenitor cells
localized near the bases of the crypts drive this process and replicate perpetually, while
the newly divided cells differentiate into all the mature cell types as they migrate up
along the crypt-villus axis to replace lost cells (1, 2). The intestinal villi are the major
functional compartment of the epithelium, which contains a number of differentiated
and postmitotic cell types, such as absorptive enterocytes, mucus-secreting goblet
cells, and hormone-secreting enteroendocrine cells (1, 3). Paneth cells, which secrete
antibacterial peptides and growth factors, however, reside at the base of the crypt area
of the intestinal mucosa. The maintenance of apical-basal polarity of intestinal epithelial
cells (IECs) depends on a dynamic balance among multiple cellular activities, including
proliferation, differentiation, migration, and apoptosis, that are tightly regulated by
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distinct signaling networks (4, 5). Disruption of the integrity of the intestinal epithelium
occurs commonly in various critical pathological conditions, leading to the transloca-
tion of luminal toxic substances and bacteria to the bloodstream and, in some in-
stances, multiple-organ dysfunction syndromes and death (6, 7).

The �4 protein, encoded by the human IgBP1 gene, was initially identified as an
immunoglobulin-binding protein in mammalian B and T lymphocytes and was later
found to be broadly expressed (8). Subsequent evidence indicated that �4 is an
essential gene in all cell types and organisms in which it has been studied and is crucial
for phosphatase biology (9, 10). �4 is a key regulator of protein phosphatase 2A (PP2A),
PP4, and PP6, which collectively account for most cellular serine/threonine phospha-
tase activity (11). The catalytic subunit of PP2A is one of the most conserved enzymes
in eukaryotic cells and has been involved in many aspects of cell functions and
pathologies by dephosphorylating serine and threonine without significant influence
from the flanking residues in the substrate (12, 13). Unlike those of kinases, the activities
and specificities of serine/threonine phosphatases are primarily controlled by their
associated proteins (14). Binding of �4 to PP2A displaces the scaffolding (PP2Aa and
PR65) and regulatory (PP2Ab) subunits that constitute the PP2A heterotrimeric complex
and modulate both enzymatic activity and substrate specificity (10, 11, 15). As a
noncatalytic subunit of PP2A, �4 plays an important role in the regulation of cell
spreading, migration, apoptosis, and proliferation (9, 12, 13). The levels of �4 increase
significantly in several cancers and transformed cells (10, 12), whereas �4 depletion
induces apoptosis in murine cells (9) and alters proliferation and migration in cancer
cells (12, 13). To date, however, the physiological role of �4 in the control of intestinal
epithelium homeostasis has not been established.

Studies using tissue-specific gene knockout and transgenic approaches in mice have
provided powerful genetic evidence for physiological roles of various cellular factors in
the development and homeostasis of the intestinal epithelium, although the results in
mice, in some cases, contradict conventional predictions based on previous studies
in cultured cells (16, 17). For example, despite the proliferative influence of the small
GTPase Cdc42 (18), its targeted deletion in IECs resulted in gross hyperplasia of the
intestinal epithelium, crypt enlargement, microvillus inclusion, and increased gut per-
meability (19). Similarly, intestinal epithelium-specific deletion of the RNA-binding
protein (RBP) HuR (ELAVL1), which promotes division in cultured cells (20), caused
significant mucosal atrophy in the small intestine and decreased the regenerative
potential of crypt progenitors after injury (5, 21). In other cases, mouse studies and
cultured cell studies agree; for example, expression of the microRNA miR-222 inhibits
growth of cultured IECs and delays the repair of damaged mucosa in mice (22). Here,
we report that �4 plays an essential role in the maturation of the intestinal mucosa and
the integrity of the intestinal barrier, at least in part by maintaining HuR stability.

RESULTS
Expression pattern of �4 in the intestinal epithelium in response to stress. To

begin to investigate the involvement of �4 in intestinal mucosal homeostasis and
pathologies, the basal levels of �4 protein were examined in three different lines of
cultured IECs, i.e., undifferentiated IEC-6, differentiated IEC-Cdx2L1, and Caco-2 cells,
and in the intestinal mucosal tissue. All three lines of cultured IECs expressed �4 and
its binding partners PP2A and �-PIX (p21-activated kinase-interacting exchange factor)
(Fig. 1A, top), although the levels of �4, PP2A, and �-PIX in IEC-Cdx2L1 and Caco-2 cells
were higher than those observed in IEC-6 cells. To examine the association of �4 with
PP2A and �-PIX, whole-cell lysates were incubated with an antibody that recognized
�4; following immunoprecipitation (IP), the levels of PP2A and �-PIX in the IP materials
were examined by Western blotting. As shown in Fig. 1A (bottom), �4 physically
interacted with PP2A and �-PIX and formed an �4/PP2A/�-PIX complex in cultured
IECs. In control IP reactions, IgG did not immunoprecipitate either PP2A or �-PIX (data
not shown). Immunostaining of the mucosa of the small intestine in mice showed that
�4 was expressed in both the villous area and the crypt region (Fig. 1B, left). �4 was also
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expressed in the colonic mucosa, although the basal abundance was lower in the colon
than in the small intestine (Fig. 1B, right).

To examine changes in �4 expression in response to the stressful environment in
IECs, we employed a previously described (5) in vitro repair model that mimics the early
cell division-independent stage of intestinal epithelial restitution. As reported previ-
ously (5, 23), epithelial restitution occurred rapidly after wounding, as revealed by a
significant increase in cell migration over the wounded area by 6 h (data not shown).
Interestingly, the levels of �4 protein increased remarkably 1 h after wounding and
remained elevated for an additional 5 h (Fig. 1C). As expected, the increase in �4 levels
in migrating cells was associated with an increase in the cellular abundance of PP2A
and �-PIX after wounding. Moreover, the colonic mucosal tissues obtained from
patients with inflammatory bowel disease (IBD) exhibited levels of �4 significantly

FIG 1 Expression levels of �4 in the intestinal epithelium with or without pathological stress. (A)
Representative immunoblots of �4, PP2A, and �-PIX proteins (top) and their interaction (bottom) in
different lines of cultured IECs. In studies examining protein-protein interactions, whole-cell lysates (400
�g) were immunoprecipitated by using an antibody (Ab) that recognizes �4, and the levels of PP2A,
�-PIX, and �4 in the products of the IP reactions were examined by Western blotting. (B) Immunostaining
of �4 (green) in mouse mucosal tissues from the small intestine and colon. Scale bars, 50 �m. (C) Changes
in the levels of �4, PP2A, and �-PIX after wounding in cultured differentiated IEC-Cdx2L1 cells. After the
cells were grown to confluence, epithelial repair was induced by removing part of the monolayer. The
levels of �4, PP2A, and �-PIX were examined at different times after wounding. (D) Immunostaining of
�4 in human intestinal mucosal tissues from control individuals (without mucosal erosions/inflammation)
and from patients with IBD. The experiments were repeated in samples obtained from four patients with
IBD or control individuals and showed similar results. Scale bars, 50 �m.
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lower than those in control patients (without mucosal injury or inflammation), as
measured by immunostaining analysis (Fig. 1D). The decreased abundance of mucosal
�4 in patients with IBD was associated with delayed repair of damaged mucosa and gut
barrier dysfunction, as evidenced by the decreased levels of the tight junction protein
occludin (OCLN) (data not shown), as previously reported (4). These results suggest the
potential importance of �4 in maintaining the integrity of the intestinal epithelium and
the implication of its reduction in pathogenesis of mucosal inflammation/erosions and
delayed repair.

A mouse model of �4 deficiency in the intestinal epithelium. To investigate the
in vivo function of �4 in the mammalian intestinal epithelium, mice bearing a specific
deletion of �4 in the intestinal epithelium (IE-�4�/� mice) were generated by crossing
villin (Vil)-Cre-expressing mice with �4flox/flox (�4fl/fl) mice (see Fig. S1A in the supple-
mental material) (21, 24). �4fl/fl mice had been produced previously (24) via standard
gene targeting in embryonic stem cells and contained a fully functional �4 allele.
Heterozygous IE-�4fl/� mice appeared phenotypically normal and were subsequently
intercrossed for the generation of homozygous IE-�4�/� mice. As shown in Fig. 2A,
homozygous IE-�4�/� mice lacked the wild-type �4 gene in the intestinal mucosa, and
the levels of �4 mRNA (see Fig. S1B in the supplemental material) and protein (Fig. 2B)

FIG 2 �4 deletion in IECs disrupts mucosal maturation in the small intestine. (A) PCR analysis of genomic
DNA from the small intestinal mucosa indicating floxed, �4 deletion, and Vil-Cre bands in mice with
different genotypes. (B) Immunoblots of �4, PP2A, Rac1, and �-PIX proteins in the small intestinal mucosa
obtained from controls (littermate) and intestinal epithelial tissue-specific �4 knockout (IE-�4�/�) mice.
(C) Photomicrographs of hematoxylin and eosin (H/E) (top) and immunostaining of lysozyme (bottom),
shown as in green, in the small intestine. Scale bars, 50 �m.
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in the intestinal mucosa were undetectable in IE-�4�/� mice. On the other hand, levels
of �4 mRNA were normal in off-target tissues, such as stomach, heart, liver, spleen, and
kidney (see Fig. S1C in the supplemental material). We did not detect a compensatory
increase in expression of PP2A, �-PIX, or Rac1 (a member of the GTPase family) in the
IE-�4�/� mice. In contrast, the levels of PP2A, �-PIX, and Rac1 proteins in the �4-
deficient epithelium decreased by �39%, �61%, and �40% (n � 4; P � 0.05),
respectively. Littermate (�4fl/fl-Cre�) and IE-�4�/� mice were born in normal Mendelian
ratios, but the IE-�4�/� mice were significantly smaller and weighed less than the
littermate controls (see Fig. S2A and B in the supplemental material). Gross analysis of
gastrointestinal (GI) morphology revealed that the GI tract was shorter and thinner in
IE-�4�/� mice than in littermates (see Fig. S2C in the supplemental material); there was
no intestinal bleeding or diarrhea in either mouse. These findings show that the
IE-�4�/� mouse is a suitable gene-targeting model of �4 deficiency in the intestinal
epithelium.

�4 deletion disrupts mucosal maturation and homeostasis of the small intes-
tine. A prominent phenotype observed in IE-�4�/� mice was the inhibition of small
intestinal mucosal maturation, as indicated by abnormal histological features, such as
crypt hyperplasia and villous shrinkage (Fig. 2C, top). The architecture of the mucosal
epithelium in the small intestine in IE-�4�/� mice was markedly disrupted: the crypt
dimensions increased, with a concomitant rise in the proliferation of connective tissue
in the crypt area, whereas the length of the villus decreased. To examine if the
localization or differentiation of Paneth cells was altered in the �4-knockout mouse,
lysozyme-immunostaining assays were performed. As shown in Fig. 2C (bottom),
lysozyme-positive cells, normally located at the base of the crypt, were displaced to the
tops of crypts or the villous area and were fewer in the small intestinal mucosa in
IE-�4�/� mice. Comparison of the intestinal mucosa in IE-�4�/� mice with that in
control littermates revealed no changes in the abundance of alkaline phosphatase or
sucrose isomaltase (two brush border membrane proteins), as determined by immu-
nohistochemistry, and no changes in the numbers of goblet cells in the small intestinal
mucosa, as examined by alcian blue staining (see Fig. S3 in the supplemental material).

As shown in Fig. 3A, the majority of crypt cells in the small intestinal mucosa were
actively cycling, as assessed by measuring bromodeoxyuridine (BrdU) incorporation in
IE-�4�/� mice and littermates. However, the population of proliferating crypt cells
increased significantly in the small intestinal mucosa of IE-�4�/� mice relative to
littermates (Fig. 3B). The levels of the cell proliferation marker protein PCNA were also
increased by �2.2-fold (n � 3; P � 0.05) in IE-�4�/� mice (Fig. 3C), and the �4-deficient
epithelium of the small intestine exhibited a deeper crypt and shorter villus, resulting
in a decrease in the villus/crypt ratio (Fig. 3D). We also examined the influence of �4
deficiency on intestinal epithelial cell migration by using the BrdU chase method. In this
study, mice examined at 1, 4, 16, and 24 h after BrdU pulse-labeling showed that
BrdU-retaining cells displayed lower crypt-to-villus migration rates in IE-�4�/� mice
than in control mice (see Fig. S4A in the supplemental material). Additionally, �4
deletion induced apoptosis in the intestinal epithelium, with higher cell death in the
mucosa of the small intestine in IE-�4�/� mice, as assessed by terminal deoxy-
nucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) staining (see
Fig. S4B and C in the supplemental material). Together, these findings indicate that �4
is essential for the maturation of the intestinal mucosa and the maintenance of
homeostasis by modulating the proliferation, differentiation, migration, and apoptosis
of IECs.

�4 deficiency impairs the epithelial barrier function by downregulating HuR.
To gain a deeper understanding of the abnormalities of IE-�4�/� mice, analysis of gut
permeability and expression of intercellular junction (IJ) proteins revealed that the
�4-deficient epithelium failed to maintain a proper barrier function. As shown in Fig.
4A, the levels of the tight junction (TJ) proteins claudin-1, claudin-3, and ZO-1, as well
as the levels of the adherens junction (AJ) protein E-cadherin, in the �4-deficient
intestinal tissue decreased by �47%, �98%, �66%, and �90% (n � 4; P � 0.05),
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respectively. In contrast, there were no significant changes in the expression levels of
the TJ protein occludin or the AJ protein �-catenin (data not shown) in IE-�4�/� mice.
Notably, the mRNAs encoding claudin-1, claudin-3, ZO-1, and E-cadherin have U-rich,
AU-rich, and other HuR-binding sites in their 3= untranslated regions (UTRs) (25).
Moreover, gut permeability to fluorescein isothiocyanate (FITC)-dextran increased sig-
nificantly in IE-�4�/� mice compared with control mice (Fig. 4B). Interestingly, targeted
deletion of �4 in IECs specifically decreased the levels of the RBP HuR by �95% (n �

4; P � 0.05) in the mucosa of the small intestine, but it did not alter mucosal
CUG-binding protein 1 (CUGBP1) levels (Fig. 4A).

Since HuR is a major regulator of IJ expression and gut permeability (26, 27), we
hypothesized that �4 deletion in IECs might elicit epithelial barrier dysfunction by
reducing HuR levels. To test this possibility, we silenced �4 in cultured IECs and
examined changes in the abundances of HuR, various TJ proteins, and E-cadherin.
Interestingly, decreasing �4 levels by transfecting differentiated IEC-Cdx2L1 cells with
small interfering RNA (siRNA) targeting �4 mRNA (si�4) also lowered cellular HuR levels,
associated with reduced production of claudin-3, ZO-1, and E-cadherin (Fig. 4C), similar
to what was observed in IE-�4�/� mice; �4 silencing in cultured IECs did not alter
occludin or CUGBP1 levels. Moreover, �4 silencing disrupted epithelial barrier function
in these cells, as evidenced by a decrease in transepithelial electrical resistance (TEER)
values and an increase in the levels of paracellular flux of FITC-dextran (Fig. 4D, bottom).

FIG 3 �4 deletion increases crypt depth but decreases villus height in the small intestine. (A) Proliferating cells in
small intestinal crypts as measured by BrdU labeling (shown as green; S phase) in littermate (top) and IE-�4�/�

(bottom) mice. The mucosa was harvested 30 min after the mice were injected with BrdU. (B) Summarized data for
BrdU-positive cells in the mucosa shown in panel A (n � 6). *, P � 0.05 compared with littermates. (C) Levels of
PCNA protein in the small intestinal mucosa. The error bars indicate SEM. (D) Changes in the lengths of villi (left)
and crypts (middle) and villus/crypt ratios (right) of the small intestinal mucosa. *, P � 0.05 compared with
littermates.
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To investigate if increasing the levels of HuR rescued the epithelial barrier function
in �4-silenced cells, we cotransfected cells with si�4 and a plasmid vector that
expresses HuR. As shown in Fig. 5A, the decreases in claudin-1, claudin-3, ZO-1, and
E-cadherin levels elicited by �4 silencing were largely rescued by HuR overexpression.
Accordingly, the epithelial barrier function was also restored by ectopic overexpression
of HuR in �4-silenced cells (Fig. 5B), with cellular TEER values and FITC-dextran flux
indistinguishable from those in cells transfected with control siRNA (C-siRNA). These
findings indicate that �4 regulates the epithelial barrier function in large part by
enhancing HuR production in the intestinal epithelium.

�4 silencing destabilizes HuR through IKK�-dependent HuR phosphorylation
and subsequent ubiquitin-mediated proteolysis. Interestingly, �4 silencing en-
hanced the degradation of HuR protein in IECs. As shown in Fig. 6A and B, the levels
of HuR protein in the �4-silenced population of cells decreased gradually with the time
after administration of cycloheximide (CHX), although there were no changes in HuR
abundance in control cells treated with CHX. In addition, �4 silencing did not affect HuR
mRNA levels or stability (see Fig. S5 in the supplemental material), indicating that the
decrease in HuR levels in �4-deficient cells resulted primarily from reduced stability of
the HuR protein rather than inhibition of HuR gene transcription or reduced HuR mRNA
stability. Because the HuR protein is subject to ubiquitin-dependent degradation that

FIG 4 �4 knockout disrupts the intestinal epithelial barrier function in vivo and in vitro. (A) Immunoblots of
the TJs claudin-1, claudin-3, ZO-1, and occludin; the AJ E-cadherin; and the RBPs HuR and CUGBP1 in the
small intestinal mucosa obtained from littermate and IE-HuR�/� mice. (B) Changes in gut permeability in
mice shown in panel A. FITC-dextran was given orally, and blood samples were collected 4 h thereafter for
measurement. The values are means and SEM of data from 5 animals. *, P � 0.05 compared with littermates.
(C) Immunoblots of intercellular junction proteins and RBPs in cultured IECs. Differentiated IEC-Cdx2L1 cells
were transfected with C-siRNA or si�4, and cell lysates were harvested 48 h thereafter. (D) Epithelial barrier
function as indicated by changes in TEER and FITC-dextran paracellular permeability in the cells shown in
panel C. TEER assays were performed on 12-mm Transwell filters; paracellular permeability was assayed by
using the membrane-impermeable trace molecule FITC-dextran, which was added to the medium in the
insert part of the Transwell plate. The values are means and SEM of data from six samples. *, P � 0.05
compared with C-siRNA.
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involves I�B kinase � (IKK�) or protein kinase C� (PKC�) (28, 29), we examined changes
in phosphorylation of IKK� and PKC� after �4 silencing in cultured IECs. As shown in
Fig. 6C, inhibition of �4 by transfection with si�4 markedly increased the levels of
phosphorylated IKK� (p-IKK�) without altering total IKK� abundance, while the levels
of phosphorylated PKC� did not change significantly (data not shown). Importantly,
inhibition of IKK� activity following treatment with a specific IKK� inhibitor, BAY11-
7082, prevented the suppression of HuR induced by �4 silencing and restored normal
cellular HuR levels (Fig. 6C). Moreover, inhibition of the proteasome by MG132 also
enhanced HuR levels in �4-deficient cells (Fig. 6D). Additionally, treatments with
BAY11-7082 or MG132 did not affect cell viability, as measured by trypan blue staining
(data not shown). We also examined the effect of �4 silencing on the stability of the
full-length HuR-TAP (where TAP represents the tandem affinity purification tag) carry-
ing each of the resulting point mutations, including pTAP-HuR3A (carrying three
nonphosphorylatable mutations, S88A, S100A, and T118A), pTAP-HuR3D (carrying three
nonphosphorylatable mutations, S88D, S100D, and T118D), and pTAP-HuR K182R, as
described previously (28, 30). As shown in Fig. S6 in the supplemental material, in each
transfection group, both the HuR wild type (WT)-TAP and the endogenous HuR were
labile after �4 silencing. In addition, each of the HuR-TAP point mutants was also labile,
indicating that all the mutated sites we tested are unrelated to �4 silencing-mediated
HuR degradation.

Taken together, our findings suggest that �4 enhances HuR stability by repressing
IKK�-mediated HuR phosphorylation (Fig. 6E). This process is carried out through the
interaction of �4 with IKK�, which inhibits the degradation of the HuR protein by
reducing its ubiquitination. In contrast, decreasing the levels of �4 destabilizes HuR by
enhancing IKK�-dependent HuR phosphorylation and subsequent ubiquitin-mediated
proteolysis, leading to reduced expression of various IJ proteins and dysfunction of the
epithelial barrier.

FIG 5 Ectopically expressed HuR rescues the epithelial barrier function in �4-silenced cells. (A) Repre-
sentative immunoblots of claudin-1, claudin-3, ZO-1, and E-cadherin in �4-deficient cells with or without
HuR overexpression. The cell lysates were harvested 48 h after the cells were transfected with C-siRNA
or cotransfected with si�4 and recombinant adenoviral plasmids containing HuR (AdHuR) or control
adenoviral vector (Adnull). (B) Changes in the epithelial barrier function as indicated by changes in TEER
and FITC-dextran paracellular permeability in the cells shown in panel A. The values are the means and
SEM of data from six samples. *, P � 0.05 compared with C-siRNA-transfected cells or cells cotransfected
with si�4 and AdHuR.
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DISCUSSION

Disruption of human intestinal mucosal homeostasis and epithelial integrity has
serious pathological consequences, especially in patients supported with total paren-
teral nutrition (7, 31). Understanding the underlying mechanisms and developing
successful medical treatments to maintain the integrity of the intestinal epithelium in
patients with critical illness remains a major and urgent challenge. Using a conditional
gene-targeting approach specific for the intestinal epithelium, we show here that the
PP2A-associated protein �4 is essential for mucosal maturation and for maintaining
epithelial homeostasis and barrier function. Targeted deletion of �4 in IECs resulted in
striking defects in the mucosal morphology of the small intestine, as evidenced by
significant crypt enlargement and villus shrinkage, along with defective differentiation
and mislocalization of Paneth cells. The �4-deficient intestinal epithelium also exhibited

FIG 6 �4 silencing enhances HuR degradation by inducing IKK�-dependent phosphorylation. (A) Half-life
of HuR protein after transfection with C-siRNA (top) or si�4 (bottom). The cells were exposed to CHX (10
�g/ml) 48 h after the transfection, and levels of HuR and the loading control GAPDH were examined at
different times after the administration of CHX. (B) Percent HuR protein remaining in the cells shown in
panel A. The values are the means � SEM of data from three samples. (C) Immunoblots of HuR and
phosphorylated and total IKK� in �4-deficient IECs treated with a specific IKK� inhibitor, BAY11-7082.
Twenty-four hours after the cells were transfected with si�4, different concentrations of BAY11-7082
were added to the medium. The cell lysates were harvested 24 h after exposure to BAY11-7082. (D)
Immunoblots of HuR in �4-deficient IECs treated with the proteasome inhibitor MG132 for 24 h. (E)
Model proposed to explain the influence of �4 upon HuR degradation. In the model, decreasing the
levels of �4/PP2A complex increased HuR degradation by enhancing IKK�-dependent HuR phosphory-
lation and subsequent ubiquitin (Ub)-mediated proteolysis. Decreased HuR led to inhibition of the
expression of IJ proteins and epithelial barrier dysfunction.
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increased gut permeability in mice. Experiments aimed at characterizing �4 targets in
this process suggested that the inhibition of IJ expression and subsequent gut barrier
dysfunction induced by �4 deletion resulted primarily from a decrease in the abun-
dance of cellular HuR. These findings advance our understanding of the physiological
function of �4 in the intestinal epithelium and highlight a novel role of �4 deficiency
in the pathogenesis of gut barrier dysfunction under various pathological conditions.

The results reported here provide the first demonstration that �4 functions as an
important biological regulator that coordinates the maturation, homeostasis, and
barrier function of the intestinal epithelium. As shown, �4 was highly expressed in the
intestinal epithelium, and its cellular levels increased in migrating IECs after wounding
but decreased in the intestinal mucosal tissues with erosion/inflammation in patients
with IBD. Mouse genetic studies have demonstrated that the �4-deficient epithelium of
the small intestine displayed the increased crypt expansion that was associated with a
gross abnormality in polarity machineries. �4 loss also caused Paneth cell mislocaliza-
tion, reduced IEC migration along the crypt-villus axis, and increased apoptosis in the
intestinal epithelium. These results reveal that �4 slows down the regeneration of the
intestinal mucosa and is essential for the maturation and homeostasis of the intestinal
epithelium. Consistent with our findings, overexpression of �4 protects cells from a
variety of stress stimuli, such as DNA damage and nutrient limitation (11), whereas �4
silencing inhibits cell spreading and migration in fibroblasts (13). However, opposing
evidence also exists supporting a proproliferative influence of �4, primarily in studies
conducted in cultured cells. For example, cell proliferation is stimulated by ectopic �4
overexpression in several lines of cancer cells but is inhibited by �4 silencing (12, 32).
Thus, it appears that �4 can act as a proproliferative or antiproliferative factor, likely
depending on the cell type, the presence of other factors, and the growth conditions.

Our results also indicate that �4 deletion in IECs disrupts the epithelial barrier
function predominantly by decreasing the cellular levels of HuR. HuR has been shown
to play an important role in the posttranscriptional control of mRNAs bearing U- and
AU-rich elements (33) and is crucial for maintaining intestinal epithelium homeostasis
and integrity (5, 20, 34, 35). We have reported that HuR promotes the translation and
stability of mRNAs encoding various IJs and enhances the function of the epithelial
barrier in both in vitro and in vivo models (26, 36). The targeted deletion of HuR in IECs
delays the recovery of the intestinal barrier function after exposure to mesenteric
ischemia/reperfusion in mice (27). In addition, it was reported that HuR interacts with
noncoding RNAs, such as microRNAs and long noncoding RNAs (lncRNAs), to jointly
regulate the expression of HuR target mRNAs (23, 37). For example, HuR prevents
lncRNA H19-induced gut barrier dysfunction by blocking miRNA-675 processing from
H19 (27), and HuR forms a complex with the lncRNA SPRY4-IT1 to enhance TJ expression
and epithelial barrier function synergistically (36). In the current study, the levels of HuR
decreased specifically in the �4-deficient intestinal epithelium in vivo and in cultured
IECs after �4 silencing. The reduction in HuR levels in cells with ablated �4 was
associated with a decrease in the levels of TJ claudin-1, claudin-3, ZO-1, and AJ
E-cadherin and with increased paracellular permeability. Ectopically expressed HuR in
�4-silenced IECs not only rescued the expression of these IJs, it also restored the barrier
function to near normal. These findings demonstrate the importance of reduced levels
of HuR in the pathogenesis of gut barrier dysfunction in IE-�4�/� mice. However, HuR
in the intestinal epithelium modulates distinct pathways of cell proliferation, migration,
differentiation, and apoptosis (20–22, 37–39); HuR deletion also reduces tumor devel-
opment by targeting multiple genes (35). The exact mechanisms whereby decreased
HuR levels following �4 deletion delay mucosal maturation, as evidenced by crypt
hyperplasia and villus shrinkage, defective differentiation of Paneth cells, and reduced
migration, remain unknown and are being intensely investigated in our laboratory.

Although the mechanism by which �4 knockout lowers HuR abundance in the
intestinal epithelium is unclear, the process involves the degradation of HuR and
IKK�-dependent phosphorylation. In cultured IECs, �4 silencing by transfection with
si�4 destabilized HuR protein but failed to alter the levels of HuR mRNA. Inhibition of
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�4 also increased the levels of phosphorylated IKK� without affecting its total protein
level. HuR is targeted for ubiquitination and undergoes ubiquitin-dependent degrada-
tion following heat shock in HeLa cells (28, 40); inhibition of proteasome activity
elevates HuR levels in human diploid fibroblasts (38). HuR is phosphorylated by IKK� at
S304, leading to HuR binding to the E3 ubiquitin ligase �-transducin repeat-containing
protein for its degradation in response to metabolic stress (29), whereas HuR phos-
phorylation by checkpoint kinase 2 (CHEK2) enhances the resistance of HuR to proteasomal
degradation (28). Recently, the tumor suppressor ECRG2 was shown to reduce cellular HuR
levels by favoring ubiquitination of HuR at K182 for its degradation (39). Our results indicate
that inhibition of either IKK� activity by BAY11-7082 or the proteasome by MG132 restored
HuR levels in �4-silenced cells. These findings strongly support the notion that �4 regulates
HuR degradation by altering IKK�-dependent HuR phosphorylation and subsequent
ubiquitin-mediated proteolysis. Clearly, more studies are needed to determine how �4/
PP2A association modulates IKK� activity and to further define the molecular process by
which HuR is ubiquitinated and degraded after �4 silencing.

In summary, our results indicate that �4 regulates the proliferation, migration,
apoptosis, polarity, and differentiation of IECs in mice. Normal expression of �4 is
required for intestinal mucosal maturation and for maintaining epithelial homeostasis
and barrier function. As the physiological role of �4 in the intestinal epithelium comes
into focus, we propose that transient changes in cellular �4 are an important adaptive
mechanism whereby the mammalian intestinal epithelium preserves its homeostasis
and integrity in response to stressful environments and pathologies. These findings
suggest that �4 is a promising therapeutic target for interventions to protect epithelial
integrity and barrier function in patients with critical surgical illness.

MATERIALS AND METHODS
Chemicals and cell culture. Disposable cultureware was purchased from Corning Glass Works

(Corning, NY). Tissue culture media, Lipofectamine 2000, and dialyzed fetal bovine serum (dFBS) were
obtained from Invitrogen (Carlsbad, CA), and chemicals were obtained from Sigma (St. Louis, MO).
Antibodies recognizing �4, PP2A, �-PIX, Rac1, claudin-1, claudin-3, ZO-1, occludin, E-cadherin, HuR,
CUGBP1, total and p-IKK�, and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were purchased
from Cell Signaling Technologies (Danvers, MA) and Santa Cruz Biotechnology (Santa Cruz, CA). A
secondary antibody conjugated to horseradish peroxidase was purchased from Sigma. The IEC-6 cell line
was purchased from the American Type Culture Collection (ATCC) at passage 13. Stock cells were
maintained in T-150 flasks in Dulbecco’s modified Eagle medium (DMEM) supplemented with 5%
heat-inactivated FBS, 10 �g/ml insulin, and 50 �g/ml gentamicin sulfate. The flasks were incubated at
37°C in a humidified atmosphere of 90% air and 10% CO2, and passages 15 to 20 were used in the
experiments. Stable Cdx2-transfected IECs (IEC-Cdx2L1) were developed from IEC-6 cells and maintained
as described previously (41). Before experiments, IEC-Cdx2L1 cells were grown in DMEM containing 4 mM
IPTG (isopropyl-�-D-thiogalactopyranoside) for 16 days to induce cell differentiation, as described
previously (42). Caco-2 cells were purchased from ATCC and maintained under standard culture condi-
tions, as described previously (43).

Generation of IE-�4�/� mice. The strategy to generate and genotype mice with intestinal
epithelium-specific �4 deletion (IE-�4�/� mice) by using the Vil-Cre-loxP-mediated gene deletion
approach is provided in Fig. S1 in the supplemental material. The frozen embryos of �4fl/fl mice were
kindly provided by Nobuo Sakaguchi (Kumamoto University School of Medicine, Kumamoto, Japan) (24).
After recovery of �4fl/fl frozen embryos, �4fl/fl mice were crossed with mice carrying Vil-Cre (Jackson
Laboratory; SN 004586). Heterozygous IE-�4�/� mice appeared phenotypically normal and were subse-
quently intercrossed for the generation of homozygous IE-�4�/� (�4fl/fl-Vil-Cre�) mice. �4fl/fl-Vil-Cre�

mice served as littermate controls. Age-matched littermate and IE-�4�/� mice were used for phenotype
analysis, and the levels of �4 mRNA and protein in the small intestinal mucosa were also examined in
each group of experiments.

Animal experiments. All experiments were approved by the animal experimental ethics committee
guidelines of the University of Maryland Baltimore Institutional Animal Care and Use Committee and
Baltimore VA hospital. Control littermate and IE-�4�/� mice were housed and handled within a
specific-pathogen-free breeding barrier and cared for by trained technicians and veterinarians. The mice
were allowed free access to food and tap water. To examine gut mucosal growth, BrdU was incorporated
into the intestinal mucosa by intraperitoneal (i.p.) injection of 1 mg BrdU (Sigma, St. Louis, MO) in
phosphate-buffered saline (44). The animals were euthanized by CO2 asphyxiation. Four-centimeter small
intestinal segments that were 0.5 cm distal to the ligament of Trietz were collected 30 min after injection.
To chase epithelial cell migration along the crypt-villus axis, the small intestinal mucosa was harvested
at different times after BrdU injection. The mucosa was scraped from the underlying smooth muscle with
a glass microscope slide and used for measurement of the levels of various mRNAs and protein
expression.
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Histological analysis. Dissected and opened intestines were mounted onto a solid surface and fixed
in formalin and paraffin. Sections (5 �m thick) were stained with hematoxylin and eosin (H&E) for general
histology. Analysis was blinded; the slides were coded and were only decoded after examination. By
using a microscope eyepiece reticle, the overall length of villus and crypts of each section was measured,
and the villus/crypt ratio was calculated. Microscopic damage in the intestinal mucosa was measured and
semiquantified as described previously (22).

Assays of gut permeability in mice. FITC-conjugated dextran dissolved in water (Sigma; 4KD; 600
mg/kg of body weight) was administered to mice via gavage as described previously (36, 45). Blood was
collected 4 h thereafter via cardiac puncture. The concentration of FITC-dextran in serum was determined
using a plate reader with an excitation wavelength at 490 nm and an emission wavelength of 530 nm. The
concentration of FITC-dextran in sera was determined by comparison to the FITC-dextran standard curve.

Construction of overexpression vectors and RNA interference. Recombinant adenoviral vectors
expressing human HuR (AdHuR) were constructed by using the Adeno-X expression system (Clontech)
(37). Briefly, the full-length cDNA of human wild-type HuR was cloned into the pShuttle vector by
BamHI/HindIII digestion and ligating the resultant fragments into the XbaI site of the pShuttle vector.
pAdeno-HuR (AdHuR) was constructed by digesting the pShuttle construct with PI-SceI/I-CeuI and
ligating the resultant fragment into the PI-SceI/I-CeuI sites of the pAdeno-X adenoviral vector. Recom-
binant adenoviral plasmids were packaged into infectious adenoviral particles by transfecting HEK-293
human embryonic kidney cells; titers of the adenoviral stock were determined by standard plaque-
forming assay. pAdeno-X, a replication-incompetent adenovirus carrying no HuR cDNA insert (Adnull),
was grown and purified as described above and served as a control adenovirus. Cells were infected with
AdHuR or Adnull, and expression of HuR was assayed 24 or 48 h after the infection.

Expression of �4 in cultured IECs was silenced by transfection with specific small interfering RNA, as
described previously (11); si�4 and C-siRNA were purchased from Santa Cruz Biotechnology. For each
60-mm cell culture dish, 15 �l of the 20 �M stock duplex si�4 or C-siRNA was used. Forty-eight hours
after transfection using Lipofectamine, cells were harvested for analysis.

Western blot analysis. Whole-cell lysates were prepared using 2% SDS, sonicated, and centrifuged
at 4°C for 15 min. The supernatants were boiled and size fractionated by SDS-PAGE. After the blots were
incubated with primary antibody and secondary antibodies, immunocomplexes were developed by
using chemiluminescence.

RT followed by conventional PCR analysis and real-time Q-PCR analysis. Total RNA was isolated
using an RNeasy minikit (Qiagen, Valencia, CA) and used in reverse transcription (RT) and PCR amplifi-
cation reactions as described previously (46). The levels of Gapdh PCR product were assessed to monitor
the evenness of RNA input in RT-PCR samples. RT-quantitative (Q)-PCR analysis was performed using
7500-Fast real-time PCR systems with specific primers, probes, and software (Applied Biosystems, Foster
City, CA).

Statistics. All values are expressed as means and standard errors of the mean (SEM). An unpaired,
two-tailed Student t test was used where indicated, with P values of �0.05 considered significant. When
assessing multiple groups, one-way analysis of variance (ANOVA) was utilized, with Tukey’s post hoc test
(47). The statistical software used was SPSS17.1.
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