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Abstract
Background & Aims—The ErbB4 receptor tyrosine kinase regulates cell growth, survival, and
differentiation in several tissues, but its role(s) in the gastrointestinal tract have not been reported.
We tested the hypothesis that ErbB4 promotes intestinal cell survival and restitution following injury
or inflammation.

Methods—ErbB4 expression in human IBD was determined by immunohistochemistry. Mice were
subjected to dextran sulfate sodium (DSS, 3%) colitis or injected with 104 U tumor necrosis factor
(TNF), and ErbB4 expression was quantified by immunohistochemistry and Western blot analysis
of colon mucosal scrapings. Cultured young adult mouse colon (YAMC) cells were exposed to TNF,
then ErbB4 mRNA, protein, and phosphorylation levels were measured. Cells transfected with ErbB4
siRNA, or overexpressing ErbB4, were subjected to wound healing and apoptosis assays.

Results—ErbB4 levels increased in Crohn's colitis and the colon epithelium of mice with DSS
colitis or injected with TNF. In YAMC cells, TNF induced ErbB4 mRNA, protein, and
phosphorylation; NF-KB activation also stimulated ErbB4 accumulation. ErbB4 siRNA knockdown
sensitized YAMC cells to TNF-stimulated apoptosis, while overexpression blocked apoptosis
induced by TNF+cycloheximide. Additionally, ErbB4 siRNA decreased YAMC cell wound healing.
ErbB4 knockdown attenuated, while overexpression elevated, phosphorylation of the anti-apoptotic
kinase Akt in response to TNF. Inhibition of the phosphatidylinositol 3-kinase/Akt signaling cascade
reversed the ability of ErbB4 overexpression to protect from cytokine-induced apoptosis.

Conclusions—ErbB4 expression and signaling are key elements for TNF responses in vivo and in
cell culture, protecting intestinal epithelial cells from apoptosis in the inflammatory environment,
possibly through Akt activation.

Introduction
Regulation of cell proliferation, migration, and apoptosis in the intestinal epithelium by soluble
growth factors and their receptors1, 2 is critical for barrier function maintenance and the health
of the individual. Signaling through members of the ErbB family of receptor tyrosine kinases,
including epidermal growth factor (EGF) receptor (R), represents a potential therapeutic
avenue for gastrointestinal inflammatory disorders, as demonstrated by the efficacy of EGF in
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experimental wound healing assays2 and clinical trials with ulcerative colitis3. However, the
influence of individual ErbBs on epithelial responses to injury and inflammation is not yet well
understood.

ErbB4 is the most recently described ErbB receptor4, and compared to the other family
members little is known about its biology. Responses to ErbB4 ligands or ErbB4
overexpression in cell culture vary widely, ranging from differentiation5, 6 or cell survival7 to
migration8, proliferation5, 9 or growth arrest10. These divergent results may be explained by
expression of up to four receptor isoforms generated by alternative splicing in the regions
coding for the juxtamembrane (JM) and cytoplasmic (CYT) domains. The prototypic ErbB4,
JM- a/CYT-1, is subject to a sequential two-step proteolytic cleavage10, giving rise to an 80
kDa intracellular domain fragment (4ICD). 4ICD is a constitutively active tyrosine kinase11
which can translocate to the nucleus and function as a transcriptional regulator12, 13. JM-b
forms are resistant to this proteolytic processing, and are expressed only as full-length
transmembrane receptors14. In addition to JM variants, CYT-2 isomerization results in the
deletion of a C-terminal phosphatidylinositol 3-kinase (PI 3-kinase) binding site8. CYT-1
retains this site and can signal through PI 3-kinase.

ErbB4 is widely expressed in human fetal and adult tissues, including the digestive tract15,
but often at low levels, which has made understanding the receptor's physiology in some tissues
difficult. As yet no function for ErbB4 has been described in the intestinal epithelium, but the
involvement of EGFR and ErbB ligands in recovery from colitis16, 17 suggests potential roles
in this response for ErbB4, which can heterodimerize with EGFR and modulate its signaling.
In this study we asked whether ErbB4 is involved in intestinal epithelial responses to injury
and inflammation, and in particular in response to the proinflammatory cytokine tumor necrosis
factor (TNF).

TNF is produced by macrophages and other immune cells as well as epithelial cells, and is
expressed at high levels in inflammatory bowel diseases [IBD; reviewed in18]. Many of the
cytotoxic effects of the inflammatory environment are mimicked in cell culture by TNF.
Epithelial cells express two TNF receptors, the low-affinity TNFR1 and the high-affinity
TNFR2, which together trigger an array of cellular outputs. In intestinal epithelial cells, TNF
stimulates both cell survival and pro-apoptotic pathways, with the specific cellular context
modulating the balance of signals and determining cell fate19. Survival signals induced by
TNF include the PI 3-kinase/Akt cascade and nuclear factor (NF)-KB.

Signaling downstream of TNF intersects with EGFR pathways on several levels. TNF
stimulates many of the same kinase cascades as EGFR. In contrast, however, TNF can also
inhibit phosphorylation and activation of EGFR20, 21. As yet little is known about crosstalk
between TNF signaling and other ErbB family members.

In the current study, we asked whether ErbB4 is regulated by inflammation in intestinal
epithelial cells. In both a mouse model of acute colitis and mice injected with TNF, we observe
increased ErbB4 expression in the colon epithelium; consistent with these results we see
elevated ErbB4 levels in human IBD. In cultured young adult mouse colon epithelial (YAMC)
cells, TNF exposure induced ErbB4 mRNA, protein, and phosphorylation. Blockade of ErbB4
expression with siRNA inhibited TNF-stimulated Akt phosphorylation and sensitized cells to
apoptosis. Conversely, ErbB4 overexpression stimulated Akt phosphorylation and protected
from cytokine-induced cell death. Taken together, these data position ErbB4 as a key regulator
of the epithelial cell's response to injury and inflammation.
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Methods
Apoptosis

Apoptosis was measured by ApopTag terminal deoxynucleotide transferase dUTP nick end
labeling (TUNEL; Millipore, Danvers, MA) following the manufacturer's instructions, and by
cleaved (active) caspase 3 Western blot analysis. 6h TNF exposure (100 ng/ml) combined with
either Wortmannin (100 nM) or cycloheximide (1 µg/ml) served as positive control.

Immunohistochemistry
Immunostaining for ErbB4 was performed using standard techniques22 on 5 µM paraffin-
embedded sections with anti-ErbB4 or control IgG at 2 µg/ml in PBS for 2h. Diaminobenzidine
substrate was purchased from Vector Labs (Burlingame, CA). Sections were counterstained
with methyl green.

Restitution assays
Restitution assays were performed as previously described23. Briefly, fibronectin-plated
cultures were subjected to multiple 1.5 mm2 wounds with a drill-mounted silicone tip. Wounds
were photographed over time and measured with ImageJ software (NIH, Bethesda, MD).

Constructs
pCDNA3.1-ErbB4 (human JM-a/CYT-1 isoform) expression vector was a gift of Graham
Carpenter (Vanderbilt University). Inserts from pCDNA3.1-ErbB4 were polymerase chain
reaction (PCR) amplified (primers: 5’-
ATGGCGATCGCATGAAGCCGGCGACAGGACTTTG-3’, Sgf I site; 5’-
TTGGGCCGGACCGGCCTTACACCACAGTATTCCGGTG-3’, Sfi I site) then cut with
Sfi I and Sgf I and ligated into linearized bicistronic LZRS-GFP vector (Albert Reynolds,
Vanderbilt). Plasmids were screened by Sfi I/Sgf I digestion. Phoenix packaging cells (Steve
Hanks, Vanderbilt) were transiently transfected with LZRS-GFP or LZRS-ErbB4-GFP and
monitored for GFP expression. YAMC cells were subjected to 5 rounds of infection with
filtered viral supernatant supplemented with 4 µg/ml polybrene. GFP-positive cells were sorted
at the Vanderbilt Flow Cytometry Core Lab using a Becton-Dickinson FACSAria; top 20%
GFP-expressing cells were maintained as pools.

Mice and experimental colitis
C57Bl/6 mice were subjected to acute colonic injury and colitis with 3% (w/v) DSS (MW
36,000–50,000; MP Biochemicals, Solon, OH) in drinking water for 4d, then fresh water for
a 3d recovery period. On days 0, 4, and 7 colons were Swiss-rolled, formalin-fixed, and
paraffin-embedded. Colon epithelium from some mice was isolated for lysates by filleting the
colon and scraping the mucosal surface with a glass slide. As an additional model of acute
inflammation in vivo, mice were injected intraperitoneally with 104 U recombinant TNF. 24h
later mice were sacrificed and their colons collected for analysis.

All animal use was approved and monitored by the Vanderbilt Institutional Animal Care and
Use Committee.

Human IBD samples
Biopsy slides of intestinal epithelium from pediatric Crohn’s disease cases and normal controls
were provided by Dr. Kay Washington in Vanderbilt's Human Tissue Acquisition and
Pathology Shared Resource. All slides were fully de-identified before receipt. The study was
reviewed by the Vanderbilt Institutional Review Board and determined to not qualify as
"human subject" research per §46.102(f)(2).
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Statistics and replicates
All data are representative of at least three independent experiments. Statistical significance
of differences from controls was assessed by one-way analysis of variance with Tukey post-
test. Error bars indicate standard error of means.

Additional methods and materials provided in the Supplementary Data.

Results
Human Crohn's colitis is associated with elevated ErbB4 levels

To examine ErbB4 expression and localization during intestinal epithelial inflammation, we
performed immunohistochemical analysis on endoscopic biopsies from pediatric patients with
Crohn's colitis and normal controls. In 4 of 5 Crohn's cases examined, elevated ErbB4 staining–
including increased nuclear detection, indicative of the 80 kDa ICD fragment–was observed
as compared with normal biopsies (Fig. 1).

ErbB4 expression is elevated during experimental colitis and recovery
To explore ErbB4's role in an experimentally tractable IBD model, we induced acute colitis in
C57BL/6 mice with 3% DSS in drinking water. In the unchallenged colon, ErbB4 is expressed
weakly in the differentiated cells of the upper crypt (Fig. 2A), with occasional staining
detectable in the cytoplasm and nucleus of cells of the lower crypt (Figs. 2A and 2C, insets).
rtPCR analysis of mucosal scrapings detects both JM and both CYT isoforms, with real-time
quantitative PCR (RT-qPCR) showing much more robust expression of JM-a versus JM-b but
roughly equivalent amounts of CYT-1 and CYT-2 (Supplementary Fig. 1). After 4d exposure
to DSS (injury phase), when mice exhibit patchy colitis with inflammation and regions of
ulceration (Supplementary Fig. 2), ErbB4 expression was elevated in spared regions of the
epithelium (Fig. 2A). During the recovery phase 3d after withdrawal of DSS, at which point
the epithelium is remodeling and undergoing hyperproliferative repair, ErbB4 expression was
dramatically elevated in the epithelium with expression throughout crypts. Intracellular
localization of ErbB4 suggested presence of the cleaved 4ICD form, which was confirmed by
Western blot analysis of mucosal lysates (Fig. 2B). Both the full-length and 80 kDa 4ICD
ErbB4 levels increased during injury and recovery. RT-qPCR analysis did not detect a
significant shift in JM-a/b or CYT-1/2 mRNA ratios during this process (data not shown).

TNF is elevated in DSS colitis24, and is a key element of IBD pathology18. To test whether
ErbB4 expression responds to TNF exposure in the intestine, C57BL/6 mice were injected
intraperitoneally with 104 U TNF. 24h after injection, ErbB4 levels in the colon epithelium
were increased as detected both by immunohistochemical (Fig. 2C) and Western blot (Fig. 2D)
analysis. TNFR1/TNFR2 double-knockout mice did not respond to TNF, but did exhibit a
partial increase in ErbB4 following DSS treatment (Supplementary Fig. 3). Thus, while TNF
signaling induces ErbB4 there are potentially additional mechanisms which induce the receptor
in the context of injury.

TNF stimulates ErbB4 expression in cultured intestinal epithelial cells
To examine ErbB4 in a cell culture model of inflammation, YAMC colon epithelial cell cultures
were exposed to TNF (100 ng/ml) and ErbB4 expression was determined by
immunoprecipitation and Western blot, or RT-qPCR. Untreated YAMC cells express low but
detectable levels of ErbB4 protein (Fig. 3A) and mRNA (Fig. 3B); 8–24h exposure to TNF
stimulated an accumulation of ErbB4 mRNA, full-length receptor, and 4ICD. Blotting with an
antibody against phosphorylated ErbB4 indicated that accumulated receptor was
phosphorylated and thus presumably active. ErbB4 accumulation appears to be a result of
increased receptor synthesis rather than decreased turnover, as TNF did not retard degradation

Frey et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2010 January 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in the presence of the translation blockade (Supplementary Fig. 4). However, increased ErbB4
protein levels were detectable at 4h before the mRNA induction (Figs. 3A&B), suggesting a
mechanism which is at least partly due to increased translation. Interestingly, TNF promoted
accumulation of ErbB4 in TNFR1−/− and TNFR2−/− as well as wild-type YAMC cells
(Supplementary Fig. 5), indicating that either receptor is capable of stimulating ErbB4
expression, similar to published results for TNF-stimulated NF-KB activation25.

NF-KB activity promotes ErbB4 expression in intestinal epithelial cells
TNF affects epithelial cells through multiple mechanisms, including activation of the NF-KB
transcription factor26. To ask whether NF-KB could account for increased ErbB4 expression
following TNF exposure, we transfected YAMC cells with siRNA for IKB-α, the inhibitory
regulator which sequesters NF-KB in the cytoplasm. IKB-α siRNA enhanced ErbB4 levels (Fig.
3C). Similar results were observed by transfection with a constitutively active p50/p65 NF-
KB fusion protein (data not shown). Thus, NF-KB activity, which is stimulated by TNF in these
cells [19 and Fig. 7] promotes ErbB4 protein accumulation in YAMC cells.

ErbB4 deletion decreases intestinal epithelial cell wound closure
Wound closure is a key mechanism of intestinal recovery from injury. As EGFR promotes
epithelial restitution, we tested whether ErbB4 is also involved in this process. YAMC cell
monolayers plated on fibronectin were transfected with non-targeting or ErbB4 specific
siRNA, which effectively reduced both basal and TNF-stimulated ErbB4 expression in these
cells by >80% (Supplementary Fig. 6). Cultures were then wounded with a rotating silicone
rod and followed by time-lapse microscopy. ErbB4 siRNA substantially decreased the YAMC
cell restitution rate (41% of control; Fig. 4A), and this was reduced further in the presence of
100 ng/ml TNF (32% of control). However, while overall wound closure in the absence of
ErbB4 was decreased, EGF (which promotes intestinal epithelial restitution2) was still able to
stimulate an increase in cell migration (ErbB4 siRNA + EGF 166% vs. ErbB4 siRNA alone;
NT siRNA + EGF 168% vs. NT siRNA alone). Thus, these cells are capable of responding to
a migration signal, raising the possibility that ErbB4 siRNA does not directly ablate cell
motility but rather affects another cellular parameter which produces a decrease in apparent
wound closure as a secondary effect.

Consistent with this notion, neither ErbB4 overexpression nor exposure to the ErbB4 ligand
HRG (100 ng/ml) stimulated wound closure above basal levels (Fig. 4B). Effects of ErbB4
loss are also unlikely to be a result of altered proliferation, as in this model significant
proliferation is not observed over the 8h experimental period under nonpermissive
conditions23.

ErbB4 promotes cell survival in the presence of TNF
As an increased apoptosis rate could account for a decreased restitution rate, we asked whether
loss of ErbB4 affects intestinal cell survival either basally or under stress induced by TNF
exposure. YAMC cell cultures were transfected with siRNA pools, incubated with vehicle or
100 ng/ml TNF for 6h, and subjected to TUNEL apoptosis assays. ErbB4 knockdown resulted
in a significant increase in both baseline (7% vs. 12%, p < 0.001) and TNF-stimulated (9% vs.
19%, p<0.001) apoptosis (Fig. 5A). Notably, while in control cells TNF did not cause
significant cell death, in ErbB4 siRNA transfected cells it showed cell kill rates comparable to
TNF+cycloheximide or TNF+Wortmannin positive controls. To control for possible off-target
effects of the siRNA, a rescue experiment was performed using expression of human ErbB4,
which is only partly affected by mouse ErbB4 siRNA. Re-expression of ErbB4 rescued cells
from siRNA-induced apoptosis and loss of wound healing capacity, indicating that these results
are specific to ErbB4 knockdown (Supplementary Fig. 6). For biochemical confirmation of
apoptosis, lysates from transfected cells exposed to TNF were subjected to Western blot
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analysis for active caspase 3. TNF induced caspase 3 cleavage by 3h only in ErbB4 siRNA
transfected cells (Fig. 5A).

We also asked whether ErbB4 overexpression, such as is observed during experimental colitis
(Fig. 2), could support cell survival in a cytotoxic environment. YAMC cells stably transfected
with vector or ErbB4 were treated with 100 ng/ml TNF plus 1 µg/ml cycloheximide. As
determined by either TUNEL assay or caspase 3 Western blot, TNF+cycloheximide stimulated
apoptosis in vector-expressing cells, while overexpression of ErbB4 protected from this cell
death (Fig. 5B).

ErbB4 mediates TNF-induced Akt activation in intestinal epithelial cells
To explore the signal transduction underlying ErbB4 stimulated intestinal epithelial cell
survival, YAMC cell cultures were exposed to the ErbB4 ligand HRG (100 ng/ml) and whole
cell lysates were probed for phosphorylation of ErbB receptors and downstream signaling
modules. HRG induced phosphorylation of both pro- and anti-survival signaling molecules,
including Akt, ERK1/2, and p38 (Fig. 6A). However, HRG also activated three ErbBs [ErbB2,
-3, and -4 (Fig. 6B)], making it difficult to specifically attribute responses to this ligand to
ErbB4. Therefore, we exposed cells transfected with ErbB4 siRNA or overexpressing ErbB4
to TNF and analyzed whole cell lysates for activation of signaling cascades. TNF stimulates
Akt, ERK1/2, and p38 phosphorylation as well as IKB-α degradation (and thus NF-KB
activation) in YAMC cells (Fig. 7A). Of these, ablation of Akt activation by PI 3-kinase
inhibition or blockade of NF-KB activity in the presence of TNF potently stimulate apoptosis
(Fig. 5A and data not shown, respectively). ErbB4 siRNA blocked TNF-stimulated Akt
phosphorylation but not IKB-α degradation or phosphorylation of p38 or ERK (Fig. 7A).
Consistent with this result, ErbB4 overexpression enhanced both basal and TNF-stimulated
Akt activation (Fig. 7B and Supplementary Fig. 7) without affecting other downstream
signaling cascades tested.

To confirm that PI 3-kinase/Akt signaling in response to TNF is important for ErbB4-mediated
cell survival, colon epithelial cells expressing either vector or exogenous ErbB4 were exposed
to TNF with or without the PI 3-kinase inhibitor LY294002 (5 µM) for 6h and cell apoptosis
was measured by TUNEL assay. At this concentration the inhibitor completely blocked TNF-
induced Akt phosphorylation (data not shown). While ErbB4 overexpression protects colon
epithelial cells from apoptosis induced by TNF+cycloheximide (Fig. 5B), ErbB4 did not protect
against the TNF+LY294002 combination (Fig. 7C), supporting the conclusion that PI 3-kinase/
Akt signaling is important for ErbB4-induced cell survival in the presence of TNF.

Discussion
This study describes a novel mechanism for regulation of the ErbB4 receptor tyrosine kinase
by inflammatory cytokines. We report that TNF stimulated ErbB4 expression in intestinal
epithelial cells both in cell culture and in vivo; receptor levels also increased in human IBD or
during injury and recovery in a murine experimental colitis model. siRNA ablation of ErbB4
inhibited TNF-stimulated phosphorylation of the pro-survival Akt kinase and sensitized cells
to apoptosis, while ErbB4 overexpression protected cells from TNF+cycloheximide
cytotoxicity. Together with the observation that ErbB4 siRNA impairs wound healing of
cultured intestinal epithelial cells, these data position ErbB4 as an important participant in the
epithelial response to injury and inflammation.

ErbB4 is normally expressed at low levels in unchallenged epithelial tissues. Thus, receptor
induction by cytokines represents a potential cytoprotective mechanism under stress
conditions. Increased ErbB4 expression is likely to modulate both the amplitude and character
of an EGF or HRG-family ligand stimulus, as ErbB receptors form both homo- and
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heterodimers, and different dimers can promote distinct cellular outputs27, 28. In our studies,
basal ErbB4 expression was required for acute TNF-induced Akt signaling (Fig. 7A). ErbB4
overexpression further increased this signal (Fig. 7B), suggesting a model in which the low
levels of endogenous ErbB4 are sufficient for initial signaling responses to cytokines, but
sustained cell survival requires an accumulation of ErbB4. Interestingly, Akt signaling in
mouse colon epithelial cells following TNF exposure appears to be largely acute with only
mildly elevated phospho-Akt detectable after several hours, even though PI 3-kinase inhibition
has sustained effects on cell survival (Fig. 7C). It is not clear whether the small sustained
stimulation of this pathway is necessary for later anti-apoptotic responses, or if in contrast acute
activation of this pathway by TNF triggers additional downstream targets which then convey
cell survival.

TNF also promotes metalloproteinase-dependent release of ErbB ligands29, 30, specifically
through TNF converting enzyme (TACE) activity as shown by Argast and colleagues. ErbB4
can also be cleaved by TACE31, releasing the constitutively active 4ICD fragment11. Thus,
TNF-stimulated TACE activity provides a dual mechanism of stimulating cellular tyrosine
kinase activity in which ErbB4 expression is induced and full-length receptor rapidly cleaved,
while concomitant release of other ErbB ligands activates additional receptors. In this study
we observe little to no change in EGFR or ErbB2 expression (Fig. 3), but a few reports have
described TNF-induced increases in EGFR levels, primarily in cancer cells32, 33 or
fibroblasts34. However, for the most part modulation of other ErbB receptor levels by cytokines
in normal epithelial cells has not been reported. It is not clear whether the difference between
our study, in which TNF-stimulated changes in ErbB expression were restricted to ErbB4, and
other studies is due to tissue type or the difference between cancer cells and our non-
transformed cell model. It should be noted that TNF does stimulate EGFR and ErbB2
phosphorylation in colon cells under some conditions35, suggesting that in addition to overall
increased tyrosine kinase activity, TNF-stimulated ErbB4 accumulation represents an avenue
to alter the pool of heterodimer partners available to EGFR and ErbB2. Such a shift in dimer
composition could be critical in specifying the outcome of a cellular stimulus27, 28.

The possibility of an NF-KB-mediated mechanism by which TNF exerts its effects on ErbB4
is raised by the observation that forced NF-KB activation recapitulated TNF-induced ErbB4
expression (Fig. 3). It must be noted that a specific requirement for NF-KB in TNF's effects
could not be directly tested as the combination of TNF and NF-KB inhibitor was rapidly
cytotoxic, but the available data are consistent with the idea. TNF robustly activates NF-KB in
our system [see Fig. 7, IKB-α panel and 19] and NF-KB activation was sufficient to stimulate
ErbB4 accumulation. Interestingly, ErbB4 has in turn been implicated in NF-KB activation via
NF-KB inducing kinase (NIK). In 293 cells, ErbB4/ErbB2 dimers form complexes with NIK
and Grb736, and receptor activation promotes NF-KB activity in a NIK-dependent manner.
Taken together with this result, our data suggest a positive feedback loop analogous to a recent
report in which Zhu and colleagues showed that ErbB4 4ICD functions as an estrogen receptor
transcriptional coregulator in breast cancer cells, while at the same time being a transcriptional
target of the estrogen receptor37. It is tempting to speculate that ErbB4's low expression in
many adult tissues is part of a regulatory mechanism for induction of an ErbB "reserve" by
hormones or cytokines, allowing for rapid accumulation of receptor in stressful conditions.

Pro-survival roles for ErbB4 have been described in a subset of breast cancer cell studies8 and
PC12 pheochromocytoma cells7. Our data are in agreement with these reports. However, in
some contexts ErbB4 promotes rather than inhibits apoptosis. The Jones laboratory recently
showed that nuclear 4ICD stimulates breast cancer cell apoptosis by acting as a BH3-only
protein38 and expression of a highly active ErbB4 mutant induced significant cell death in
multiple cell lines39. One possible explanation for these divergent results is a biphasic response
to ErbB4, in which moderate amounts of receptor support survival but sustained excessive
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signaling is cytotoxic. In our results, the low endogenous ErbB4 expression in YAMC cells
promotes cell survival (Fig. 5A). Our overexpressing cell pools have substantially less ErbB4
than naturally expressing cell models such as T47D (data not shown), and thus may not meet
a necessary threshold for ErbB4-mediated cell killing. Alternatively, differing ErbB4 isoform
expression, variant expression of other ErbBs, or other specifics of cell context may be key
factors in determining whether ErbB4 promotes survival or apoptosis.

TNF primarily induces cleavable ErbB4 in YAMC cells, as demonstrated by a robustly
detectable 80 kDa fragment (Fig. 2&Fig 3). Both CYT-1 and CYT-2 forms of the receptor are
expressed in intestinal cells (Supplementary Fig. 1). CYT-1 contains the YTPM motif required
for PI 3-kinase binding in NIH 3T3 cells8, and thus may be important for the effects observed
on Akt activation and cell survival (Fig. 7). On the other hand heterodimerization with ErbB3,
which is rich in functional YXXM motifs, could readily result in amplification of Akt activation
by CYT-2 ErbB4. The different species of ErbB4 mRNA present in colon epithelial cells may
function in different cell physiological pathways. For example, decreased wound healing after
ErbB siRNA transfection may reflect increased cell apoptosis and thus a slightly decreased
cell density, which is directly reflected in a wound closure assay (data not shown). However
given that ErbB4 is required for cell migration and axon guidance in neural development40, a
role in epithelial cell adhesion or migration cannot be completely ruled out.

In summary, results presented here identify ErbB4 as a TNF-inducible receptor and position
it as a regulator of repair in response to injury and inflammation. In the context of elevated
ErbB4 in pediatric Crohn's colitis (Fig. 1), these data have implications for future IBD treatment
strategies. It should also be noted that sustained elevation of growth factor receptor activity in
the context of injury and inflammation may promote the transition from chronic inflammation
to cancer41. Because intestinal cancer is a significant complication for patients with Crohn's
Disease or ulcerative colitis42, 43, a thorough understanding of the specific signaling targets
and biological function(s) of individual ErbB4 isoforms in both healthy and inflamed epithelia
will be key for the development of effective therapeutic avenues targeting this signaling axis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ErbB4 expression increases in human IBD
Fixed, paraffin-embedded biopsy sections from normal colon and Crohn’s colitis tissue were
subjected to immunohistochemical analysis using anti-ErbB4 or Ig control. Bars, 100 µm.
Magnified boxes show representative crypts with nuclear staining in the epithelium of the
Crohn’s tissue.
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Figure 2. ErbB4 expression increases in experimental colitis
(A) C57BL/6 mice were given 3% DSS in drinking water for 4d followed by 3d recovery.
Fixed colon sections were subjected to immunohistochemical analysis for ErbB4. Inset shows
expression at bottom of the crypt. (B) Mucosal lysates were subjected to Western blot analysis
for ErbB4. EGFR, ErbB2, and actin were measured as loading controls. (C) Mice were injected
with PBS or TNF (104 units); after 24h colons were fixed and stained for ErbB4. (D) Mucosal
lysates were subjected to Western blot analysis for ErbB4. fl, full-length ErbB4; 4ICD, 80 kDa
intracellular ErbB4; bars, 100 µm.
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Figure 3. TNF stimulates ErbB4 expression in intestinal epithelial cells
YAMC cells were exposed to 100 ng/ml TNF for indicated times. (A) ErbB4 was
immunoprecipitated and immunocomplexes subjected to Western blot analysis for either
ErbB4 or phosphorylated (PYY1162) ErbB4. EGFR, ErbB2, and actin in lysates were assessed
as loading controls. fl, full-length ErbB4; 4ICD, 80 kDa ErbB4 fragment. (B) Total cellular
RNA was subjected to RT-qPCR analysis for ErbB4. (C) YAMC cells were transiently
transfected with non-targeting (NT), IKB-α, or ErbB4 siRNA. ErbB4 was immunoprecipitated
and assessed by Western blot.
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Figure 4. ErbB4 deletion inhibits mouse colon epithelial cell monolayer wound healing
(A) YAMC cells on fibronectin were transfected with non-targeting (NT) or ErbB4 siRNA for
72h and subjected to a wound healing assay. TNF (100 ng/ml) or EGF (10 ng/ml) were included
as indicated. (B) YAMC cells were transfected with vector or human ErbB4 expression
construct and subjected to a wound closure assay with or without 100 ng/ml HRG.
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Figure 5. ErbB4 promotes intestinal epithelial survival in the presence of TNF
(A) YAMC cells were transfected with non-targeting (NT) or ErbB4 siRNA, treated with 100
ng/ml TNF for 6h, and subjected to TUNEL apoptosis assay. Labeled nuclei from >100 cells
from at least 3 random fields per condition were counted in each experiment. Western blot
analysis for cleaved (active) caspase 3 was performed on lysates of transfected cells exposed
to TNF for 3 or 5 h. TNF+Wortmannin, positive control. (B) Vector or ErbB4 overexpressing
cells were exposed to TNF+cycloheximide (1 µg/ml) for 5 h and apoptosis was measured by
TUNEL assay; caspase 3 activation was assessed by Western blot analysis at 1, 3, and 5 h.
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Figure 6. HRG stimulates both pro- and anti-apoptotic signals
YAMC cells were treated with 100 ng/ml HRG for 10 min. Lysates were subjected to Western
blot analysis using the indicated antibodies. PY, phosphotyrosine.
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Figure 7. ErbB4 promotes Akt activation in response to TNF
(A) YAMC cells were transfected with ErbB4 siRNA and treated with 100 ng/ml TNF for
indicated times. Signal pathway activation was determined by Western blot analysis. (B) Cells
overexpressing vector or ErbB4 were treated with TNF; signaling was determined by Western
blot analysis. P, phospho. (C) Vector and ErbB4-expressing cells were exposed to TNF with
or without the PI 3-kinase inhibitor LY294002 (5µM) for 6h and apoptosis was measured by
TUNEL assay.
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