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Background: Neuregulin-4 is a selective ligand for the ErbB4 receptor tyrosine kinase.
Results: In colon epithelial cells, inflammatory cytokine-induced apoptosis is blocked by neuregulin-4, but proliferation and
migration are not affected.
Conclusion: ErbB4 activation by neuregulin-4 is a specific anti-apoptotic signal.
Significance:Neuregulin-4/ErbB4 signalingmight be therapeutically useful for diseases involving excessive epithelial apoptosis.

Expression of the ErbB4 tyrosine kinase is elevated in colonic
epithelial cells during inflammatory bowel disease, whereas
ErbB4 overexpression in cultured colonocytes blocks TNF-in-
duced apoptosis in a ligand-dependentmanner. Together, these
observations suggest that ErbB4 induction may be a protective
response. However, the effects of ErbB4 signaling in the colonic
epithelium in vivo are not known. Furthermore, previous work
on ErbB4 used ligands shared with other receptors, raising the
question of whether the observed responses are explicitly due to
ErbB4. In this study, we used the ErbB4-specific ligandneuregu-
lin-4 (NRG4) to activate ErbB4 and define its role in colonocyte
biology. NRG4 treatment, either in cultured cells or in mice,
blocked colonic epithelial apoptosis induced byTNF and IFN-�.
It was also protective in a murine experimental colitis model.
NRG4 stimulated phosphorylation of ErbB4 but not other ErbB
receptors, indicating that this is a specific response. Further-
more, in contrast to related ligands, NRG4 enhanced cell sur-
vival but not proliferation or migration, and stimulated phos-
phorylation of the anti-apoptotic mediator Akt but not ERK
MAPK. Pharmacological inhibition of PI3K/Akt signaling
reversed the anti-apoptotic effects ofNRG4, confirming the role
of this cascade in NRG4-induced cell survival. With regard to
the potential clinical importance of this pathway, NRG4 expres-
sion was decreased in human inflammatory bowel disease sam-
ples and mouse models of colitis, suggesting that activation of
ErbB4 is altered in disease. Thus, exogenous NRG4may be ben-
eficial for disorders in which epithelial apoptosis is part of the
pathology.

ErbB4 is the least well understood member of the family of
receptor tyrosine kinases that also includes EGF receptor

(EGFR2/ErbB1), ErbB2/HER2, and ErbB3 (1). ErbBs recognize
and are activated by a suite of ligands, including heparin-bind-
ing EGF-like growth factor (HB-EGF), betacellulin, and the
heregulin/neuregulin family (2). Ligand binding is associated
with receptor dimerization, increased tyrosine kinase activity,
and autophosphorylation on C-terminal tyrosine residues,
which then provide docking sites for downstream effectors (3).
Different ligands show distinct specificities and affinities for
different ErbB receptors and stimulate diverse dimerization
patterns, signaling, and cellular responses (4, 5).
ErbB4 has several features that distinguish it fromother tyro-

sine kinases,making it a unique target both in terms of signaling
and a potential role in human disease. It can bind both heregu-
lin/neuregulin growth factors and a subset of EGF family fac-
tors (6), but at least one peptide ligand, NRG4, is exclusive to
ErbB4 and does not bind ErbB1 to �3 (7). Furthermore, ErbB4
associates with a divergent and more restricted suite of Src
homology 2 domain-containing targets than EGFR, ErbB2, or
ErbB3 (8). Thus, selective ErbB4 activation with NRG4 may
elicit different cellular outcomes than stimulation with other
EGF-like or heregulin family molecules.
Crohn’s disease and ulcerative colitis, collectively known as

inflammatory bowel disease (IBD), together affect more than
1.4 million American patients (9). The causes and cures of IBD
remain elusive, but it is clear that a general feature of the pathol-
ogy of these disorders is elevated apoptosis in the intestinal
epithelium (10, 11), driven by inflammatory cytokines, such as
TNF and IFN-�. Thus, identifying signal transduction path-
ways that protect colon epithelial cells from cytokine- or injury-
induced apoptosis will lead to new methods to control disease
flares.
ErbB4 is induced in colonic epithelial cells by inflammatory

cytokines and is present at elevated levels in the inflamed
colonic mucosa of IBD patients (12). This appears to be a com-
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ess because ectopic ErbB4 overexpression protects cultured
mouse colon epithelial cells from cytokine-induced apoptosis
in a ligand-dependentmanner (12–14). However, these studies,
like most investigation of ErbB4 function, used shared ErbB
ligands heregulin (HRG)-1� orHB-EGF, raising the question of
signal specificity. Furthermore, the in vivo biology of this recep-
tor in the colon has not been investigated. In this study, we
addressed these issues by using the ErbB4-specific ligand
NRG4, to test (a) the cellular response to selective ErbB4 acti-
vation and (b) the effects of ErbB4 activation in vivo.

EXPERIMENTAL PROCEDURES

Cell Culture—Conditionally immortalized, non-transformed
young adult mouse colon (YAMC) epithelial cells were pro-
vided by Dr. Robert Whitehead (15). These cells express low
levels of endogenous ErbB4; YAMC-B4 cells expressing a
humanErbB4 constructwere generated as described previously
(12). Cell pools showing no autocrine ErbB4 activation were
selected for use and maintained under permissive conditions
(33 °C in RPMI 1640 with 5% FBS, 5 units/ml mouse interfer-
on-� (Peprotech, Rocky Hill, NJ), 100 units/ml penicillin and
streptomycin, 5�g/ml insulin, 5�g/ml transferrin, and 5 ng/ml
selenous acid (BDBiosciences)) and then shifted to nonpermis-
sive conditions (RPMI 1640 containing 0.5% FBS, streptomycin
and penicillin without IFN-�, insulin, transferrin, or selenous
acid at 37 °C) overnight before use in experiments.
Antibodies, Cytokines, Growth Factors, and Inhibitors—An-

tibodies were purchased from the following companies: mono-
clonal anti-actin (Sigma); polyclonal anti-phospho-Tyr-1284
ErbB4, phospho-Tyr-1068 EGFR, phospho-Tyr-1248 ErbB2,
phospho-Tyr-1289 ErbB3, EGFR, ErbB2, ErbB3, phospho-Ser-
473Akt, cleaved caspase-3, cleaved poly(ADP-ribose) polymer-
ase, phospho-p38, and phospho-ERK (Cell Signaling, Danvers,
MA); polyclonal anti-ErbB4 (c-18) and goat polyclonal anti-
COX-2, Santa Cruz Biotechnology, Inc. (Santa Cruz, CA);
anti-Ki67 (Dako Corp., Carpinteria, CA); IRDye anti-mouse,
anti-rabbit, and anti-goat (LI-COR Corp., Lincoln, NE); Alex-
aFluor-555-conjugated anti-rabbit (Invitrogen). Recombinant
murine TNF (also known as TNF-�), IFN-�, and EGF were
from Peprotech. HRG-1� and anti-caspase antibody were from
R&DSystems (Minneapolis,MN). RecombinantNRG4 (A1/A2
ectodomain sequence (16)) was synthesized byGenscript Corp.
(Piscataway, NJ). LY294002 and wortmannin (PI3K inhibitors)
were from Cell Signaling and Enzo Life Sciences (Farmingdale,
NY), respectively.
Animals—All animal usewas approved andmonitored by the

Children’s Hospital Los Angeles Institutional Animal Care and
Use Committee. Experiments used 6–8-week-old male
C57Bl/6J mice (Jackson Laboratory, Bar Harbor, ME). Cyto-
kines, growth factors, and inhibitors were given by intraperito-
neal injection. 24 h after injections, mice were sacrificed, and
colons were collected either for fixation and embedding or for
epithelial lysates. For the latter, colons were incubated in Cell
Recovery Solution (BD Biosciences) for 1 h at 4 °C; epithelial
crypts were released by vigorous shaking and collected by low
speed centrifugation, similar to previous reports (17). Collected
epithelial tissue was lysed and processed similar to cultured
cells as described below. Purity of the epithelial isolates was

assessed by microscopic inspection at isolation and Western
blot analysis for E-cadherin and smooth muscle actin (not
shown); the epithelial isolates consisted primarily of intact
released crypts that were E-cadherin-positive and smoothmus-
cle actin-negative.
For acute colitis studies, mice were given 3% (w/v) dextran

sulfate sodium (DSS) in drinking water for 7 days with daily
intraperitoneal injections of either PBS or NRG4 (100 �g/kg).
Animals were weighed daily throughout the experiment and
then sacrificed on day 7. Colons were removed, cleaned, rolled,
fixed in 4% paraformaldehyde, embedded in paraffin, and sec-
tioned for histological evaluation. Histological damage was
scored using a protocol similar to that of Dieleman et al. (18), in
which five categories (amount of inflammation, depth of
inflammation, percentage of crypts involved by inflammation,
crypt damage, and percentage of crypts involved by crypt dam-
age) are scored 0–3 by a pathologist blind to experimental con-
ditions. Total scores are the sum of these five categories.
For chronic murine colitis samples, IL-10�/� mice on

C57Bl/6 background were maintained unchallenged until
32–36 weeks of age, at which point knock-out mice but not
wild-type animals have extensive inflammatory cytokine-
driven colitis (19). Homogenates of flash-frozen whole colons
or isolated epithelial cells were prepared.
Immunofluorescence and Histochemical Analysis—Tissues

and cells were fixed with 4% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA). Immunostaining was per-
formed using standard techniques on 4–6 �M paraffin-embed-
ded sections or fixed YAMC-B4 cells, using the manufacturers’
suggestions for antibody dilutions. For immunofluorescence,
slides were mounted with Vectashield medium containing
DAPI (Vector Laboratories, Burlingame, CA). For immunohis-
tochemistry, diaminobenzidine substrate was from Sigma, and
sections were counterstained with methyl green (Dako).
Cell Lysates, Immunoprecipitation, and Western Blot

Analysis—Cell lysates were extracted in modified radioim-
mune precipitation assay buffer as described previously (20),
cleared by centrifugation, and boiled in Laemmli sample buffer.
For immunoprecipitation experiments, cleared radioimmune
precipitation assay lysates were sequentially incubated with 2
�g of anti-ErbB4 and then protein A/G-agarose beads (Santa
Cruz Biotechnology, Inc.); immunocomplexes were collected,
washed, and eluted by boiling in Laemmli buffer.
Samples were separated on SDS-polyacrylamide gels (6–10%

as appropriate), blotted on PVDFmembranes, and subjected to
quantitative immunoblot using the LI-COR Odyssey infrared
detection system. Equal loading was monitored by immunob-
lots for actin and at least one additional protein.
Apoptosis Assays—Apoptosis was stimulated in cell culture

by a 6-h exposure to a cytokine mixture containing TNF (100
ng/ml) plus IFN-� (150 units/ml), with or without recombinant
NRG4 (100 ng/ml). In some experiments, PI3K inhibitor
LY294002 (5 �M) or wortmannin (10 nM) was also used. Cells
were fixed in 4% paraformaldehyde and immunostained for
cleaved caspase-3.
For apoptosis analysis in vivo, mice were injected intraperi-

toneally with PBS/vehicle, TNF (250 �g/kg) plus IFN-� (250
units/g), NRG4 (100 �g/kg), or NRG4 plus TNF and IFN-�. In

NRG4 Inhibits Colon Epithelial Cell Apoptosis

NOVEMBER 16, 2012 • VOLUME 287 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 39851



some experiments, LY294002 (50 mg/kg) or wortmannin (1
mg/kg) was included. After 24 h, mice were euthanized, and
colons were removed and either fixed or used to make mucosal
homogenates. Apoptosis was detected by in situ oligonucleo-
tide ligation (ISOL; EMDMillipore, Billerica, MA) staining for
DNA fragmentation in epithelial cells on sections of paraffin-
embedded tissue and by cleaved caspase-3 Western blot on
homogenates.
Proliferation Assays—The proliferative index in fixed colon

specimens was assessed by immunohistochemical stain for
Ki67. In vitro, cells were exposed to vehicle or growth factors
for 24 h and then labeled with 5-ethynyl-2-deoxyuridine (EdU)
for 2 h and fixed. Nuclei were marked with DAPI, and incorpo-
rated EdU was detected using a Click-iT EdU kit (Invitrogen).
Cell Migration/Restitution—Cells grown on fibronectin-

coated plates were subjected tomultiple circular wounds with a
rotating silicone probe as described previously (21). Cultures
were photographed immediately and 8 h after wounding; per-
centage closure was determined by measuring wounds in
ImageJ (National Institutes of Health, Bethesda, MD).
RNA Isolation andRT-PCRDetection of ErbBLigands—Total

RNA from flash-frozen whole mouse colon or isolated epithe-
lial cells was purified with RNeasy columns (Qiagen, Valencia,
CA), including on-column DNase treatment. cDNA was syn-
thesized from 1 �g of RNAwith iScript (Bio-Rad), amplified by
standard PCR techniques using previously described primers
(22), and visualized by gel electrophoresis.
Real-timeQuantitative PCR (qPCR)Analysis of NRG4 in IBD—

NRG4 and HRG-1� expression levels were determined in
human IBD using TaqMan gene expression assays (Invitrogen)
on TissueScan Crohn’s/colitis qPCR arrays (OriGene Technol-

ogies (Rockville MD); these specimens from resected human
disease were fully deidentified before receipt, and the study was
reviewed by the Children’s Hospital Los Angeles Institutional
ReviewBoard anddetermined to not qualify as “human subject”
research per §46.102(f)(2)). Relative mRNA levels were calcu-
lated using the 2���CT method with �-actin as the reference;
validity of the reference was confirmed by comparison with a
second reference gene (�-glucuronidase).
Statistics and Replicates—All data are representative of at

least three independent experiments. Statistical analyses were
performed with Prism software (GraphPad Inc., La Jolla, CA).
Statistical significance was assessed by analysis of variance with
Tukey’s post-test or Kruskal-Wallis test, as appropriate. Error
bars indicate S.E. values.

RESULTS

NRG4 Blocks Inflammatory Cytokine-induced Colonocyte
Apoptosis both in Vitro and in Vivo—Multiple ErbB family
ligands are expressed in the colon (Table 1). Of these, only
NRG4 is thought to be specific for ErbB4 versus other family
members (7); thus, we used this ligand to define the role of
ErbB4 activation in colonic epithelial biology. When cultured
mouse colonic epithelial cells expressing ErbB4 (YAMC-B4
cells) were given 100 ng/ml NRG4, cells were protected from
apoptosis induced by 6-h exposure to a cytokine mixture con-
taining TNF (100 ng/ml) and IFN-� (150 units/ml), as mea-
sured by immunofluorescence analysis for cleaved caspase-3
(Fig. 1A; 2.7-fold decrease with cytokines plus NRG4 versus
cytokines alone, p � 0.03). Similar results were obtained by
TUNEL assay (not shown). Apoptosis inhibition by NRG4 was
dose-dependent, with significant effects at 10 ng/ml and above
(Fig. 1B). To confirm that this result was specifically due to
ErbB4 stimulation, we exposed YAMC-B4 cells to NRG4 for 10
min and determined phosphorylation of ErbB family members
by Western blot analysis of cell lysates. Although the positive
controls EGF andHRG-1� stimulated phosphorylation of mul-
tiple ErbBs (Fig. 2A), NRG4 activated only ErbB4, confirming
reports from other systems that NRG4 is an ErbB4-specific
ligand. Furthermore, whereas HRG-1� promoted association
between ErbB4 and other ErbB receptors as shown by immu-
noprecipitation analysis, NRG4 did not (Fig. 2B).

TABLE 1
ErbB ligands expressed in mouse colon
RNA was prepared from flash-frozen whole mouse colon or isolated colon epithe-
lium (n � 4 each) and then subjected to RT-PCR analysis for presence of the indi-
cated ligands (receptor binding specificities indicated in parentheses).

Ligand Whole colon Isolated epithelial cells

EGF (EGFR) � �
HB-EGF (EGFR, ErbB4) � �
Betacellulin (EGFR, ErbB4) � �
NRG4 (ErbB4) � �
HRG-1� (ErbB3, ErbB4) � �
TGF-� (EGFR) � �

FIGURE 1. NRG4 blocks cytokine-induced apoptosis in cultured colon epithelial cells. A, YAMC-B4 cells were exposed to TNF (100 ng/ml) plus IFN-� (150
units/ml), with or without NRG4 (100 ng/ml). After 6 h, cells were fixed, and apoptosis was assessed by immunofluorescence analysis for cleaved caspase-3. The
graph represents results from four independent experiments; error bars indicate S.E. values. Statistical significance was assessed by analysis of variance with
Tukey’s post-test. B, cells were treated with TNF plus IFN, with 0 –1000 ng/ml NRG4, and apoptosis rates were determined. @, p � 0.01 versus control; **, p � 0.01
versus TNF � IFN. The graph represents results from three independent experiments.
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To translate these results into an in vivo setting, we injected
6–8-week-old C57Bl/6 mice intraperitoneally with 250 �g/kg
TNF plus 250 units/g IFN-�, with or without NRG4 (100
�g/kg). 24 h after injections, colons were harvested. In agree-
ment with the cell culture data, Western blot analysis for
cleaved caspase-3 on isolated epithelial cells determined that
NRG4blocked cytokine-induced apoptosis in vivo (Fig. 3,A and
B; 3.6-fold decrease, p � 0.012). Similar results were obtained
with Western blot analysis for cleaved poly(ADP-ribose)
polymerase (data not shown). ISOL staining on sections of

fixed, paraffin-embedded colons also showed a significant reduc-
tion in epithelial apoptosis with NRG4 (Fig. 3, C and D; 3.1-fold
decrease, p� 0.0001). Together, our data show thatNRG4 activa-
tionofErbB4 incolonepithelial cells protects themfromcytokine-
induced apoptosis both in cell culture and in vivo.
NRG4Reduces the Severity of DSSColitis—Because increased

levels of colonic epithelial apoptosis may be involved in IBD (10,
11), we asked whether NRG4 affects the course of acute experi-
mental colitis using the well characterized DSS model (23).
8-week-oldC57Bl/6micewere given3%DSS indrinkingwater for
7 days to induce colitis, with either PBSorNRG4 (100�g/kg) daily
by injection. Severity of disease was determined by histological
scores (18), weight loss, and colon shortening. All three parame-
ters were significantly improved by NRG4 administration (Fig. 3,
E–G). No inflammation/damage, weight change, or altered colon
length were observed in mice given PBS or NRG4 without DSS
(data not shown). These results suggest that NRG4 promotion of
cell survival may translate to protection from colitis.
Colonocyte Proliferation and Migration Are Not Affected by

NRG4—Most ErbB ligands stimulate multiple cellular pro-
cesses, including proliferation and migration, in colon epithe-
lial cells (24). To determine if NRG4 is similarly broad in its
cellular effects, we subjected YAMC-B4 cells to proliferation
assays in the presence of NRG4. After 24-h stimulation with
NRG4, cellular uptake of the modified nucleoside EdU was not
different from control, whereas in contrast, EGF stimulated
proliferation by 31.5% over control (Fig. 4A). In vivo, the num-
ber of Ki67-positive nuclei per crypt in PBS- versus NRG4-in-
jected mice was not altered 24 h postinjection (Fig. 4B).
To test the potential effect of NRG4-ErbB4 signaling on cell

motility, we used a modified scratch assay for restitution/mi-
gration (21).Over an 8-h period,NRG4hadno effect on the rate
at which YAMC-B4 cells moved into the denuded area of a
culture plate (Fig. 4C), whereas in contrast, EGF caused a 54%
increase inmigration over control. Together, these results indi-
cate that, unlike many other growth factors, NRG4 selectively
promotes colon epithelial cell survival without affecting cell
proliferation or migration.
NRG4-ErbB4 Signaling Stimulates Akt Activation—To iden-

tify signaling pathways that could be involved in NRG4-stimu-
lated cell survival, we exposed YAMC-B4 cells to NRG4, HRG-
1�, or EGF and prepared whole cell lysates for Western blot
analysis. NRG4 exposure (100 ng/ml, 10 min) resulted in phos-
phorylation of Akt but not ERK MAPK (Fig. 5A) in a dose-de-
pendent manner (Fig. 5B), in contrast to HRG-1� and EGF,
which activated both cascades. Furthermore, COX-2 expres-
sion, which is induced by eitherHRG-1� or EGF after 6-h expo-
sure and is required for cell survival induced by ErbB4-EGFR
dimers (14), was not induced by NRG4 (data not shown). Thus,
NRG4 promotes cell survival through pathways at least partly
distinct from those activated by other ligands. Similar to the cell
culture data, Western blot analysis of colon epithelial cells iso-
lated frommice injected with NRG4 (with or without TNF plus
IFN-�) showed increased Akt phosphorylation versus controls
(Fig. 5C); increased Akt phosphorylation was also detectable by
immunofluorescence analysis on fixed colons from NRG4-in-
jected mice (Fig. 5D).

FIGURE 2. ErbB4, but not ErbB1 to �3, is stimulated by NRG4 in colono-
cytes. YAMC-B4 cells were exposed to HRG-1� (100 ng/ml), NRG4 (100
ng/ml), or EGF (10 ng/ml) for 10 min. A, phosphorylation of EGFR, ErbB2,
ErbB3, and ErbB4 was determined by Western blot analysis using phospho-
specific antibodies. The dashed line indicates excision of a superfluous lane
from the blot. B, ErbB4 was immunoprecipitated (IP), and immunocomplexes
were subjected to Western blot analysis for EGFR, ErbB2, and ErbB3 to detect
receptor co-association/dimerization. Blots are representative of results from
at least three independent experiments.
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PI3K/Akt Signaling Is Necessary for NRG4-induced Cell Sur-
vival in Vitro and in Vivo—To test the role of PI3K/Akt signal-
ing in NRG4-stimulated YAMC-B4 cell survival, we added the
PI3K inhibitor LY294002 (5 �M) or wortmannin (10 nM) to
cultures incubated with TNF plus IFN-� or TNF plus IFN-�
andNRG4. Immunofluorescence analysis for cleaved caspase-3
showed that the PI3K inhibitors reversed the protective effect
of NRG4 in YAMC-B4 cells (Fig. 6A). In vivo, injection of either

LY294002 (50 �g/kg) or wortmannin (1 mg/kg) reversed the
NRG4 blockade of cytokine-induced colon epithelial apoptosis
as measured by ISOL stain (Fig. 6B).
NRG4 Expression Is Reduced in Crohn’s Disease and Ulcera-

tive Colitis—To investigate the potential clinical relevance of a
colon epithelial cell survival pathway driven by NRG4, we stud-
ied the ligand’s expression in human inflammatory bowel dis-
ease. qPCR analysis of specimens from patients with active

FIGURE 3. NRG4 blocks cytokine-induced apoptosis in vivo and improves experimental colitis. A–D, mice were injected intraperitoneally with TNF (250
�g/kg) plus IFN-� (250 units/g), with or without NRG4 (100 �g/kg). After 24 h, colons were excised. Apoptosis was assessed by Western blot (A and B) for cleaved
caspase-3 on epithelial isolates (graph in B is a quantification of blots from four mice per condition) and ISOL stain (C and D) (images in C show representative
labeled cells) on sections of fixed, paraffin-embedded tissue. E–G, mice were given 3% DSS for 7 days and injected daily with either PBS vehicle or NRG4. Disease
parameters, including histopathological scoring on fixed, rolled colons (E), weight loss over the course of the 7-day DSS exposure (F), and colon shortening
(G), were determined. Error bars, S.E.
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Crohn’s disease and ulcerative colitis showed 5.6-fold (p �
0.05) and 7.1-fold (p � 0.01) reductions, respectively, in NRG4
expression versus uninflamed controls (Fig. 7A). In contrast, we
detected no change in expression of the shared ErbB3/ErbB4
ligand HRG-1� (Fig. 7B), suggesting a selective loss of the spe-
cific ErbB4 ligand only. Among the UC and CD groups, no

correlation between gender, age, or location of the lesion with
expression of either ligand was observed (data not shown). In
the IL-10�/� mouse model of chronic colitis (19), NRG4 pro-
tein levels were reduced in colitic animals as determined by
Western blot analysis of colonic homogenates (Fig. 7C). Fur-
thermore, whereas ErbB4 expression was elevated in the
inflamed colons, similar to what we previously reported for
human IBD or murine DSS colitis (12), ErbB4 phosphorylation
was not increased (Fig. 7C). Densitometric analysis showed a
relative 43 � 6.9% decrease of the normalized phosphorylated/
total ErbB4 ratio in IL-10�/� mice. Thus, loss of the NRG4
ligand is associated with failure to activate ErbB4 despite up-
regulation of the receptor.

DISCUSSION

Previous investigation into the role of the ErbB4 receptor
tyrosine kinase in epithelial tissues has largely relied on results
using ligands, such as HB-EGF or HRG-1� (14, 25), which also
activate other ErbB family members (e.g. see Fig. 2). In this study,
we used NRG4 to specifically activate ErbB4 in colonocytes. We
find that ErbB4 activation in the absence of detectable phospho-
rylation of EGFR, ErbB2, or ErbB3 results in an increase in anti-
apoptotic signalingboth in vitro (Fig. 1) and in vivo (Fig. 3),withno
change in cell proliferation or migration (Fig. 4). NRG4-induced
suppressionof apoptosiswasdependenton thePI3K/Aktpathway
(Figs. 5 and 6). Thus, selective activation of ErbB4 with NRG4
appears to be a specific cell survival stimulus.
Our data show phosphorylation of ErbB4, but not other

ErbBs, in response to NRG4. Taken together with previous
observations that NRG4 does not directly bind other receptors
(7), this suggests that ErbB4 homodimers are the effective
mediator of its signaling. It is formally possible that asymmetric
heterodimers (26, 27) play a role in NRG4-induced effects.
However, although there is some base-line association between
ErbB4 and other family members in mouse colonocytes, we have
not been able to detect NRG4-driven changes in this association
(Fig. 2B). Thus, in the absence of their phosphorylation or
increased ErbB4 association, it seems unlikely that ErbB1 to �3
play a significant role in downstream signaling in response to
NRG4.
In agreement with our results, an anti-apoptotic role for

ErbB4 signaling has been demonstrated in several systems,
including PC12 cells (28), colorectal cancer cells (29), and
breast cancer cells (30). However, it should be noted that this
receptor’s relationship to cell survival is complex. ErbB4-in-
duced survival responses in 3T3 cells are isoform-dependent
(31), and under certain circumstances, overexpression of con-
stitutively active ErbB4 or ErbB4 ICD fragments can actually
trigger apoptosis ofmammary epithelial cells (32, 33). Although
these disparate findingsmay in part be explained by differential
expression of alternatively spliced ErbB4 forms (34), in colon
epithelial cells, the cell survival effects of ErbB4 expression do
not appear to be isoform-dependent (12). The available
dimerizationpartners in a given cell, specific ligands present in the
tissue microenvironment, and overall ErbB4 expression/activa-
tion status are additional factors thatmaybe important in tuning a
cell’s response. Defining the ways in which cellular context regu-

FIGURE 4. NRG4 does not stimulate colonocyte proliferation or migra-
tion. A, YAMC-B4 cells were given NRG4 or EGF (10 ng/ml, positive control for
cell stimulation) for 24 h and then labeled with EdU to determine proliferative
index. The graph depicts results from three independent experiments. *, p �
0.01 versus all other columns. B, fixed colon sections from PBS- or NRG4-in-
jected mice were immunostained for the proliferative marker Ki67, and the
number of labeled cells/crypt was counted. Data points are average cells/
crypt in individual mice. n.s., not significant. C, YAMC-B4 cells were subjected
to an 8-h migration/restitution assay in the presence of NRG4 or EGF. *, p �
0.01 versus all other columns. Error bars, S.E.
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lates ErbB4 signaling will be important to define the biology and
potential therapeutic uses of this receptor and its ligands.
In this context, it is interesting that NRG4, unlike other ErbB

ligands, promotes survival but not proliferation or migration of
colon epithelial cells. In proteomic peptide-binding studies,

ErbB4 associates with amore restricted suite of Src homology 2
domain-containing targets than EGFR, ErbB2, or ErbB3 (8).
Furthermore, in the current report, we show that specific ErbB4
activation elicits only a subset of the downstream signaling,
including activation of Akt, but not ERK MAPK, compared
with other ErbB ligands, including HRG-1� (Fig. 5 and Ref. 12),
HB-EGF (35), and TGF-� (36). These observations are consist-
ent with our data showing that NRG4 is selectively a survival
factor, thus positioning ErbB4 as the only family member that
can promote cell survival without affecting proliferation or
migration. Interestingly, some pathways (e.g. COX-2) required
for the cell survival response to HRG-1� are apparently not
necessary in the case of NRG4; whether the absence of prolif-
erative signaling (e.g. ERK) with NRG4 narrows the require-
ment for cell protection from apoptosis or, in contrast, an over-
lapping but distinct set of alternative pathways are activated by
the different ligands, is an area of ongoing study in our
laboratory.
Specificity for cell survival but not cell division is in agree-

ment with the apparent lower oncogenic potential reported in
the literature for ErbB4 versus other receptor tyrosine kinases.
Although increased levels or activity of EGFR, ErbB2, or ErbB3
are in general associated with increased tumor growth, the role
of ErbB4 is less certain. It is overexpressed in endometrial (37)
and non-small cell lung cancers (38), whereas transitional cell
carcinoma of the bladder (39, 40) and prostate cancer (41, 42)
show either no correlation between ErbB4 levels and tumor
behavior or an association between expression and good prog-

FIGURE 5. Akt phosphorylation is stimulated by NRG4 in vitro and in vivo. A, YAMC-B4 cells were stimulated with NRG4 for 10 min, and whole cell lysates
were prepared. B, cells were treated with 0 –1000 ng/ml NRG4. C, mice were injected with NRG4 with or without TNF � IFN-�; after 24 h, epithelial homogenates
were prepared. Expression and phosphorylation of the indicated molecules were determined by Western blot analysis. D, Akt phosphorylation in fixed,
paraffin-embedded colonic tissue was assessed by immunofluorescence analysis. Data are representative of at least three independent experiments or mice
per condition. P-Akt, phospho-Akt.

FIGURE 6. PI3K inhibition blocks NRG4 anti-apoptotic effects. A, YAMC-B4
cells were exposed to TNF � IFN-�, with or without NRG4 and/or inhibitors to
PI3K (LY294002 (LY) or wortmannin (Wort)). After 6 h, cells were fixed, and
apoptosis was assessed by immunofluorescent staining for cleaved
caspase-3. Data are representative of four independent experiments. n.s., not
significant. B, mice were injected with TNF � IFN-�, with or without NRG4
and/or PI3K inhibitors. After 24 h, colons were fixed, and apoptosis was quan-
tified by ISOL stain.
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nosis. Studies on breast cancer have yielded a contradictory
literature, with different papers suggesting that ErbB4 expres-
sion is associated with either poor (43, 44) or favorable (45, 46)
outcome. These apparently inconsistent findingsmay be in part
explained by our results if ErbB4 signaling per se does not nec-
essarily promote cell proliferation. ErbB4 activation by HRG-
1�, which stimulates multiple receptors, does activate cancer-
associated pathways, such as COX-2, but this response is
dependent on partnering with EGFR (14). It may be that ErbB4
only promotes tumorigenesis in partnership with other, more
frankly oncogenic, ErbBs, as in for example ErbB2/4 het-
erodimerization observed in late stage colorectal cancers (47)
or the results of Lee et al. (29) identifying ErbB3/4 dimers as
tumor promoters.
The ability to block cytokine-stimulated colonocyte apopto-

sis, combinedwith the decreased risk for proliferative disorders
comparedwith other growth factors,makesNRG4 an attractive
potential therapy for conditions, such as IBD, that involve ele-
vated apoptosis in the epithelium of the small intestine or colon
(10, 11). Because ErbB4 has a number of biochemical features
(including being the sole receptor for NRG4) that distinguish it
fromother ErbB familymembers (48), it is a unique and specific
signaling target. In this regard, the observations that (a) NRG4
is deficient in both human IBD andmurine colitis (Fig. 7A) and
(b) although ErbB4 expression is elevated in the IL-10�/�

murine colitis model, it is not phosphorylated/activated (Fig.
7C), raise the possibility that NRG4 down-regulation may lead
to deficient epithelial cell survival signaling despite ErbB4 up-
regulation. Consistent with this possibility, recent work from
Feng and Teitelbaum (49) showed loss of NRG4 in a model of
total parenteral nutrition, which is associated with increased
inflammatory cytokines and decreased Akt phosphorylation
(50). A dysregulated NRG4/ErbB4 balance and an altered ratio
between NRG4 and other ErbB ligands may be important fea-
tures of IBD that can be addressed with exogenous ligand.
Ongoing work in our laboratory is aimed at further defining
NRG4 regulation in IBD, including possible clinical parameters
affecting ligand expression thatwere not revealed by the sample
set available for the current study.
In summary, our data show that selective activation of the

ErbB4 receptor tyrosine kinase with its specific ligand NRG4 is
a survival signal in colon epithelial cells. This pathway activates
PI3K/Akt signaling and blocks inflammatory cytokine-induced
apoptosis without affecting cell proliferation or migration.

However, this pathway is deficient in IBD due to a loss of the
ligand. Our observations underscore the unique properties of
ErbB4 compared with other ErbB family members and suggest
that selective ErbB4 activation represents a divergent branch of
receptor tyrosine kinase signaling with potential therapeutic
use in injury or inflammatory diseases.
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23. Egger, B., Büchler, M. W., Lakshmanan, J., Moore, P., and Eysselein, V. E.
(2000) Mice harboring a defective epidermal growth factor receptor
(waved-2) have an increased susceptibility to acute dextran sulfate-in-
duced colitis. Scand. J. Gastroenterol 35, 1181–1187

24. Frey, M. R., Golovin, A., and Polk, D. B. (2004) Epidermal growth factor-
stimulated intestinal epithelial cell migration requires Src family kinase-
dependent p38 MAPK signaling. J. Biol. Chem. 279, 44513–44521

25. Ni, C. Y., Murphy, M. P., Golde, T. E., and Carpenter, G. (2001) �-Secre-
tase cleavage and nuclear localization of ErbB-4 receptor tyrosine kinase.
Science 294, 2179–2181

26. Monsey, J., Shen, W., Schlesinger, P., and Bose, R. (2010) Her4 and Her2/
neu tyrosine kinase domains dimerize and activate in a reconstituted in
vitro system. J. Biol. Chem. 285, 7035–7044

27. Macdonald-Obermann, J. L., Piwnica-Worms, D., and Pike, L. J. (2012)Me-
chanics of EGF receptor/ErbB2 kinase activation revealed by luciferase frag-
ment complementation imaging. Proc. Natl. Acad. Sci. U.S.A. 109, 137–142

28. Erlich, S., Goldshmit, Y., Lupowitz, Z., and Pinkas-Kramarski, R. (2001) ErbB-4
activation inhibits apoptosis in PC12 cells.Neuroscience107, 353–362

29. Lee, D., Yu,M., Lee, E., Kim,H., Yang, Y., Kim,K., Pannicia, C., Kurie, J.M.,
and Threadgill, D.W. (2009) Tumor-specific apoptosis caused by deletion
of the ERBB3 pseudo-kinase inmouse intestinal epithelium. J. Clin. Invest.
119, 2702–2713
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