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Epiregulin Is Not Essential for Development of Intestinal Tumors
but Is Required for Protection from Intestinal Damage
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Epiregulin, an epidermal growth factor family member, acts as a local signal mediator and shows dual bio-
logical activity, stimulating the proliferation of fibroblasts, hepatocytes, smooth muscle cells, and keratinocytes
while inhibiting the growth of several tumor-derived epithelial cell lines. The epiregulin gene (Ereg) is located
on mouse chromosome 5 adjacent to three other epidermal growth factor family members, epigen, amphiregu-
lin, and betacellulin. Gene targeting was used to insert a lacZ reporter into the mouse Ereg locus and to ablate
its function. Although epiregulin is broadly expressed and regulated both spatially and temporally, Ereg null mice
show no overt developmental defects, reproductive abnormalities, or altered liver regeneration. Additionally, in
contrast to previous hypotheses, Ereg deficiency does not alter intestinal cancer susceptibility, as assayed in the
ApcMin model, despite showing robust expression in developing tumors. However, Ereg null mice are highly
susceptible to cancer-predisposing intestinal damage caused by oral administration of dextran sulfate sodium.

Epiregulin, a novel epidermal growth factor (EGF)-related
growth factor first identified in NIH 3T3 cell conditioned me-
dium (55), is one of seven known ligands for the epidermal
growth factor receptor (EGFR) (59). Epiregulin is synthesized
as a transmembrane precursor before being proteolytically
cleaved to release a 46-amino-acid active protein. Unlike other
EGFR ligands, epiregulin shows dual biological activity; it
stimulates proliferation of fibroblasts, hepatocytes, smooth
muscle cells, and keratinocytes but inhibits growth of several
tumor-derived epithelial cell lines (43, 51, 55). Epiregulin also
shows more potent bioactivity in vitro than other EGF-like
growth factors (36, 42, 55). Part of this potent activity can be
attributed to the fact that, like two other EGFR ligands, beta-
cellulin and diphtheria toxin receptor (formerly called heparin-
binding EGF) (16, 32, 34), epiregulin is promiscuous, binding
and activating the EGFR family member ERBB4 via het-
erodimeric interactions with ERBB2 (18, 35, 42).

Mutations generated in Egfr and the other Erbb receptor
genes by gene targeting have been used to demonstrate the
requirement for these receptors during embryonic develop-
ment (7, 11, 21, 30, 45, 53). Unlike the other ERBB receptors
that are involved in cardiac and neuronal development, EGFR
is primarily required for normal placental development and
shows a strong genetic background-dependent variation in em-
bryonic survival, with some genetic backgrounds supporting
survival to term before manifesting perinatal lethality caused
by multiorgan defects (44, 45, 53). Egfrwa2, a hypomorphic
allele of Egfr (10, 24), has been used to demonstrate the im-
portance of this receptor in various disease states. Previous
studies have shown the importance of the EGFR signal axis in

the establishment of intestinal tumors (37) and in the mainte-
nance of intestinal homeostasis in response to chemically in-
duced ulcerative colitis (4). Phenotypic analysis of targeted
mutations in genes coding for the EGFR ligands have been less
informative, probably due to functional redundancy or overlap
between different ligands. Although mutations in members of
the EGFR ligand gene family have manifested only minor phe-
notypic abnormalities, they appear to be important for normal
gastrointestinal and cardiac homeostasis, lactation, and hair
follicle morphogenesis (14, 25, 26).

Functional characterization of Ereg has predominantly been
based upon Northern blot and in situ expression analysis, with
results suggesting that epiregulin is a local cell-signaling me-
diator involved in many biological processes. The functions pro-
posed for epiregulin have included roles in reproduction, where
Ereg expression is highly localized in the ovary, uterus of early
pregnancy, placenta, and macrophages (3, 33, 41, 56, 57), me-
diation of the mitogenic effects of vasoactive antagonists in
smooth muscle cells (51), and liver regeneration (19, 57). Al-
though Ereg expression is highly correlated with survival for
those with bladder cancer (52), reports have suggested that epi-
regulin is also important for pancreatic and prostate cancer
development, based upon its upregulation and bioactivity (54,
60). The strongest evidence for a role of epiregulin during tu-
morigenesis is in Ki-ras-mediated signaling in colon cancer cells
(1); Ereg transcripts are also the most frequently detected of
the EGFR ligands in serial analysis of gene expression libraries
from colorectal cancers (2). More recently, epiregulin has been
shown to be required for immortalization of human fibroblasts
by telomerase, further suggesting a role for epiregulin during
tumorigenesis (23).

In this study, we cloned and determined the genomic struc-
ture of the mouse Ereg gene and inserted a lacZ cassette into
the locus by homologous recombination in embryonic stem
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(ES) cells to create an Ereg null allele, Eregtm1Dwt. These mice
were used to show that Ereg is widely expressed in many tissues
where the expression profile is restricted to specific subsets of
cells, displaying highly specific spatial regulation. Homozygous
Eregtm1Dwt mice are morphologically normal on two genetic
backgrounds and show normal reproductive characteristics.
Likewise, the Eregtm1Dwt null mice show normal liver regener-
ation after partial hepatectomy and unaltered susceptibility to
intestinal tumorigenesis when crossed to the ApcMin model de-
spite dramatic pathology-associated alterations in expression.
However, Ereg null mice exhibit dramatically enhanced suscep-
tibility to dextran sulfate sodium (DSS)-induced intestinal
damage, an intestinal tumor-predisposing condition, similar to
that reported previously for the Egfrwa2 hypomorphic allele.

MATERIALS AND METHODS

Cloning of Ereg. Genomic DNA from the Ereg promoter region was amplified
from a DraI GenomeWalker library (Clontech) with the following primers de-
rived from Ereg cDNA sequence (55): Ereg-AS-GSP1, 5�-AAGGTGCCTGTG
GCTGAGTTGGAACCGAG-3�, and Ereg-AS-GSP2, 5�-TGATCCAGGTA
CCAGAGCCCACCAAGTCGC-3�. The PCR-amplified fragment from the kb
�2.4 to �2.0 promoter region was used as a probe to screen a 129S6/SvEvTAC
bacterial artificial chromosome (BAC) library (RPCI-22; Roswell Park Cancer
Institute). Genomic DNA from BAC clone 96A12 was amplified with the Taq-
Plus long PCR system (Stratagene) with a series of primers based on the mouse
Ereg cDNA sequence to resolve the exon-intron boundaries: Ereg-S3 (5�-CTCA
GAGTCACAGCGACTTG-3�) and Ereg-AS2 (5�-CTAAGGCGGTACAGT
TATCC-3�) were used for amplification of exons 1 to 2, and Ereg-S2 (5�-CAG
GCAGTTATCAGCACAAC-3�) and Ereg-AS1 (5-CCTTGTCCGTAACTTGA
TGG-3�) were used for amplification of exons 2 to 5. The PCR products were
subcloned into pCR2.1-TOPO (Invitrogen) and sequenced with BigDye termi-
nator cycle sequencing (Perkin-Elmer).

Radiation hybrid mapping. The T31 mouse-hamster radiation hybrid (RH)
panel (Research Genetics) was screened with PCR primers designed from both
Btc and Ereg. PCR mixtures consisted of 25 ng of radiation hybrid DNA, 1 �l of
10� PCR buffer, 0.3 �l of 50 mM MgCl2, 0.5 �l of 10 mM dNTPs, 1 �l of each
primer at 2 �M, and 0.2 �l of Taq polymerase (2.5 U/�l) in a 10-�l final volume.
PCR was performed with 1 min of denaturation at 95°C, 1 min of annealing at
60°C, and 1 min of extension at 72°C for 35 cycles. Both primer pairs yield PCR
products of approximately 300 bp from genomic DNA of 129S6/SvEvTAC mice.
PCR products were separated on a 1.5% agarose gel and visualized with
ethidium bromide staining. The primer pairs did not amplify hamster genomic
DNA and therefore, PCRs were performed in duplicate to ensure the accuracy
of a negative result. The strain distribution pattern of the presence or absence of
product was entered into MapManager QT (28), and a chromosomal location
was determined by comparison to the latest release for the radiation hybrid panel
data (Jackson Laboratory).

Generation of Ereg null mice. Genomic DNA from BAC clone 96A12 was
digested with EcoRI, and an approximately 9-kb fragment containing exon 1 of
Ereg was subcloned into the pBSII vector (Stratagene) as follows. The sequence
encoding the 3� NdeI-EcoRI fragment was deleted, and the start codon was
replaced with a unique ClaI site by site-directed mutagenesis (Promega). A
PmeI-XbaI fragment from pHM4 (17) containing the nuclear localization signal
(nls), lacZ, simian virus 40 polyadenylation signal, and pgk-neo cassettes was
inserted into the ClaI site. Four base pairs (�1 to �4 from the translation start)
were deleted in the generation of the final targeting construct. All junctions were
verified by DNA sequencing.

Homologous recombination in TL-1 ES cells was performed as described
previously (13). Clones were screened for accurate homologous recombination
by Southern blot hybridization as follows. DNA isolated from ES cell clones was
digested with EcoRV, electrophoretically separated on a 0.8% agarose gel, and
transferred to a nylon membrane (Schleicher & Schuell). The membrane was
screened with a 0.45-kb probe derived from an NsiI-EcoRI genomic DNA frag-
ment 5� to the homologous arm of the targeting construct. Chimeric mice were
generated by blastocyst injection into C57BL/6J-derived blastocysts (13) and
implanting into a surrogate mother. Chimeric pups were born from two inde-
pendently targeted ES cell clones.

Selected chimeras were bred to identify germ line transmission of the targeted
allele. Subsequent generations of mice carrying the Eregtm1Dwt targeted allele

were maintained coisogenic on 129S6/SvEvTAC and congenic on C57BL/6J
genetic backgrounds. Genotypes were determined by PCR with three primers:
Ereg-S3, 5�-CTCAGAGTCACAGCGACTTG-3� (sense primer from the 5� non-
coding region of exon 1); Ereg-AS1, 5�-CAGCGTCAAGACCCAAGAGG-3�
(antisense primer from the coding region of exon 1); and lacZ-AS2, 5�-GCTG
CAAGGCGATTAAGTTGG-3� (antisense primer from the nls-lacZ region).
Primers Ereg-S3 and Ereg-AS1 amplify a 159-bp product specific for the wild-
type Ereg allele, and primers Ereg-S3 and lacZ-AS2 amplify a 253-bp product
specific for the targeted allele.

RT-PCR. Total RNA was prepared from tissues isolated from two wild-type
3-month-old 129S6/SvEvTAC mice with Trizol (Invitrogen). One microgram of
total RNA was reverse transcribed with Superscript II reverse transcriptase
(Invitrogen) with random hexamers. One twentieth of the reverse transcription
product was amplified by PCR with epiregulin primers Ereg-S2, 5�-CAGG
CAGTTATCAGCACAAC-3� (sense primer from exon 2) and Ereg-AS4, 5�-
CCTTGTCCGTAACTTGATGG-3� (antisense primer from exon 5) or with a
�-actin (Actb) primer set (sense strand, 5�-CTACAATGAGCTGCGTGTGG-3�;
antisense strand, 5�-CACAGGATTCCATACCCAAG-3�). The reverse tran-
scription (RT)-PCR products were resolved with 1.2% agarose gel electrophore-
sis and visualized with ethidium bromide staining. Total RNA from the colons of
wild-type, heterozygous, and Ereg null mice was also analyzed by RT-PCR with
Ereg-S3 and Ereg-AS4 to verify the absence of Ereg transcripts in null mice. The
Ereg-S3 and Ereg-AS4 primers produce a 635-bp PCR product.

Western blots. An extract of freshly collected jejunum from wild-type, het-
erozygous, and Ereg null mice was prepared by homogenization in 10 volumes
(10 ml/g) of homogenization buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl,
0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 �g of leupeptin per
ml, 1 �g of aprotinin per ml). The cleared lysate was filtered through a Micro-
con-30 filter column (Amicon), and eluted solution was further concentrated
with a Microcon-3 filter column. Equal amounts of protein lysate were loaded
onto a 20% acrylamide gel, electrophoresed, and transferred to a polyvinylidene
difluoride membrane (Bio-Rad). The membrane was incubated in blocking so-
lution containing 5% nonfat dried milk in TBST (10 mM Tris-HCl [pH 7.4], 150
mM NaCl, 0.05% Tween 20) for 1 h at room temperature and subsequently
incubated with 2 �g of polyclonal rabbit anti-EREG antibody per ml in TBS
(10 mM Tris-HCl [pH 7.4], 150 mM NaCl) at 4°C overnight. Following incuba-
tion with primary antibody, the membrane was washed four times in TBST and
then incubated in blocking solution containing goat anti-rabbit immunoglobulin
conjugated with horseradish peroxidase for 1 h at room temperature. The mem-
brane was further washed four times in TBST, and specific protein complexes
were visualized with the enhanced chemiluminescence system (Amersham-Phar-
macia).

LacZ staining. Tissues collected from Eregtm1Dwt mice were fixed in 0.2%
paraformaldehyde–2 mM MgCl2–5 mM EGTA in 1� phosphate-buffered saline
(PBS), pH 7.8, at 4°C for 10 h before equilibrating in a sucrose solution (30%
sucrose and 2 mM MgCl2 in 1� PBS, pH 7.8) at 4°C overnight. The sucrose-
infused tissues were embedded in OCT compound (Fisher) and frozen in iso-
pentane at �80°C. Cryosections (10 �m) were prepared from the tissues, post-
fixed in fixative for 10 min at 4°C, and incubated with a detergent rinse (2 mM
MgCl2, 0.01% sodium deoxycholate, 0.02% Igepal CA-630 in 1� PBS, pH 7.8)
for 10 min. The sections were incubated from 4 h to overnight at 37°C with LacZ
staining solution containing 0.04% 5-bromo-4-chloro-3-indolyl-�-D-galactopy-
ranoside (X-Gal), 2 mM MgCl2, 5 mM potassium ferricyanide, 5 mM potassium
ferrocyanide, 0.02% NP-40, and 0.01% sodium deoxycholate in PBS, pH 7.8. The
X-Gal-stained tissues were counterstained with either eosin Y or hematoxylin
and eosin Y.

Macroadenoma counts. 129S6/SvEvTAC-Eregtm1Dwt mice were bred to C57BL/6J
ApcMin/� mice, and the heterozygous Eregtm1Dwt and ApcMin F1 mice were in-
tercrossed to produce ApcMin/� mice on an Ereg wild-type, heterozygous, or Ereg
null background. The small intestines from the pylorus to the cecum and the
colon were removed from 3-month-old mice and processed as described previ-
ously (37). Polyp number and diameter were also determined and analyzed as
previously described (37).

Partial hepatectomies. Three-month-old mice were anesthetized with Isoflu-
rane (Halocarbon Laboratories), and the left and median lobes of the liver were
resected corresponding to a 70% partial hepatectomy. The regenerated right
lobe was collected for RNA isolation and LacZ staining. Ereg RNA was detected
by RT-PCR at 0, 1, 2, 4, and 8 h and 1, 2, 3, and 4 days after resection. LacZ
staining for epiregulin localization was performed at 0, 2, and 4 h and 1, 2, 3, and
4 days after resection.

DSS treatment and histological scoring. DSS (ICN, 36 to 50-kDa) was dis-
solved in deionized water at 1.5% (wt/vol) and administered to mice ad libitum
in drinking water. The body weight of each mouse was measured daily. Mice were
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fed Purina Mills Lab Diet 5058 under specific-pathogen-free conditions in an
American Association for the Accreditation of Lab Animal Care–approved fa-
cility. Mice were euthanized by CO2 asphyxiation. The colon was excised at 9
days after treatment, and gross blood content was determined by measuring the
blood clot region through the entire colon. The colon was then fixed in 10%
buffered formalin and embedded with paraffin.

Paraffin sections (7 �m) were stained with hematoxylin and eosin for histo-
logical analysis. The severity of mucosal injury was graded on a scale of 0 to 3 as
previously described with minor modifications: grade 0, normal; grade 1, partial
destruction of crypts; grade 2, complete loss of crypts; and grade 3, complete loss
of crypts and epithelial cells (6). To produce a histological score for any given
section the histological score was determined by adding the portion of injured
surface multiplied by the grade; for example, if 50% of the region was grade 1
and 50% of the region was grade 2, the final score was (0.5 � 1) � (0.5 � 2) �
1.5. Two sections of each proximal, middle, and distal region were used for
histological scoring. The histological scores from individual mice were deter-
mined by adding all six values. Histological scoring was performed in a blinded
fashion.

Statistical analysis. An unpaired t test was used to analyze associations be-
tween genotype with polyp number and size and with histological scores. DSS-
induced body weight loss was analyzed with a Mann-Whitney test. Statistical
analysis was performed with StatView (SAS Institute).

RESULTS

Structure and mapping of Ereg. A PCR-amplified 2.4-kb
genomic DNA fragment from kb �2.4 to �2.0 of the Ereg
promoter region was used as a probe to isolate five positive
BAC clones from a 1296/SvEvTAC BAC library (RPCI-22;

Roswell Park Cancer Institute). A series of primers were de-
signed based on mouse Ereg cDNA sequences to amplify se-
quences from one of the BAC clones (55). The amplified PCR
products were subcloned, sequenced, and compared with
mouse Ereg cDNA sequences to determine the genomic struc-
ture. Ereg was found to consist of five exons that spanned
approximately 19 kb of genomic DNA (Fig. 1a). The mature
form of epiregulin is encoded by exons 3 and 4.

The genomic location of Ereg was determined by screening
100 clones from the T31 mouse-hamster radiation hybrid panel
(Research Genetics) with PCR primers specific to mouse Ereg
and Btc. Analysis of the strain distribution pattern revealed
that the Btc and Ereg primers gave identical patterns, indi-
cating that they are closely linked (logarithm of the odds
[LOD], 25.6). Both primer sets showed linkage to markers
from mouse chromosome 5 (D5Mit20, LOD 10.7; and
D5Mit155, LOD 20.3) that corresponds to approximately 51
centimorgans (cM) on the consensus mouse genetic map (ww-
w.informatics.jax.org). Subsequently, a more detailed location
of Ereg was determined by comparison of Ereg cDNA se-
quences with a mouse draft genome assembly (genome.uc-
sc.edu, February 2002); this localized Ereg at chr5:90,717,211-
90,736,235. Interestingly, genes coding for three other EGF
family ligands, Epgn, Areg, and Btc, are tightly clustered within
a 376-kb region of chromosome 5 (Fig. 1a).

FIG. 1. Structure and targeting strategy for the mouse Ereg gene. Four genes for the EGF family of ligands, Epgn, Ereg, Areg, and Btc, are
located in chromosome 5 from Mb 90.7 to 91.0. (a) The exons of Ereg are labeled 1 to 5. The sizes of exons are given under each exon, and the
sizes of introns (introns 1 to 4) are given in parentheses. The empty square at exons 1 and 5 indicates 5� and 3� nontranslated region, respectively.
The Ereg wild-type allele, targeting vector, and targeted Eregtm1Dwt allele are shown in b. RI, RV, and N denote EcoRI, EcoRV, and NdeI sites,
respectively. The vector region flanking the 5� homology arm of the targeting construct is not included in this schematic, and nls, SV40pA, and neo
represent the nuclear localization signal-tagged lacZ reporter gene, a simian virus 40 polyadenylation signal, and a neomycin transphosphorylase
expression cassette, respectively. The genomic DNA fragment between NsiI and EcoRI, represented by a solid line, was used as a probe for
Southern blot hybridizations. Arrows indicate primer sets used for genotyping wild-type and targeted alleles.
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Normal development and reproduction of Ereg null mice. To
identify in vivo biological roles for epiregulin, a null mutation,
Eregtm1Dwt, was generated by homologous recombination in ES
cells (Fig. 1b). An nls-lacZ reporter was integrated behind the
5� noncoding region of Ereg in the targeting construct to facil-
itate histological analysis of endogenous Ereg expression. Cor-
rect homologous recombination events were identified by
Southern blot hybridization of EcoRV-digested genomic DNA
with an external probe, resulting in an 8.4-kb fragment from
the endogenous Ereg allele and a 5.3-kb fragment from the
targeted allele. Two of eight correctly targeted ES clones were
used to generate chimeric mice. The Eregtm1Dwt allele was suc-
cessfully transmitted through the germ line, and heterozygous
male and female offspring were intercrossed to produce Ereg
null mice. The genotype of each mouse was determined initial-
ly by Southern blot hybridization and then by PCR (Fig. 2a).

Total RNA was extracted from the tissues of mice repre-
senting each genotype and analyzed by RT-PCR with Ereg-S3
and Ereg-AS4 to demonstrate the absence of Ereg transcripts
in Ereg null mice. An RT-PCR product was only observed in
wild-type and heterozygous mice (Fig. 2b), while an RT-PCR
product from Actb was detected equally from each genotype
(data not shown). Interestingly, a PCR product from Eregtm1Dwt

homozygous mice was detected with a sense primer from the 5�
coding region of exon1 and Ereg-AS4 that was transcribed
from the pgk promoter in the targeting construct. However,
this transcript contained a frameshift mutation and produced
no functional epiregulin protein, as detected by Western blot
analysis (Fig. 2c); the mature 27-kDa epiregulin protein, which

is posttranslationally modified (1), was detected only in the
small intestine of wild-type and heterozygous mice.

Eregtm1Dwt homozygous mice were produced at Mendelian
ratios from heterozygous intercrosses and were without any
overt abnormal phenotype. Both male and female null mice
were fertile. The pregnancy rate and litter size were similar
between wild-type and Eregtm1Dwt homozygous mice, with an
average litter size of 3.88 � 0.32 (n � 17 litters) and 3.44 �
0.34 (n � 16 litters), respectively.

To further elucidate the in vivo function of Ereg, the Eregtm1Dwt

homozygous mice were crossed to mice carrying the Egfrwa2

mutation, a hypomorphic allele of Egfr (24). Eregtm1Dwt Egfrwa2

double mutant mice were also developmentally normal and
fertile. Furthermore, triple knockout mice with null mutations
in Egf, Ereg, and Tgfa were produced on a 129S6/SvEvTAC and
C57BL/6J mixed background by breeding Ereg null mice with
Areg, Egf, and Tgfa triple null mice (25). Egf, Ereg, and Tgfa
triple null mice were developmentally normal and fertile, man-
ifesting only wavy coats and incompletely penetrant open eyes,
caused by Tgfa deficiency; since Areg is tightly linked to Ereg,
the compound effect of these two mutations could not be de-
termined.

Ereg null mice have normal liver regeneration. We used
semiquantitative RT-PCR analysis to show that Ereg mRNA
levels increase rapidly after partial hepatectomy in wild-type
CD-1 mice, supporting previous reports of elevated epiregulin
in liver extracts 24 h after partial hepatectomy (data not
shown). However, liver regeneration, as measured by the
weight of regenerated liver, was normal in both Eregtm1Dwt

homozygous and Eregtm1Dwt, Egfrwa2 double mutant mice (data
not shown). Despite an increase in Ereg mRNA levels detected
by RT-PCR, LacZ staining for expression of �-galactosidase
encoded by the Egfrtm1Dwt allele revealed that the ligand was
produced in only a subpopulation of the hepatocytes (data not
shown).

Broad cellular expression of Ereg. Semiquantitative RT-
PCR analysis, used to compare the relative Ereg mRNA levels
across various tissues, revealed that relatively high levels of
Ereg transcripts were present throughout the gastrointestinal
tract, including the stomach, small intestine, and colon (Fig. 3);
lower levels of Ereg expression were observed in most other
tissues. Ereg expression was further analyzed by histologi-
cal examination of �-galactosidase activity encoded by the
lacZ reporter integrated into Eregtm1Dwt (Fig. 4). There were
no spatial staining differences between heterozygous and
Eregtm1Dwt homozygous mice. High levels of LacZ activity were
detected in punctate patches throughout the digestive tract.
Intensive staining was observed in the squamous epithelium of
the limiting ridge in the stomach (Fig. 4a), the lamina propria,
and some epithelial cells of the glandular stomach (Fig. 4b) as
well as in the tunica muscularis of the esophagus (data not
shown). Similar intensive staining was also observed in a sub-
population of cells within the lamina propria of the small
intestine, with weak expression in the small intestinal epithelial
cells (Fig. 4c). Relatively moderate expression was observed in
the epithelial cells of the proximal colon (Fig. 4d) but was rare
in the distal colon (see Fig. 6f). Compared to the strong ex-
pression of a subpopulation of cells within the lamina propria
of the proximal colon, only a few sporadic LacZ-positive cells
were observed in the lamina propria of the distal colon, and no

FIG. 2. Characterization of the Eregtm1Dwt allele. Genotypes of off-
spring were done by Southern blot (top, a) and PCR (bottom, a). The
wild-type allele results in an 8.4-kb EcoRV fragment, and the targeted
allele results in a 5.3-kb EcoRV fragment. M, 1-kb DNA ladder (Pro-
mega); �/�, wild-type; �, heterozygous; �/�, Ereg null mice. PCR
amplification of DNA extracted from the tail gives rise to a 159-bp
product specific for the wild-type Ereg allele and a 253-bp product
specific for the targeted allele. Lane M, 1-kb DNA ladder (Invitrogen).
(b) RT-PCR analysis of Ereg mRNA levels in the colon of wild-type
(�/�), heterozygous (�), and Ereg null (�/�) mice. Total RNA (1 �g)
prepared from the colons of each genotype was analyzed by RT-
PCR for 35 cycles with the Ereg-S3 and Ereg-AS4 primers. (c) Equal
amounts (33 �g) of small intestine tissue extracts were analyzed by
Western blot with rabbit anti-Ereg antibody (top). The membrane was
stained with Coomassie blue to confirm equal loading and transfer
after Western blot (bottom). Lane P, 100 ng of in vitro-synthesized Ereg
peptide, marked by an arrowhead, was used as a positive control. The
arrow indicates the precursor form of epiregulin.
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expression was observed in gut-associated lymphoid tissues
(Fig. 6d to f).

Intensive LacZ staining was also detected in the ductal ep-
ithelial cells of the salivary (Fig. 4e) and mammary glands (Fig.
4f) and in the corpus luteum of the ovary (Fig. 4g). Weak
expression was detected in specific subregions of the brain
(Fig. 4h), such as the hippocampus, thalamus, pons, medulla,
and a few Purkinje cells in the cerebellum, in the epithelial
cells of bronchioles (Fig. 4i), and in the thymus (Fig. 4j).
Staining in the thymus was confined to the subcapsular regions
in the cortex while being evenly distributed in the medulla.
There was only an occasional LacZ-positive cell in the heart,
liver, kidney, pancreas, spleen, testis, skeletal muscle, skin,
peripheral blood leukocytes, bone marrow, day post coitum
(dpc) 12 and dpc 19 embryo proper, and placenta. Analysis of
cell proliferation by immunohistochemical detection of bro-
modeoxyuridine incorporation did not reveal any differences
between wild-type and Eregtm1Dwt mice in the stomach, small
intestine, and colon (data not shown).

Unaltered intestinal tumorigenesis in Ereg null mice. To
analyze the potential involvement of Ereg in tumor formation,
we introduced the ApcMin allele into wild-type, heterozygous
and Eregtm1Dwt homozygous mice. The F2 mice used in this
study were generated from 129.B6 F1 intercrosses. At 3 months
of age, the total numbers of polyps were counted and their
sizes were measured. All ApcMin/� mice examined (n � 60)
had tumors (	0.3 mm) regardless of Ereg genotype, and the
mean tumor multiplicities were 24.7 � 7.6 for wild-type, 21.5 �
3.0 for heterozygous, and 16.3 � 4.2 for Eregtm1Dwt homozy-
gous mice (Fig. 5a). Although slightly lower in Ereg null mice,
suggesting that epiregulin may contribute to the previously
reported role of EGFR signaling in intestinal tumorigenesis
(37), tumor multiplicity was not statistically different between
the groups, implying that additional EGFR ligands are prob-
ably participating to promote tumorigenesis. The distribution

of tumors along the small intestine was also similar among the
groups.

Despite variable tumor size within individual mice, the mean
size was equivalent among the groups (data not shown). Tu-
mors from ApcMin/� Eregtm1Dwt/tm1Dwt mice showed intensive
LacZ staining restricted to cells of the lamina propria sur-
rounding nascent microadenomas (Fig. 5b), while sporadic
LacZ staining was frequently observed in the lamina propria
and occasional epithelium of macroadenomas (Fig. 5c); LacZ-
positive cells were concentrated just beneath the epithelium at

FIG. 3. Semiquantitative RT-PCR analysis of relative Ereg mRNA
levels in various tissues. Total RNA (1 �g) was prepared from the
tissues of 3-month-old 129S6/SvEvTAC mice and reverse transcribed.
One twentieth of the reverse transcription product was amplified by
PCR with 30 or 35 cycles for Ereg (455-bp product) and 25 cycles for
Actb (548-bp product). The RT-PCR product was resolved by 1.2%
agarose gel electrophoresis. Lane Marker, 1-kb DNA ladder (Invitro-
gen).

FIG. 4. X-Gal staining of tissues from Ereg null mice. Samples were
fixed, infused with sucrose, and sectioned at 10 �m with a cryostat. The
sectioned tissue was further fixed and incubated at 37°C with X-Gal
staining solution for 4 h (a to g) or overnight (h to j). The X-Gal-
stained tissues were counterstained with eosin Y (a, b, g, h, and j) or
hematoxylin and eosin (c to f and i). (a and b) Stomach; (c) jejunum;
(d) proximal colon; (e) salivary gland; (f) mammary gland; (g) ovary;
(h) brain; (i) lung; (j) thymus.
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the tips of villi. Only five colon tumors from four mice were
observed out of 60 ApcMin/� mice regardless of Ereg genotype.
Two colon tumors from one ApcMin/� Eregtm1Dw/� mouse
showed intensive LacZ staining within the tumor cells, in fi-
broblasts in the lamina propria, and rare interstitial cells within
the subjacent tunica muscularis (Fig. 5d).

Increased susceptibility of Ereg null mice to DSS-induced
intestinal damage. Susceptibility to intestinal injury was mea-
sured in the DSS model of acute colitis through continuous
exposure to 1.5% DSS in the drinking water. Analysis of body
weight loss over 9 days of DSS treatment revealed a statistically
significant difference between wild-type and 129S6/SvEvTAC-
Eregtm1Dw homozygous mice (Fig. 6a). Female Eregtm1Dw ho-
mozygous mice showed less severe body weight loss than the
male mice; heterozygous mice of either gender and their
matched wild-type controls showed similar susceptibilities to
DSS-induced colitis (data not shown). A comparison with 2.5%
DSS in drinking water showed severe weight loss for both
wild-type and Eregtm1Dw homozygous mice (data not shown).

Following 9 days of treatment with 1.5% DSS, colon histol-
ogy and the pattern of LacZ expression were examined. Sta-
tistically significant differences in overall blood content, as
measured by the blood clot area through the entire length of
the colon (Fig. 6b), and histological score (Fig. 6c) were de-
tected between wild-type and 129S6/SvEvTAC-Eregtm1Dw ho-
mozygous mice. The proximal colon was the most resistant to
DSS-induced damage, with the middle and distal colon show-
ing significantly more severe lesions (Fig. 6g to i). Mild lesions

revealed loss of mucus cells, glandular hyperplasia, and in-
creased leukocytes in the lamina propria. Severe lesions had a
complete loss of glandular epithelium, accompanied by col-
lapse of the denuded lamina propria, submucosal edema, fi-
brinoid necrosis of lamina propria vessels, and infiltration of
neutrophils and plasma cells.

DSS treatment induced Ereg expression, as detected by LacZ
activity, in the epithelial cells of the colon (Fig. 6g and h) and
small intestine (data not shown). Though elevated lacZ expres-
sion was observed as early as 2 days after initiating treatment
with DSS in the proximal colon, stronger induction of lacZ
expression was observed depending on the progression of ul-
ceration in the middle and distal colon (data not shown). No
spatial difference in lacZ expression was observed between
heterozygous and null mice after DSS treatment. Intense stain-
ing was observed in subpopulations of epithelial cells and in
lamina propria fibroblasts in the ulcerative lesions, but no
staining was observed in the infiltrating leukocytes of the sub-
mucosal layer.

DISCUSSION

The ERBB receptor tyrosine kinase family and their ligands
play important roles in cell proliferation, differentiation, mi-
gration, and apoptosis (59). Targeted mutagenesis shows that
all four receptor family members, Egfr, Erbb2, Erbb3, and
Erbb4, are essential during embryogenesis (7, 11, 21, 30, 45,
53). Contrastingly, analysis of null mutations in the Erbb ligand

FIG. 5. Effect of the Ereg null allele on ApcMin tumor development. (a) Polyp number in the small intestine of ApcMin/� mice with each Ereg
genotype. Each dot represents the total polyp (	0.3 mm) number from a single 3-month-old mouse, with the horizontal lines representing the
mean for each genotype (n � 17 Ereg�/�, 22 Ereg�/�, and 19 Ereg�/�). (b) X-Gal staining of a polyp from an ApcMin/� Eregtm1Dwt/tm1Dwt mouse.
The X-Gal-stained tissues were counterstained with eosin Y (b and c) or hematoxylin and eosin (d). Panels b and c represent microadenoma and
macroadenoma in the jejunum, respectively. Panel d represents macroadenoma of the colon.

8912 LEE ET AL. MOL. CELL. BIOL.



genes has been less instructive as to unique functions, with
most exhibiting functional redundancy. Although EGFR li-
gands are often coexpressed, each ligand also potentially has
its own specific function in addition to having functionally
redundant activities. For example, Areg appears to be essential
for normal mammary duct outgrowth during puberty, although
Tgfa, Btc, and Dtr show overlapping expression in the devel-
oping mammary gland (25, 40). Likewise, mice triply null for
Egf, Tgfa, and Areg show only minor defects in mammary duct
morphogenesis and gastrointestinal development, where at
least six EGFR ligands are expressed, but are otherwise phe-
notypically normal (25, 58).

Like mice lacking other EGFR ligands, Ereg null mice do
not manifest any overtly abnormal phenotype, suggesting that
loss of epiregulin activity can be compensated for by other

ligands. Interestingly, three other EGFR ligands, Epgn, Areg,
and Btc, are tightly linked to Ereg; all four genes lie within a
376-kb region on mouse chromosome 5. We have found that
the genomic structures of these genes are very similar; each
contains five conserved exons, suggesting that they arose from
a common ancestral gene through repeated duplication. Ex-
ceptions to the absence of reported unique ligand functions are
neuregulin 1, which is essential for normal heart and neuronal
cell development (29), and diphtheria toxin receptor, which is
required postnatally to maintain normal cardiac function (14,
15). Interestingly, the phenotypes resulting from elimination of
Nrg or Dtr are reminiscent of those previously reported for
Erbb receptors, suggesting that these phenotypes may be due
to perturbation of non-EGFR or EGFR-ERBB heterodimer
interactions.

FIG. 6. Effect of Eregtm1Dwt on response to DSS treatment. (a) Adult male mice (n � 10 for wild-type and n � 9 for Ereg null mice) were fed
1.5% (wt/vol) DSS in drinking water. Body weight was measured at the indicated time after treatment and expressed as a percentage of the weight
on the day of first exposure to DSS. Solid circles, wild-type; open circles, Ereg null mice. Data are means � standard deviation. *, P 
 0.05; and
**, P 
 0.005, based on a Mann-Whitney test. The colons were collected 9 days after treatment was initiated. (b) Blood content was determined
by measuring the portion of the area including blood from the entire colon. (c) Histological damage was scored from cross sections of the colon
as described in Materials and Methods. Each dot represents an individual mouse of the wild-type (�/�, solid circles) and Ereg null (�/�, open
circles) mice. Blood content and histological score were significantly different (P 
 0.0001 with an unpaired t test) between wild-type and Ereg null
mice. The colons of Ereg null mice were collected either after no treatment (d to f) or after 9 days of DSS treatment (g to i) and stained with X-Gal.
(d and g) Proximal colon; (e and h) mid-colon; (f and i) proximal colon. Arrows numbered 1 to 3 in h indicate histological damage scores as
described in Materials and Methods.
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Epiregulin expression has been reported to be highly re-
stricted, including in the uterus during early pregnancy, pla-
centa, ovary, and macrophages (3, 33, 55, 56). Using RT-PCR
analysis and LacZ staining, we detected Ereg expression in a
wider variety of cell types and in additional organs, suggesting
that epiregulin may play a broader role in tissue homeostasis
rather than having a specific developmental function. Although
Ereg transcripts were previously detected in 7-day-old embryos
(55), our results suggest that these analyses were probably due
to contamination with decidual cells surrounding the embryo
proper. We have not detected any LacZ-positive cells in the
embryo during embryogenesis, further suggesting that epiregu-
lin is not essential for normal embryonic development.

Contrary to previous findings of high Ereg expression in
human placenta and macrophages (56), we also did not detect
lacZ expression in the mouse placenta or in peripheral blood
leukocytes. However, it is conceivable that the regulatory fac-
tors involved in tissue-specific expression may differ between
the two species. Ereg is also one of the gene transcripts acti-
vated by gonadotropins, such as pregnant serum gonadotropin
(41) and human chorinoic gonadotropin (8) in immature rat
ovaries. Recently, it was also reported that Ereg is expressed in
ovarian granulosa cells of mice after treatment with luteinizing
hormone (33). Contrastingly, we mainly detected LacZ stain-
ing in the corpus luteum in the cycling adult mouse, although
we did detect high levels of epiregulin, marked by LacZ stain-
ing, in the granulosa cells after hormone induction (data not
shown). One source of this discrepancy is that the previous
report did not investigate normal cycling females, suggesting
that the dramatic upregulation of EGFR ligands in response to
hormones may not represent normal physiology.

Aberrant expression of ERBB receptors and ligands is com-
monly observed in tumors and thought to play an important
role in their development and growth (39). Of the EGFR
ligands, Tgfa is most frequently overexpressed in human can-
cer (59). However, Ereg-specific SAGE tags are the most fre-
quently observed EGFR ligand detected in colorectal cancers
(2). Furthermore, overexpression of Ereg is observed in several
tumor cell lines (56), including pancreatic ductal carcinoma
(60) and bladder cancer of muscle-invasive stage T2 to T4 tu-
mors (52).

We used the ApcMin mouse model of intestinal cancer, wide-
ly used to investigate the in vivo effects of specific mutations on
epithelial cancer development (31, 50), to test the role of epi-
regulin during intestinal cancer development. Although we
previously demonstrated ApcMin tumors are highly dependent
upon the EGFR signaling axis (37), we did not detect a statis-
tically significant reduction in tumor multiplicity or size in
Eregtm1Dwt homozygous mice with a population of F2 hybrids
between C57BL/6J and 129S6/SvEvTAC, strains both carrying
Mom1s, the sensitive allele of the major ApcMin modifier (12).
Our studies revealed that although epiregulin does not indi-
vidually have a major influence on intestinal tumor develop-
ment, it may nonetheless be acting in concert with other EGFR
ligands to support tumor growth; mutations in no single EGFR
ligand have been shown to have an equivalent effect on tumor-
igenesis as mutations in Egfr (37).

Unlike other EGFR ligands, epiregulin appears to be pri-
marily expressed in tumor stroma during early tumorigenesis
rather than by the transformed cells. Additionally, a striking

difference in Ereg expression pattern correlates with the size of
tumors. Stromal expression of Ereg is more robust in nascent
microadenomas, indicating activation of Ereg gene expression
during early tumor development, possibly as a host response
to the transformed cells. Interestingly, localization of Ereg ex-
pression in macroadenomas is very similar to that of cyclo-
oxygenase 2 (Ptgs2) expression, which is primarily detected in
fibroblasts and endothelial cells (47). Ereg is one of the imme-
diate-early genes highly induced by growth factor activation of
fibroblasts (9) and a major mitogenic protein secreted from
vascular smooth muscle cells (51). In larger adenomas, partic-
ularly those in the colon, Ereg expression is also dramatically
upregulated in tumor epithelial cells, suggesting that epiregulin
may also contribute to the expansion of tumors.

Since epiregulin may be playing a role during host response
to tissue pathology, we tested Ereg null mice for their response
to severe intestinal damage and colitis, a contributing factor to
intestinal cancer susceptibility (22). Oral administration of
DSS to mice causes intestinal mucosa damage and both acute
and chronic ulcerative colitis with features similar to the symp-
tomatic and histological findings in human inflammatory bowel
disease (49). Previous reports suggested that mice deficient for
Tgfa (6) or with impaired EGFR activity (4) showed height-
ened susceptibility to DSS-induced damage, while ectopic ac-
tivation of EGFR in the intestines of transgenic mice is pro-
tective against DSS (5). In contrast to a Tgfa single mutation,
when Tgfa, Egf, and Areg triple null mice were tested, they did
not show an altered DSS response (58). Since these previous
reports used mutant mice on mixed genetic backgrounds, the
discrepancy in attributing a role for Tgfa in DSS response may
be related to genetic background, which is known to strongly
influence DSS susceptibility (27). Our results with isogenic
mice conclusively demonstrate a requirement for epiregulin in
protection from DSS-induced intestinal damage.

An alternative interpretation of why Tgfa- and Ereg-deficient
mice manifest similar responses to DSS treatment even though
both activate EGFR is that they may have nonoverlapping
activities that are required to provide optimal protection from
intestinal injury. Epiregulin, like other EGFR ligands, is an
autocrine growth factor that induces the expression of other
EGF ligand family members (19, 43). However, unlike TGFA,
epiregulin can activate ERBB4 in addition to EGFR (36).
Furthermore, despite binding various ERBB receptor combi-
nations with relatively low affinity, epiregulin shows more po-
tent bioactivity than other ERBB ligands (42, 57). Thus, in-
creased expression of epiregulin in stromal and epithelial cells
after DSS treatment may induce activation of other ERBB
receptors in addition to providing an autocrine induction of
TGFA, allowing amplification of the EGFR signal cascade.

Other studies with mouse models of mucosal inflammation
have provided support that inflammatory bowel disease is re-
lated to a dysfunctional mucosal immune response to environ-
mental factors (49). For example, spontaneous induction of
colitis was observed in Il2 (38) and Il10 (20) knockout mice,
and, in contrast, decreased susceptibility to DSS-induced coli-
tis was observed in Casp1 (interleukin-1� converting enzyme)
(46) and Il4 (48) knockout mice. However, the exact mecha-
nism of DSS-induced colitis is not fully understood; it is prob-
ably related to a direct toxic effect on epithelial cells and a
change in epithelial cell barrier function (49). Finally, the high
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expression of epiregulin in epithelial cells and lamina propria
fibroblasts in the damaged area suggests that epiregulin may
also be providing support for reconstitution of the crypt struc-
ture after inflammation-mediated tissue injury.
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