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The formation of the crypt-villus axis during gut ontogeny requires continued reciprocal interactions
between the endoderm and mesenchyme. Epimorphin/syntaxin 2 (epimorphin) is a mesenchymal pro-
tein expressed in the fetal gastrointestinal tract during villus morphogenesis. To elucidate its role in
gut ontogeny, the epimorphin cDNA was transfected, in sense and antisense orientations, into a rat
intestinal myofibroblast cell line, MIC 216. To determine the effects of epimorphin on the epithelium,
myofibroblasts were cocultured with the Caco2 cell line. Caco2 cells spread in a simple monolayer over
antisense-transfected cells lacking epimorphin. In contrast, sense-transfected myofibroblasts induced
Caco2 cells to form compact, round clusters with small lumens. These morphologic differences were
preserved in Transwell cocultures in which cell-cell contact was prevented, suggesting that epimor-
phin’s effects were mediated by secreted factor(s). To determine the effects of epimorphin on crypt-
villus axis formation in an in vivo model, rat gut endoderm was combined with epimorphin-trans-
fected myofibroblasts and implanted into the chick intracoelomic cavity. The grafts in which
epimorphin was overexpressed revealed multiple well-formed villi with crypt-like units, whereas those
in which epimorphin expression was inhibited developed into round cystic structures without crypts
or villi. Of several potential secreted morphogens, only the expression of bone morphogenetic protein
4 (Bmp4) was increased in the epimorphin-transfected cells. Incubation with noggin partially blocked
the transfected myofibroblasts’ effects on Caco2 colony morphology. These results indicate that mes-
enchymal epimorphin has profound effects on crypt-villus morphogenesis, mediated in part by secret-
ed factor(s) including the Bmp’s.

J. Clin. Invest. 110:1629-1641. (2002). doi:10.1172/200213588.

Introduction Epithelial-mesenchymal interactions are critical for the

The crypt-villus axis is the principal functional and
anatomic unit of the small intestinal epithelium.
Anchored stem cells in the crypts of Lieberkuhn give
rise to proliferating daughter cells that differentiate
into four major epithelial cell types, including the
enterocyte, goblet cell, enteroendocrine cell, and
Paneth cell. Following injuries to the intestine such as
ischemia, irradiation, trauma, and small bowel resec-
tion, or during recovery from inflammatory diseases
such as Crohn disease, rapid renewal of the epitheli-
um is required to maintain a functional gut and ade-
quate nutritional status.
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normal morphogenesis and maintenance of the crypt-
villus axis (1-5). Mesenchyme is required for the normal
growth and differentiation of the endoderm. For exam-
ple, in vitro differentiation of endoderm into enterocytes
occurs only in the presence of fibroblasts or mesenchy-
mal cells (1, 2). In some circumstances, mesenchyme
directs regional specificity in the gut. For example, small
bowel mesenchyme can instruct heterologous endoderm
to express a small bowel phenotype (2, 4).

The molecules that regulate these reciprocal interac-
tions are still being elucidated (6-12). Mesenchyme dif-
ferentiates into the gut’s connective tissue components,
including subepithelial myofibroblasts, fibroblasts,
and smooth muscle. The subepithelial myofibroblast
in particular plays an important role in fetal gut
ontogeny and in the adult intestine (13). Located in the
pericrypt region and in the lamina propria of the villus,
these cells are required for gut epithelial repair. They
are the source of growth factors such as HGF and bFGF
as well as basement membrane/ECM proteins (11, 14).
They also express Fkh6, a member of the winged helix
family of transcription factors, and Nkx2-3, a home-
odomain transcription factor. Targeted deletion of
Fkh6 or Nkx2-3 leads to profound abnormalities in gut
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epithelial cell proliferation and crypt-villus morpholo-
gy (10, 12). The hedgehog signaling pathway has also
been implicated to play a critical role in early embry-
onic endoderm-mesenchymal interactions (9).

Epimorphin, a member of the syntaxin family of vesi-
cle docking proteins, is a mesenchymal protein that is
a putative regulator of epithelial morphogenesis (15).
Studies of lung, skin, and mammary epithelium sug-
gest a role for epimorphin in the formation of luminal,
ductular, or branching structures during ontogeny
(15-17). We have previously shown that epimorphin is
expressed in fetal gut mesenchyme and in intestinal
myofibroblasts (14), and that epimorphin mRNA lev-
els increase markedly during crypt-villus morphogene-
sis (18). Epimorphin appears to function as a mes-
enchymal regulator of epithelial repair processes in gut
and lung (18, 19). However, the role of epimorphin in
gut morphogenesis has not been previously described.

To further examine its role in gut ontogeny, the effects
of overexpression or inhibition of expression of epi-
morphin was examined in a rat intestinal myofibroblast
cellline (14). The present studies show that overexpres-
sion of epimorphin induced marked changes in gut
epithelium, in cocultures of myofibroblasts and epithe-
lial (Caco2) cells in vitro, and in chick intracoelomic
grafts in vivo, composed of rat gut endoderm and trans-
fected rat myofibroblasts. Conversely, inhibition of
myofibroblast epimorphin expression by antisense
RNA expression prevented morphogenesis. The effect
of epimorphin overexpression on Caco2 cell morphol-
ogy was preserved in Transwell cocultures in which cell-
cell contact was prevented. Expression of bone mor-
phogenetic protein 4 (Bmp4) and patched, both targets of
hedgehog signaling, was increased in epimorphin-trans-
fected myofibroblasts. In addition, the Bmp4 antago-
nist, noggin, partially blocked the effects of epimorphin
on the morphology of cocultured Caco2 cells. These
results indicate that epimorphin exerts some of its
effects via secreted morphogenetic factors, suggesting a
novel regulatory function for this protein.

Methods
Cell lines. The MIC 216 rat intestinal myofibroblast cell
line (14) was grown in 5% CO,, in DMEM containing
10% FCS, 1% penicillin, and 1% streptomycin. The
clones were passaged every 7 days about 15 times with-
out altering their morphology or growth rate.
Construction of recombinant expression plasmid. The full-
length rat intestinal epimorphin/syntaxin 2 cDNA was
cloned as follows: a rat ileal Lambda Zap II (Stratagene,
La Jolla, California, USA) cDNA library (20) was
screened by hybridization with a 350-bp fragment of
the epimorphin cDNA (nucleotides 600-946) isolated
by PCR as previously described (18). Positive clones
were subjected to restriction analysis and DNA
sequencing. A partial cDNA clone was isolated con-
taining the entire syntaxin 2 coding region minus the
first 317 bases from the 5’ end. The missing 5 frag-
ment was obtained by PCR using rat ileal RNA and

primers derived from rat syntaxin 2 nucleotides 1-21
and 368-388 (21). The PCR fragment and partial
cDNA clone were subjected to restriction digest by Bcll,
then re-ligated to produce the full-length cDNA, as ver-
ified by sequence analysis (21). EcoRI linkers were
attached and the full-length cDNA was subcloned, in
both sense (EpiS) and antisense (EpiAS) orientations,
into the EcoRI site of pCEN, a dicistronic vector with
an internal ribosomal entry site that has transcription-
al activity in intestinal cell lines.

Cell transfections. MIC 216 cells were transfected with
the plasmids EpiS and EpiAS or with the control pCEN
vector using the FuGENE 6 transfection reagent (Roche
Molecular Biochemicals, Mannheim, Germany). Cells
were seeded at 80% confluence in 24-well plates. The
next day, standard culture medium was replaced by 1 ml
of medium containing 1 Ug of plasmid that had previ-
ously been incubated for 15 minutes at room tempera-
ture with FuGENE 6 reagent. After 48 hours at 37°C,
selection was started by adding the antibiotic G418 (0.4
mg/ml) to the culture medium. Seven days later, the
resistant population was subcloned by the limit dilu-
tion technique into 96-well plates, and the stable homo-
geneous clones were analyzed for their ability to express
epimorphin/syntaxin 2.

Sources of antibodies. Polyclonal anti-laminin 1 was
raised as previously described (22). The mouse mono-
clonal anti-rat lactase (monoclonal antibody
YBB/2/61) was provided by Andrea Quaroni (Cornell
University, Ithaca, New York, USA). The mouse mono-
clonal anti-smooth muscle 0O-actin (1A4), anti-
vimentin (VIM 13.2), and anti-desmin antibodies were
purchased from Sigma-Aldrich (St. Louis, Missouri,
USA). The polyclonal anti-tenascin was provided by R.
Chiquet-Ehrismann (Friedrich Miescher Institut, Basel,
Switzerland). The polyclonal anti-epimorphin/syntax-
in 2 antibody was provided by Mark Bennett (Chiron
Corp., Emeryville, California, USA) and Beatrice
Quinones (University of California, Berkeley, Berkeley,
California, USA). The polyclonal rabbit anti-mouse
patched receptor antibody came from L. Burkly (Bio-
gen Inc., Cambridge, Massachusetts, USA) and
Nicholas Davidson (Washington University), and the
polyclonal rabbit anti-mouse Hsp40 antibody was
from Nicholas Davidson (Washington University).

Immunocytochemistry and histology. The myofibroblast
cell lines were grown on chamber slides (Nalge Nunc
International, Naperville, Illinois, USA) and fixed in
1% paraformaldehyde in 1x PBS at room temperature
for 10 minutes. Surface immunostaining was per-
formed directly and intracellular staining was per-
formed after permeabilization of the cells with 0.5%
Triton X-100 for 10 minutes. Antibodies were diluted
in PBS and applied for 1 hour at room temperature.
After several washes, secondary antibodies labeled with
sheep anti-mouse fluorescein (Institut Pasteur, Paris,
France), sheep anti-mouse CY3 (Sigma-Aldrich), or
goat anti-rabbit IgG fluorescein (Nordic Immuno-
logical Laboratories, Tilburg, the Netherlands) were
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applied for 1 hour. The cells were washed several times
in PBS, mounted in phenylene-PBS-diamine medium,
and examined under a fluorescence microscope
(Axioskop 2; Carl Zeiss Jena GmbH, Jena, Germany).
For staining of the cocultures or the grafts, frozen sec-
tions of 5 Um thickness or paraffin sections were pre-
pared and stained as described above. Morphological
analysis was performed on tissues embedded in paraf-
fin or after frozen sectioning and stained with hema-
toxylin and eosin and/or periodic acid-Schiff reagent.
RNA extraction. RNA was extracted from cultured cells
using Trizol reagent (Invitrogen BV, Groningen, the
Netherlands) according to the recommendations of the
supplier. After cell homogenization, the mixture was
centrifuged for 5 minutes at 12,000 g to remove genom-
ic DNA contained in the pellet. RNA concentration was
determined by optical densitometry at 260 nm.
Northern blot hybridization. Total RNA (20 g per lane)
was prepared, electrophoresed on 1.2% agarose and 2.2
M formaldehyde gels, and transferred to nylon mem-
branes. Northern blot hybridization was performed as
previously described (18). For analysis of Bmp4 expres-
sion, a 3?P-labeled Bmp4 full-length cDNA probe (a
kind gift of Brigid Hogan, Vanderbilt University,
Nashville, Tennessee, USA, and Richard Pierce, Wash-
ington University) was used. Specific bands represent-
ing Bmp4 mRNA were quantified either by NIH Image
1.6 analysis of digitized images obtained with a UMAX
Powerlook 1100 scanner using UMAX MagicScan ver-
sion 4.4 (UMAX Technologies Inc., Dallas, Texas, USA)
or using a Molecular Dynamics 425S PhosphorImager
(Molecular Dynamics, Sunnyvale, California, USA).
Data were normalized for differences in RNA loading
and transfer by hybridizing the membranes sequen-
tially with a 1.2-kb DNA fragment of the mouse 18S
rRNA gene (Ambion Inc., Austin, Texas, USA).
RT-PCR. Cells were grown for 7 days in T25 culture
flasks, and total cellular RNA was extracted using Trizol
reagent (Invitrogen BV). cDNA synthesis was carried out
at 42°C in 20 pl of solution containing S g RNA, 3.5
UM oligo(dT), 50 mM Tris-HCI (pH 8.3), 40 mM KCl, 8
mM MgCl,, 1 M DTT, 500 UM each dNTP, and 1 unit
Enhanced Avian Reverse Transcriptase (Sigma-Aldrich).
The primers used and the PCR conditions were as fol-
lows. For GAPDH, the forward primer was 5'-GGCTGA-
GAACGGGAAGCTTGTGATCAATGG-3', and the reverse
primer was 5'-GTCGCTGTTGAAGTCAGAGGAGACCAC-
CT-3'. PCR was performed with 25 cycles, with a prod-
uct size of 685 bp. For syntaxin 1, the forward primer
was 5'-GCCCTCAGTGAGATCGAG-3', and the reverse
primer was 5'-TACTTGACGGCCTTCTTGGT-3". PCR was
performed with 32 cycles, with a product size of 200 bp.
For syntaxin 3, the forward primer was 5'-CGAC-
CTTGAACAGCTCACAA-3', and the reverse primer was 5'-
GAAGTCCACCTGTGCCTCAT-3'. PCR was run for 32
cycles with a product size of 200 bp. For syntaxin 4, the
forward primer was 5'-AGAGCCCCAGAAGGAAGAAG-3',
and the reverse primer was 5'-CAGACACCATTC-
CAGCATTG-3'. PCR was performed with 32 cycles with

a product size of 200 bp. For 36B4, the forward primer
was S'-ATGTGAAGTCACTGTGCCAG-3', and the reverse
primer was 5'-GTGTAATCCGTCTCCACAGA-3'. PCR was
performed with 22 cycles, with a product size of 420 bp.
PCR analysis of TGFB1, TGFP2, and HGF expression
was performed as described previously (4).

The PCR reaction mixture (50 pl) contained 1/10 (vol)
c¢DNA, 50 pmol of each primer, 10 mM Tris-HCI (pH
8.3), 500 mM KCl, 1.5 mM MgCl,, 0.01% gelatin, 1 mM
each dNTP, and 2.5 units of Taqg DNA polymerase
(Sigma-Aldrich). PCR was performed in an Amplitron
IT apparatus (Barnstead International, Dubuque, Iowa,
USA). PCR reactions were run under the following con-
ditions: 94°C for 3 minutes, followed by 22-32 cycles at
94°C for 30 seconds, 55°C for 1 minute, 72°C for 3
minutes, and extension at 72°C for 7 minutes. The
number of cycles chosen corresponded to a window of
exponential increase in the signal. As an internal stan-
dard, PCR was carried out with primers specific to
GAPDH and 36B4 sequences. As PCR negative controls,
the cDNA templates were replaced by 0.5 g of RNA.

Gene expression profiling by DNA microarrays. To deter-
mine the identity of putative myofibroblast morphogens
that may mediate the effects of epimorphin on cocul-
tured epithelial cells, total RNA was prepared from vec-
tor control (pCEN) and epimorphin-transfected clones
grown for 7 days in culture. Biotinylated cRNA targets
were prepared and hybridized to the high-density,
oligonucleotide-based rat genomic U34 GeneChip set
(Affymetrix Inc., Santa Clara, California, USA), contain-
ing 7,000 named genes and expressed sequence tags
(ESTs) in chip A and an additional 14,000 ESTs in chips
B and C. Experimental data from the chips are analyzed
using the GeneChip Microarray Suite, version 4.0. For
comparison between two chips, the “baseline chip”
intensity values are measured and normalized to the
average signal intensity. Intensity values of the experi-
mental chip are then compared with the baseline chip
and an average difference change is calculated. A search
of the data set was performed to identify potential mor-
phogens that exhibited differences of more than twofold
in expression between the vector control and EpiS-trans-
fected cells, a generally accepted standard for signifi-
cance change (23, 24).

Epithelial cell line. The human colon cancer cell line
Caco2 was used. This cell line was cultured in DMEM
containing 20% FCS, 1% nonessential amino acids, 1%
penicillin, and 1% streptomycin.

Coculture experiments. The Caco2 cells were seeded on
top of subconfluent layers of the different fibroblast
clones that had been precultured for 3-4 days in dishes
3 cm in diameter. The cocultures were maintained for 4
days or 10 days, respectively, recovered by scraping from
the culture dishes, and used for routine histologic and
immunocytochemical studies or Western blot.

To assess adherence of the Caco2 cells to the myofi-
broblasts, Caco2 cells (3 % 103 cells per well) were plat-
ed onto the myofibroblasts. Two days later, the media
was collected from cocultures containing each of the
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four cloned cell lines, and nonadherent cells in the
media were counted. This experiment was performed
in duplicate and no differences in Caco2 cell adherence
were found among the four lines.

Intestinal epithelial cell-fibroblast Transwell coculture exper-
iments. Myofibroblast cell lines (3 % 103 cells/well) were
grown for 3 days in the basal compartment of a 24-well
plate until confluent. Caco2 cells (3 x 103 cells/Tran-
swell) were cultured in the apical compartment of the
Transwell (0.4 um) with underlying fibroblasts. The
cocultures were maintained for up to 10 days, and pro-
liferation and morphology of the Caco2 cells grown on
the Transwell membranes was assessed.

Inhibition of Bmp activity by noggin and noggin-conditioned
media. Myofibroblast cell lines were plated onto six-well
plates and were grown for 3 days until confluent. For
experiments with purified noggin, which binds Bmp4
and antagonizes its activity (25-27), Caco2 cells were
plated onto myofibroblasts in media that was preincu-
bated for 1 hour with purified mouse noggin/Fc
chimera (R&D Systems Inc. Minneapolis, Minnesota,
USA) at 1 pug/ml with 0.1% BSA added every 12 hours,
or with vehicle control (media plus 0.1% BSA). Cells
were incubated with noggin or vehicle control for 3 days
and observed by inverted-phase microscopy. Noggin-
conditioned media was a kind gift from David Beebe,
Washington University School of Medicine, and was
prepared as described previously (27, 28). Briefly, CHO
B3 cells that express noggin or DHFR™ control CHO
cells were grown for 3 days in CHO-SFM II medium
(Life Technologies Inc., Gaithersburg, Maryland, USA).
The medium was collected, centrifuged at low speed,
and frozen at -80°C (27). Caco2 cells were plated on
myofibroblasts in either the noggin-conditioned media
or control medium that was diluted 1:4 with DMEM
prepared for Caco2 cells. At least four independent
experiments were performed with noggin or noggin-
conditioned media. Caco2 colony sizes were measured
from photographs of cocultured myofibroblasts and
Caco2 cells. At least five fields were observed for each
experimental or control culture for experiments with
noggin. The average size of the largest colonies from
each field from control or noggin-treated cells was com-
pared by Student ¢ test.

Isolation of fetal intestinal endoderms. Intact intestines
were removed from fetal rat pups on embryonic day
14-15 and then incubated for 1 hour at 37°C in 0.125
U/ml collagenase (from Clostridium histolyticum; Roche
Applied Science, Indianapolis, Indiana, USA) in CMRL
1066 medium (Invitrogen BV) at 37°C. The intestinal
anlagen were then transferred to newborn calf serum/
Ham’s F-10 (1:1) (Invitrogen BV) for an incubation peri-
od of atleast 30 minutes. The endoderms were dissected
free under a microscope using ophthalmic knives (29).

Grafting experiment. Sheets of confluent fibroblasts
were detached from the culture dishes with a curette
and a needle-mounted probe. The sheets enveloped iso-
lated 2-mm-long endodermal fragments. The associa-
tions were maintained overnight on a gelled medium

in the incubator before grafting into the coelomic cav-
ity of 3-day-old chick embryos. They were recovered 13
days later, embedded in Tissue-Tek, OCT cryosec-
tioned, and analyzed by routine histologic techniques
and by immunohistochemistry.

Measurement of growth response. Cellular proliferation
in the intestinal myofibroblast cell lines was quanti-
fied in 96-well microtiter plates up to 8 days after plat-
ing, using crystal violet dye binding techniques (23).
At each timepoint, the cells were fixed in 70% ethanol,
air dried, and stained with 0.1% crystal violet (pH 5.5)
for 5 minutes at room temperature. The cultures were
then washed in water, and the cell-bound dye was sol-
ubilized in 10% acetic acid and measured at an OD of
595 nm. Statistical analysis of the growth curves was
performed using one-way ANOVA with the Tukey
HSD post test at each timepoint.
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Figure 1

Western blot analysis of epimorphin/syntaxin 2 expression in trans-
fected MIC 216 cell lines. Total cellular proteins (25 pg or 50 g per
lane as indicated) were separated by reduced SDS-PAGE on 4-12%
acrylamide gels, transferred to nitrocellulose, incubated with the poly-
clonal epimorphin/syntaxin 2 antibody, and then visualized with
enhanced chemiluminescence reagent. (a) The 34-kDa band corre-
sponds to the epimorphin/syntaxin 2 protein. MIC C: native MIC 216
cell line grown in media without G418. pCEN V: MIC 216 cells trans-
fected with empty pCEN vector. (b) EpiAS1 and EpiAS2: Two inde-
pendent clonal pCEN-antisense epimorphin/syntaxin 2 cell lines. (c)
EpiS1, EpiS2, EpiS3, and EpiS5: Four independent clonal pCEN-epi-
morphin/syntaxin 2 (sense) transfected cell lines. (d) Quantitation of
epimorphin/syntaxin 2 expression by NIH Image analysis of specific
bands. C, control; V, vector; S, sense; AS, antisense.
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Protein preparations and Western blots. Western blot
analysis of 7-day confluent cultures of mesenchymal
clones or 10-day cocultures was performed by scraping
the cells in a small volume of protein extraction buffer
consisting of 0.1 M Tris-HCl at pH 8.0, 0.1 M NaCl, 0.5
M EDTA, 1% Triton X-100, and 1% Protease Inhibitor
Cocktail (Sigma-Aldrich). Cell extracts were collected,
homogenized by sonication, and clarified by centrifu-
gation at 2,200 g for 15 minutes, and the supernatants
were frozen at -80°C. Aliquots of cleared protein
extracts were incubated for 5 minutes in Laemmli buffer
containing 100 mM DTT and 2% SDS at 100°C. Pro-
teins were separated on 4-12% SDS-PAGE gels and sub-
sequently electrotransferred for 1 hour onto PVDF
membranes in 25 mM Tris-HCl and 76 mM glycine, pH
8.2. After transfer, the PVDF membrane was saturated
overnight at 4°C with 4% nonfat dry milk in buffer
(0.03 M Tris-HCl at pH 7.6, 0.04% vol/vol Tween-20,
0.03% vol/vol AntifoamA (Sigma-Aldrich), and 0.1%
vol/vol sodium azide) and then incubated for 1 hour at
room temperature with specific antibodies. After reac-
tion with the secondary antibody, PVDF membranes
were treated with enhanced chemiluminescent reagent
(Amersham Biosciences, Piscataway, New Jersey, USA).
Prestained molecular mass markers were included in
each gel. Relative abundance of epimorphin protein was
quantified by NIH Image 1.6 analysis of digitized
images of the specific bands, obtained with a UMAX
Powerlook 1100 scanner using UMAX MagicScan ver-
sion 4.4. All membranes were stained with India ink to
check for equal protein loading and transfer in all lanes.

Results

Characterization of epimorphin sense- and antisense-trans-
fected MIC 216 cell lines. To determine the role of mes-
enchymal epimorphin during gut ontogeny, epimor-
phin levels were altered in the MIC 216 rat ileal
subepithelial myofibroblast cell line. These cells express
alow basal level of epimorphin/syntaxin 2 mRNA (14)
and protein (Figure 1).

MIC 216 cells were transfected with pCEN plasmid
vector containing the full-length epimorphin cDNA in
sense (EpiS1, EpiS2, EpiS3, and EpiS5) and antisense
(EpiAS1 and EpiAS2) orientations, and controls were
transfected with the pCEN vector alone. G418-resist-
ant cell populations were subcloned; subcultures were
derived from single cells. Epimorphin expression was
analyzed by immunoblot after 7 days in culture. Com-
pared with control cells transfected with the pCEN vec-
tor alone, epimorphin expression was approximately
four to ten times higher in the EpiS1, -2, -3, and -5
clones. Conversely, epimorphin expression was inhib-
ited in the EpiAS1 and EpiAS2 clones (Figure 1).

MIC 216 cells have been previously shown to express
laminins, collagen type IV, vimentin, and smooth mus-
cle a-actin, and they do not express desmin (14). Mes-
enchymal-epithelial interactions are modulated by the
gut’s ECM, and specifically by components of the base-
ment membrane, including the laminins and collagen

Figure 2

Immunocytochemical analysis of smooth muscle O-actin expression in
permeabilized cells. (a) MIC 216 (b) pCEN (c) EpiS1 (d) EpiS2 (e)
EpiAST, and () EpiAS2 following 7 days of culture. Magnification: X200.

type IV (11). Thus, the expression of cytoskeletal and
basement membrane antigens was compared in the
normal and transfected cell lines. All expressed laminin,
collagen type IV, and vimentin, and none expressed
desmin (data not shown). Smooth muscle 0-actin was
expressed in the control cells (Figure 2, a and b) and the
EpiAS1- and EpiAS2-transfected cells (Figure 2, e and f).
Smooth muscle O-actin staining was also presentin the
EpiS1 and EpiS2 cells, but expression was spotty and
not detected in all cells (Figure 2, c and d).

To determine whether changes in epimorphin expres-
sion altered the expression of other syntaxins, RT-PCR
was performed to detect syntaxin 1, -3, and -4 expres-
sion in all MIC 216 clones. Syntaxins 1 and 3 were not
expressed in the myofibroblast clones. Syntaxin 4 was
readily detectable by RT-PCR and its expression was the
same in the epimorphin-transfected and control clones
(data not shown).

Cellular proliferation in epimorphin-transfected and control
myofibroblast clones. Growth rates were determined for
the EpiS- and EpiAS-transfected clones compared with
the MIC 216 native myofibroblast cells and pCEN-
transfected vector control cells (Figure 3). Growth rates
varied among different clones, but this variation was
not related to the presence or absence of epimorphin.
For example, cellular proliferation was more rapid in
EpiAS1 than in EpiAS2 clones by day 8 after plating.
The cell number after 8 days of culture was signifi-
cantly lower in populations transfected with EpiS1,
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Figure 3

Effect of epimorphin/syntaxin 2 expression on the growth of MIC
216 cell lines. MIC 216 (diamonds), pCEN (squares), EpiS1 (trian-
gles), EpiS2 (times symbols), EpiAS1 (asterisks), and EpiAS2 (circles)
were plated at a cell density of 10,000 cells per well in 96-well plates.
At various stages of the culture, ten wells for each experimental con-
dition were fixed. Changes in the number of cells were measured
using crystal violet staining as described in Methods. Experimental
versus control cell lines were compared by one-way ANOVA for inde-
pendent samples, followed by the Tukey HSD post test. *P<0.01 for
all clones on days 2 and 4, and all clones except EpiS2 versus EpiAS2
on day 8. On day 6, P <0.01 for all experimental clones versus con-
trols, and for EpiS1 versus EpiAS1.

EpiS2, EpiAS1, and EpiAS2 than in controls, but there
was no significant difference between EpiS2 and
EpiAS2 by day 6 (Figure 3).

Altered epimorphin expression in myofibroblasts affects the
morphology of cocultured Caco2 cells in vitro. To test the
effects of epimorphin overexpression or inhibition on
epithelial cell colony morphology, transfected myofi-
broblasts were cocultured with the human colon can-
cer cell line Caco2. Caco2 cells exhibit an enterocyte-
like, differentiated phenotype upon achieving
confluence in culture. Caco2 cells were seeded on top
of subconfluent MIC 216, pCEN, EpiS1, EpiS2,
EpiAS1, or EpiAS2 cells. The Caco2 cells adhered to the
mesenchymal cell feeder layers within 24 hours after
seeding. There were no differences in Caco2 cell adher-
ence to the different clones (see Methods).

After 4 days of coculture, the diameter of many of the
Caco2 cell colonies was reduced when cultured on
EpiS1 or EpiS2 (Figure 4, c and d), compared with the
EpiAS1 or EpiAS2 cocultures (Figure 4, e and f), and to
a lesser extent compared with the MIC 216 and pCEN
controls (Figure 4,a and b). At this time, the reduction
in Caco2 cell colony diameter compared with vector
controls was most apparent in the EpiS1 coculture
(Figure 4c). In contrast, Caco2 cell colonies cultured on
EpiAS1 or EpiAS2 spread over the entire surface of the
underlying myofibroblast cells (Figure 4, e and f).

The difference in growth and spreading of Caco2 cells
on the different clones was even more apparent after 10
days of coculture (Figure 4, g-1). Small, round epithe-
lial cell colonies were visible on EpiS1 or EpiS2 cells
(Figure 4, h and 1). In contrast, the Caco2 cells spread
diffusely on top of the pCEN vector control cells and
the MIC 216 native cells (Figure 4, g and 1). These
effects were even more pronounced in the EpiAS1 and
EpiAS2 cocultures. Inhibition of epimorphin expres-
sion permitted Caco2 cells to spread over the entire sur-

face of the EpiAS1 and EpiAS2 cells and to continue to
grow past confluence (Figure 4, j and k).

Periodic acid-Schiff staining of the cocultured cells
was performed on paraffin sections cut perpendicular
to the cell bilayer (Figure 5). After 10 days of coculture,
Caco2 cells grew into small spherical colonies on the
EpiS2 cells (Figure 5, c and d) and EpiS1 cells (data not
shown). Some of the colonies showed small lumina
(Figure 5d). In contrast, Caco2 cells cocultured with
the antisense clone EpiAs1 (Figure 5, e and f) spread in
a monolayer over the transfected myofibroblast cells.
Caco2 cells seeded on the pCEN control cells formed
monolayers with small foci of stratified epithelium
(Figure 5,a and b).

To demonstrate that epimorphin expression in the
transfected MIC 216 clones was not altered by cocul-
ture with Caco2 cells, Western blot analysis was per-
formed on total protein from Caco2 cells and from
Caco2 cell-myofibroblast cocultures; a representative
Western blot is shown in Figure 6a. Epimorphin was
not expressed in Caco2 cells (data not shown).

S
:S‘_’ ‘

Figure 4

Morphologic analysis of epimorphin-transfected and normal MIC
216-Caco2 cocultures demonstrates effects on Caco2 cell morphol-
ogy and spreading. Morphological features of Caco2 cells cocultured
on top of confluent MIC 216 control and transfected cell lines.
Phase-contrast microscopy shows living cocultures grown for 4 days
in upper panels: (a) MIC 216 (b) pCEN (c) EpiS1 (d) EpiS2 (e)
EpiAS1, and (f) EpiAS2; and cocultures grown for 10 days in lower
panels: (g) pCEN (h) EpiS1 (i) EpiS2 (j) EpiAST (k) EpiAS2, and (I)
MIC 216. Magnification: X200.
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Figure 5

Light microscopic analysis of Caco2-MIC 216 cocultures. Standard
periodic acid-Schiff staining on 5-mm cryosections of 10-day cocul-
tures composed of Caco2 cells and pCEN cells (a and b), EpiS2 cells
(cand d), and EpiAS1 cells (e and f). Magnification in a, ¢, and e:
x100; in b, d, and f: x200.

EpiS1-EpiS5 cells continued to overexpress epimor-
phin, and epimorphin expression was still inhibited in
EpiAS1 and EpiAS2 cells (P < 0.01 for pCEN vs. EpiS or
EpiAS, and EpiS vs. EpiAS, n =2 independent experi-
ments). Thus, the differences in Caco2 colony mor-
phology correlated with alterations in epimorphin
expression in the myofibroblast clones.

Epimorphin’s effects on Caco2 cell colony morphology are
partially preserved in a Transwell coculture model. To deter-
mine whether epimorphin’s effects are mediated by a
secreted factor or whether direct cell-cell contact is
required, a Transwell coculture model was established
in which the two cell populations were grown in prox-
imity but without direct contact. Transfected or control
myofibroblasts were grown on the bottom compart-
ment and Caco2 cells were grown on the inserted filter.
Despite the lack of direct contact, after 10 days of cocul-
ture the diameter of Caco2 colonies seeded on the
EpiS1- and EpiS2-transfected cells (Figure 7, b and c)
was still reduced compared with the pCEN-transfected
control cultures (Figure 7a). However, the diameter of
the Caco2 colonies was not as small as when cultured
directly on EpiS-transfected fibroblasts. This suggested
that secreted factors are at least partially responsible for
mediating this effect. To assess whether or not epimor-

phin was secreted in the medium, Western blot analysis
was performed on conditioned media collected from
the cocultures and concentrated 100-fold. Epimorphin
could not be detected in the media (data not shown).

Epimorphin expression in myofibroblasts affects epithelial
morphogenesis in vivo. To analyze the in vivo morpho-
genetic potential of epimorphin/syntaxin 2, EpiS2-,
EpiAS1-, and control pCEN-transfected myofibrob-
lasts were associated with fetal rat intestinal endoderm
fragments, grafted into the coelomic cavity of chick
embryos, and harvested after 13 days (Figure 8 and
Figure 9). The grafts composed of the EpiS2-trans-
fected cells plus endoderm were much larger in diam-
eter than the grafts composed of the EpiAS1-trans-
fected cells plus endoderm (P < 0.01, Figure 8).
Histologic and immunohistochemical analyses
revealed marked morphologic differences among the
grafts. The morphologic features of the majority of the
grafts in each group are illustrated in Figure 9. The
grafts composed of the vector control cells developed
short, flat villi and glandular structures (Figure 9, a
and b), whereas the grafts composed of EpiS-trans-
fected fibroblasts developed taller villus structures
with small nascent crypts in the intervillus regions
(Figure 9¢). The lamina propria and the muscle
appeared more organized in the EpiS grafts. In con-
trast, in the grafts composed of the antisense clone
EpiAS1, there was no villus formation and the surface
epithelium consisted of a flat monolayer (Figure 9d).

Immunostaining was performed to detect the brush
border protein lactase (Figure 10, a, e, and i) and laminin
(Figure 10, d, h, and I). All grafts expressed lactase and
laminin despite differences in morphology, and staining
patterns appeared normal. Lactase immunostaining also
delineated the presence of taller villi in the EpiS2 than in
the pCEN control grafts (compare Figure 10e with
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Figure 6

Epimorphin/syntaxin 2 expression in Caco2-MIC 216 cocultures.
Proteins from coculture extracts (25 Jg per lane) were separated by
reduced SDS-PAGE on 4-12% acrylamide gels, transferred to nitro-
cellulose, incubated with the polyclonal syntaxin 2 antibody, and
then visualized with enhanced chemiluminescence reagent. (a) The
34-kDa band corresponds to the epimorphin/syntaxin 2 protein. (b)
Epimorphin expression was quantified as in Methods, and the rela-

tive expression of epimorphin in each cell line is depicted.
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Figure 7
Effects of EpiS-transfected MIC 216 cells on Caco2 cell colony morphology are preserved in Transwell filter cocultures. Fibroblasts were cul-
tured for 3 days in the outer well of Transwell filters. Caco2 cells were then seeded and cultured for 10 days on the top of the inner well mem-
brane (0.4 mm). (a) Caco2 on pCEN cells, (b) Caco2 on EpiS1 cells, and (c) Caco2 on EpiS2 cells. Magnification: X250.
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Figure 10a) and a lack of villi in the EpiAS1 grafts (Fig-
ure 10i). In contrast, in the EpiS2 associations, immun-
odetection of smooth muscle 0-actin revealed staining
in well-organized muscular layers around the graft
periphery and in connective tissue cells of the villus lam-
ina propria (Figure 10f). The circular muscle staining
was more orderly and organized in the EpiS2 grafts than
in the vector control grafts and was completely disor-
dered in the EpiAS1 grafts (Figure 10, b and j). Tenascin
expression was markedly increased in the lamina propria
of the grafts containing EpiS2 myofibroblasts (Figure
10g) compared with the controls (Figure 10c) or with the
EpiAS1 grafts (Figure 10k).

Bmp4 and patched expression are increased in epimorphin-
transfected myofibroblasts. As shown in Figure 7, Transwell
culture experiments suggested that a secreted mor-
phogen at least partially mediates myofibroblast epi-
morphin’s effects on the morphology of cocultured
Caco?2 cells. To identify the putative secreted factor or
factors, RT-PCR was performed to quantify the expres-
sion of known growth factors that exhibit morpho-
genetic effects in epithelial tissues, including TGFp1,
HGEF, and keratinocyte growth factor (KGF). These were
either absent or their expression was unchanged in the
epimorphin-transfected clones compared with the con-
trol clones (Table 1). Gene expression profiling using
DNA microarrays was therefore performed, using total
RNA prepared from control pCEN vector-transfected
cells and from EpiS-transfected myofibroblasts grown
for 7 days in culture. High-density, oligonucleotide-
based DNA microarrays (Affymetrix Inc.) were used,
including rat chip U34A, with 7,000 known rat genes
and ESTs, and chips U34B and U34C with 7,000 ESTs
each. Biotinylated cRNA targets were hybridized to each
chip, and data were analyzed using the GeneChip
Microarray Suite, version 4.0. The database was searched
for morphogens that exhibited changes in expression
greater than twofold in the epimorphin-transfected
myofibroblast cells versus the pCEN control cells.

Notably, expression of Bmp4 was increased 4.15-fold
in epimorphin-transfected cells compared with con-
trol pCEN vector cells. To verify this change in expres-
sion, Northern blot hybridization analysis was per-
formed using a Bmp4 cDNA probe (Figure 11 and

Table 1). There was a marked increase in Bmp4 expres-
sion in epimorphin-transfected myofibroblasts (Fig-
ure 11a) compared with pCEN control cells. To deter-
mine whether the increase in Bmp4 expression was
seen in fibroblasts following coculture with epithelial
cells, the transfected myofibroblast clones were cocul-
tured with gut endoderm removed from fetal rat pups
on embryonic day 14-15 (Figure 11, b and c). Bmp4
expression was also increased in the epimorphin-trans-
fected myofibroblast-endoderm cocultures compared
with the controls.

Bmp4 is a signaling target of sonic hedgehog (Shh),
one of three mammalian hedgehog proteins that is
expressed in early gut endoderm and signals to the mes-
enchyme. To determine whether other members of this
pathway are regulated in the epimorphin-transfected
myofibroblasts, we examined expression of patched, the
mesenchymal receptor for Shh. Microarray analysis indi-
cated that patched expression was increased 3.75-fold
(Table 1). Western blot analysis verified that patched
expression was increased in the epimorphin-transfected
cells compared with the pCEN controls (Figure 12,a and
b). This was not just a general phenomenon in the epi-
morphin-transfected cells, since expression of Hsp40, an
unrelated heat shock protein, was decreased in the EpiS
cells compared with controls (Figure 12c¢). The specifici-
ty of the increase in Bmp4 among other growth fac-
tors/secreted morphogens was further demonstrated by
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Figure 8

Mean diameters of chick intracoelomic hybrid intestinal grafts derived
from transfected MIC 216 myofibroblast-endodermal associations.
Diameter was measured of grafts derived from the association of MIC
216 (n=2), pCEN (n = 6), EpiS2 (n = 6), or EpiAS1 (n = 3) cells with
intestinal endoderms. Data were analyzed by one-way ANOVA fol-
lowed by the Tukey HSD post test. *P<0.01 for EpiS2 versus EpiAST.
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Figure 9

Chick intracoelomic grafts composed of endoderm plus transfected
MIC 216 cells show a morphogenetic effect of epimorphin-syntaxin 2.
Standard periodic acid-Schiff staining of 5-pUm cryosections of
13-day-old grafts composed of intestinal endoderm and (a) MIC 216
(b) pCEN (c) EpiS2, and (d) EpiAS1 cells. Magnification: X25.

our analysis of the microarray gene expression profiling
data (Table 1), which confirmed and expanded upon the
results of RT-PCR experiments.

Incubation with noggin alters morphology of Caco2 colonies
grown on epimorphin-transfected fibroblasts. The Bmp4
antagonist, noggin, was used to examine whether or not
Bmp4 mediates epimorphin’s effects on the morpholo-
gy of cocultured Caco2 cells. Noggin binds to Bmp4 and
prevents it from interacting with its receptors, thus
antagonizing its effects (25-28). Epimorphin-transfect-
ed myofibroblasts were grown for 3 days in six-well
plates. Caco2 cells were plated onto the myofibroblasts
in the presence or absence of noggin (1 plg/ml), or with
or without noggin-conditioned medium derived from
CHO cells transfected with noggin cDNA (1:4 dilution
in regular media) (28). Cocultures were grown for 3 days
more in the presence or absence of noggin and observed
by inverted-phase microscopy. As shown in Figure 13,
incubation with noggin partially blocked the effect of
epimorphin on Caco2 cell morphology. Although there
was some variability in colony size, noggin-treated
colonies were generally larger in diameter than control
BSA-treated colonies (Figure 13). To quantify these dif-
ferences, photomicrographs were taken of five inde-
pendent fields from dishes containing noggin-treated
or control vehicle-treated cocultured cells. The diame-
ters of the largest colonies in each field were measured
and were found to be significantly greater in the noggin-
treated cultures than in control cultures (P < 0.007).
This represented a partial effect, since noggin treatment
did not result in the marked growth and spreading of
Caco2 cells cocultured with antisense epimorphin-
transfected myofibroblasts (see Figure 4).

Discussion
In the present studies, we have shown that myofibrob-
last epimorphin affects both the morphology of cocul-

tured gut epithelial cells in vitro and crypt-villus for-
mation/morphogenesis in vivo. In the coculture model,
epimorphin overexpression in myofibroblasts altered
Caco2 cell colony morphology, inducing the formation
of round, compact epithelial colonies with small lumi-
na. In contrast, these morphogenetic effects were
blocked in cocultures in which epimorphin expression
was inhibited. Epimorphin overexpression also sup-
ported crypt-villus morphogenesis in chick intra-
coelomic grafts composed of rat gut endoderm recom-
bined with intestinal myofibroblasts. Conversely,
inhibition of epimorphin expression completely elim-
inated the myofibroblasts’ ability to support crypt-vil-
lus formation in these grafts. These effects of epimor-
phin on gut epithelial cells have not been previously
described, and provide evidence that mesenchymal
epimorphin expression is required for gut epithelial
morphogenesis. Thus, epimorphin is one of few known
myofibroblast proteins that affect these processes. The
profound lack of morphogenesis resulting from inhi-
bition of epimorphin expression suggests that it plays
a critical role in crypt-villus axis formation.

Although the growth curves of transfected myofi-
broblast clones differed from one another, these dif-
ferences did not correlate with the morphogenetic
capability of the cells. For example, both EpiS1 and
EpiS2 clones exerted similar effects on Caco2 cells and
on endoderm in the intracoelomic chick grafts, despite
EpiS1’s slower growth rate. EpiAS1 and EpiAS2 clones
also exhibited the same effects on the epithelium,
independent of the differences in growth rate between
these clones. Differences in proliferation also did not
correlate with the presence or absence of epimorphin,
since the EpiS2 and EpiAS2 clones demonstrated sim-
ilar growth rates despite the marked difference in epi-
morphin expression levels.

Myofibroblasts produce a variety of basement mem-
brane/ECM proteins that mediate morphogenetic
effects on gut endoderm. We found that tenascin
expression was markedly increased in the EpiS-endo-
derm intracoelomic grafts compared with the EpiAS
and control vector grafts. The pattern of tenascin

Table 1

Expression of selected growth factors/morphogens in epimorphin-

transfected versus control myofibroblasts

Growth factor/ Fold increase by Fold increase by Northern/
morphogen DNA microarray Western blot or RT-PCR
Bmp4 4.15 8-10

Bmp2 Absent ND

FGF7 (KGF) Absent No change detected
FGF10 Absent ND

FGF2 Absent ND

FGF5 Absent ND

TGFB1 Absent Absent

TGFB2 Absent No change detected
HGF Absent Absent

Patched 3.75 1.7-2.9

ND, not done.
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Figure 10

Immunofluorescent immunohistochemical analyses of intracoelom-
ic hybrid intestinal grafts detecting lactase, smooth muscle O-actin,
tenascin, or laminin 1 expression. Hybrid intestines composed of 14-
day fetal intestinal endoderms surrounded by pCEN cells (a-d),
EpiS2 cells (e-h), or EpiAS1 cells (i-1) were developed for 13 days in
the coelomic cavity of chicken embryos. Immunostaining of lactase
(a, e, and i), smooth muscle a-actin (b, f, and j), tenascin (c, g, and
k), and laminin 1 (d, h, and I). Magnification in a, c-e, g-i, k, and I:
%2005 in b, f, and j: x100.

expression was similar to that in normal rat intestine
(30). Tenascin is a mesenchymal ECM protein that is
regulated during branching morphogenesis in epithe-
lial tissues (31). It is also induced during neovascular-
ization and wound healing. Epimorphin may directly
influence the secretion of tenascin, consistent with epi-
morphin’s putative role as a regulator of myofibroblast
secretion. Alternatively, tenascin expression may be
indirectly altered in response to the morphogenesis
induced by epimorphin. Further experiments using the
myofibroblast cell lines alone and in coculture will be
required to elucidate the underlying mechanisms of the
changes in tenascin expression.

When cultured alone, the EpiS cells exhibited some-
what spotty, decreased smooth muscle 0-actin expres-
sion. However, the EpiS-endoderm associations
implanted into the chick coelomic cavity showed abun-
dant expression. The smooth muscle was well organ-
ized, and its microscopic appearance was very similar
to smooth muscle in vivo, unlike the vector control or
antisense grafts. This suggests that myofibroblast epi-
morphin affects morphogenesis of multiple layers of
the gut along the vertical axis.

At least part of epimorphin’s effects on crypt-villus
formation and gut morphogenesis may be related to

the secretion of Bmp4 and appears to involve the Shh
signaling pathway. Our data from Transwell filter
coculture experiments suggest that at least some of epi-
morphin’s effects may occur by regulating the secretion
of, or interaction with, morphogenetic substances from
fibroblasts. Epimorphin did not appear to affect the
expression of other known morphogens produced by
fibroblasts, such as HGF, KGF, or other TGF-3 family
members, as determined by RT-PCR analysis of the
transfected myofibroblasts and by DNA microarray
gene expression profiling analysis. Yet Bmp4 was
markedly upregulated as shown by microarray analysis
and confirmed by Northern blot hybridization. In addi-
tion, noggin, which binds Bmp4 and Bmp2 with high
affinity and prevents interaction of the Bmp’s with
their target receptors (25-28, 32-35), partially blocked
the effects of epimorphin on Caco2 cell colony mor-
phology. Bmp2 was not expressed in these cells (Table
1), suggesting that Bmp4 is the active family member
in this system. The results from the noggin experi-
ments are consistent with our experiments using Tran-
swell filters (Figure 7), which showed that the changes

Bmp4
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Figure 11

Bmp4 expression is increased in epimorphin-transfected myofibrob-
lasts. pCEN- and EpiS-transfected MIC 216 cell lines were grown for
7 days either alone (a) or with endoderm (+E) (b) and harvested.
Total RNA was prepared and Northern blot hybridization analysis
was performed using a 32P-radiolabeled full-length Bmp4 cDNA
probe or a radiolabeled 18S rRNA probe for normalization. (c)
Bands specific for Bmp4 mRNA or 18S were quantified as indicated
in Methods and Bmp4 expression levels were determined.
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Expression of patched receptor is increased in epimorphin-trans-
fected myofibroblasts. Caco2, pCEN vector control, or EpiS-trans-
fected cells were harvested for total protein. (a, c) Protein extracts
(50 pg per lane) were separated by reduced SDS-PAGE on 4-12%
acrylamide gels, transferred to nitrocellulose, incubated with (a) the
polyclonal patched antibody or (c) the polyclonal Hsp40 antibody,
and then visualized with enhanced chemiluminescence reagent. (b)
Bands specific for patched were quantified as indicated in Methods.

in Caco2 colony morphology induced by epimorphin-
transfected myofibroblasts were only partially pre-
served when direct cell-cell contact was disrupted.
Taken together, the experiments using Transwell filters
and noggin imply that secreted factors play a role in
epimorphin’s effects, yet expression of the full pheno-
typic morphologic effect requires direct contact of epi-
morphin with the Caco2 cells.

Bmp4 is a secreted mesodermal molecule that is a
target for Shh signaling (36, 37). Bmp47/~ mice die at
gastrulation and show an absence of organized embry-
onic mesoderm (38). Shh is a secreted protein expressed
in embryonic endoderm, and Shh~~ mice have a distinct
gut phenotype (9). Shh and other members of the
mammalian hedgehog gene family are coexpressed
with Bmp4 in early embryonic development at sites of
endodermal-mesenchymal interaction (37), and the
concentric structure of the gut from epithelium to the
lamina propria, submucosa, and smooth muscle layers
appears to be regulated by Shh via patched/Bmp4 sig-
naling in the mesenchyme (39). Our results showing
that Bmp4 and patched expression are increased in epi-
morphin-transfected cells compared with control cells
suggest that the Shh signaling pathway is involved in
epimorphin’s effects on gut epithelial morphogenesis.

A direct morphogenetic effect of epimorphin has
been supported by studies by Hirai and colleagues of
mammary gland morphogenesis (15-17, 40). Epimor-
phin is expressed in the breast in stromal cells only;
however, ectopic overexpression in mammary epithe-
lial cells induced lumen formation, at least partly via
regulation of C/EBP-f3 (40). Earlier studies (15-17) had

suggested that high-molecular-weight multimeric
forms of epimorphin are inserted into the plasma
membrane, and that the active site of the protein is
located extracellularly. More recent analyses have
shown the presence of a smaller (30-kDa) soluble form
of epimorphin in breast milk (40). Thus it has been
postulated that epimorphin, present on the surface of
breast stromal cells, may be removed by proteolytic
cleavage at the cell surface and delivered into breast
milk by transcytosis across the epithelial membrane or
across junctions between epithelial cells (40), where it
acts directly to induce lumen formation. Purified epi-
morphin also induces morphogenesis of endothelial
and mammary cells in vitro (16, 17). In contrast, in our
gut epithelial cell culture system, epimorphin itself was
not secreted, as indicated by immunoblot analysis of
concentrated media from myofibroblast-Caco2 cocul-
ture experiments and from Transwell coculture exper-
iments. Also, immunoblots of myofibroblasts alone or
of cocultured myofibroblast-Caco2 cells showed only a
single 34-kDa epimorphin band (monomer); no high-
er or lower molecular weight forms were detected.
Finally, other studies have shown that the rat homo-
logue of epimorphin known as syntaxin 2 is a member
of the syntaxin family of secretory vesicle docking pro-
teins; syntaxin 2 has been shown by immunofluores-
cent studies to be membrane-bound, with a cytoplas-

Figure 13

Effects of noggin, a Bmp-binding protein, on Caco2 colony mor-
phology in myofibroblast-Caco2 cocultured cells. Epimorphin-trans-
fected myofibroblasts were incubated with media containing noggin
(1 pg/ml) or with control media, and Caco2 cells were plated onto
the myofibroblasts. Cocultures were treated with noggin-containing
or control media for 3 days and photomicrographs were obtained.
(a) Control vehicle treatment. (b) Noggin-treated cocultures. Arrows
depict Caco?2 colonies. Magnification: X100.
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mic location (21, 41). Therefore the precise cellular
location and mechanism by which epimorphin exerts
its morphogenetic effects may differ in a tissue-specif-
ic manner and thus remain to be clarified.

The postulation that epimorphin may regulate the
secretion of morphogens from myofibroblasts is con-
sistent with its homology to the syntaxins. These are
intracellular secretory vesicle docking proteins that tar-
get exocytosis in neural and polarized epithelial cells
such as pancreatic acinar cells (21). However, a role in
regulating myofibroblast secretion has not been previ-
ously described. Studies of syntaxin 1A support this
putative function, showing that syntaxin 1A was devel-
opmentally regulated in lung mesenchymal lipofi-
broblasts (42). The addition of a specific syntaxin 1A
antibody to fetal lung organ cultures blocked dexam-
ethasone and bombesin-like peptide induction of type
II pneumocyte differentiation, which occurs only in the
presence of lipofibroblasts (thought to be the source of
secreted morphogens) (42).

Based on other studies of syntaxin function, there
are other possible explanations for the preservation of
epimorphin’s effects in Transwell cultures. For exam-
ple, epimorphin may affect the function of other
membrane-bound regulatory proteins or receptors for
soluble morphogens (such as patched), or it might
recruit membrane-bound receptor molecules from
vesicles to the cell surface. Syntaxin 1A, which is
expressed in adult lung and gut epithelia (43), also
regulates the function of the cystic fibrosis trans-
membrane conductance regulator (CFTR) (44-46).
Syntaxin 1A inhibits CFTR-mediated chloride trans-
port by direct protein-protein interactions. This inhi-
bition is reversed by the addition of purified Munc18
isoforms, which are syntaxin 1A-binding proteins
(44). Also, syntaxin 4 plays a role in regulating Glut4
translocation to the plasma membrane in response to
insulin (46). Thus, it is possible that patched, the Shh
receptor (47), is a target for regulation by epimorphin.

In summary, our studies provide new evidence that
epimorphin/syntaxin 2 affects gut epithelial morpho-
genesis. The role of the syntaxins in targeted vesicular
secretion in neural cells has been well described, but
their developmental regulation and effects on epithe-
lial morphogenesis have received much less attention.
Syntaxins affect developmental processes in Drosopbhi-
la (48) and in plants (49), but their role in mammalian
ontogeny remains to be clarified. Our results indicate
that myofibroblast epimorphin has profound effects
on cocultured Caco2 cells and on crypt-villus forma-
tion in myofibroblast-endodermal grafts. These effects
are mediated at least in part by secreted factors that
likely include Bmp4, suggesting a novel mode of
action for epimorphin in epithelial-mesenchymal
interactions during gut morphogenesis.
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