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We report the isolation of a cDNA clone corresponding to a transcript that is accumulated differentially in
rat intestine during development. Clone OCI-5 was selected from the rat intestinal cell line IEC-18, which
represents primitive intestinal epithelial crypt cells. Expression was high in rat fetal intestine between 15 and
19 days of development and thereafter was progressively down regulated, becoming undetectable after
weaning. Clone OCI-5 detected homologous sequences in human and murine cells. In particular, a high level
of expression was detected in CaCo-2, a human colon carcinoma cell line, which is known to express molecules
characteristic of fetal small intestinal cells. Expression of a homologous gene was also detected in F9 murine
teratocarcinoma cells when they were induced to differentiate into parietal or visceral endodermlike cells.
When IEC-18 cells were transformed by activated H-ras or v-src genes, expression of clone OCI-5 was
suppressed; the degree of down-regulation correlated with the extent of morphological change induced in the
transformed IEC-18 cells. The sequence of clone OCI-5 showed an open reading frame that was capable of
encoding a protein of 597 amino acids, but no strong homology was found with any of the proteins registered

in the protein sequence data base.

The normal epithelial mucosa of the small intestine is
organized as a single layer of cells lining the lumen of the gut.
The tissue function of transport and digestion is performed
by the absorptive cells, which are arranged on villi that
protrude into the gut lumen. The half-life of these cells is
short; and cell number is constantly maintained by prolifer-
ation, differentiation, and migration of cells from the crypts,
which are pockets of the epithelium arranged below the
surface of the gut. Results of studies by Cheng and Leblond
(6) in the mouse have established the concept that cell
renewal is achieved through an amplifying cell lineage orig-
inating in crypt stem cells which have the potential for
differentiation into the four main types of differentiated cells:
absorptive, goblet, endocrine, and Paneth cells. Based on
kinetic evidence, the stem cells are located close to the base
of each crypt and likely number less than 16 per crypt, a very
small proportion of the total number of cells in the intestinal
epithelium (26).

The mature absorptive cells, which are the predominant
cell population on the surface of the villi, acquire a distinc-
tive brush border membrane and surface membrane en-
zymes which have been studied extensively at the cellular
and molecular levels. However, the crypt cells, including
those assumed to represent the stem cells, remain relatively
poorly characterized. Quaroni (27, 29) has prepared several
monoclonal antibodies against membranes of intestinal cells
that react specifically against crypt cells in both rat and
human adult small intestines, but the antigens have not yet
been characterized.

The morphogenesis of intestinal mucosa is a late event in
gestation (17). At day 15 of development the small and large
intestines in fetal rats consist of an undifferentiated stratified
epithelium within a mesenchymal layer. Thereafter, primi-
tive villi are formed and progressively covered by a single
layer of columnar epithelial cells. Crypt cells appear at about
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the time of birth, and complete maturation is reached only
after weaning. DNA synthesis and cell proliferation occur in
all intestinal cells at earlier stages of development, and the
restriction of the proliferative zone to the base of the villi and
the crypts is first detected 1 day before birth (11). In several
studies it has been suggested that adult crypt cells and fetal
intestinal cells are not only ultrastructurally but also pheno-
typically similar (27, 28, 30, 38).

As a first approach to the generation of probes useful to
study the molecules that are involved in proliferation and
differentiation of crypt stem cells, we decided to isolate
cDNA sequences that are expressed in fetal intestinal endo-
derm and that are down regulated during development. Since
it is very difficult to obtain a pure population of fetal
epithelial cells from rat intestine, we used a rat intestinal cell
line (IEC-18) as a source of mRNA for the cDNA library.
IEC-18 is one of a series of rat intestinal cell lines which have
been established by Quaroni and Isselbacher (31). Results of
morphological and immunological studies have indicated
that these cells represent undifferentiated crypt epithelial
cells (31). Moreover, one of these cell lines, IEC-17, was
shown to have the potential for intestinal-specific differenti-
ation (including differentiation into absorptive, goblet, endo-
crine, and Paneth cells) when transplanted in conjunction
with fetal gut mesenchyme into the kidney capsule of adult
rats or into nude mice (13). In addition, an enterocytic type
of differentiation can be induced in IEC-6 cells by transform-
ing growth factor g (14).

To eliminate mRNA sequences that could be characteris-
tic of epithelial cells in general or of actively proliferating
cells in tissue culture, we screened the IEC ¢cDNA library by
a subtractive hybridization technique that was designed to
detect sequences that are specifically expressed in IEC-18
cells compared with those that are expressed in a normal rat
kidney epithelial cell line (NRK-52E). Using this technique,
we were able to isolate a cDNA corresponding to an mRNA
which is developmentally regulated in the rat intestine.
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MATERIALS AND METHODS

Cell culture. The following cell lines were used in these
experiments: IEC-18 (31) and IEC-14 (32), derived from
normal rat small intestine; NRK-52E, derived from normal
rat kidney; F9, derived from a mouse teratocarcinoma (35);
Rat-2, derived from normal rat fibroblasts (36); CaCo-2,
HT-29, and DLD-1, derived from human colon carcinomas;
MDA-468, derived from a human breast adenocarcinoma
(22); SKMG-3, derived from a human glioblastoma (23),
HOC-8, derived from a human ovarian adenocarcinoma (9);
and 427N, derived from normal human fibroblasts. NRK-
52E, CaCo-2, HT-29, and DLD-1 were obtained from the
American Type Culture Collection (Rockville, Md.).

The induction of differentiation of F9 teratocarcinoma
cells into visceral and parietal endodermlike cells was per-
formed as described previously (12) by using retinoic acid
alone or dibutyril cyclic AMP-retinoic acid, respectively.

Differential screening. Double-stranded cDNA was synthe-
sized from poly(A)* RNA that was obtained from IEC-18
cells as described previously (21). The cDNA was ligated to
EcoRI polylinkers and, after EcoRI digestion, was cloned
into the unique EcoRlI site of Agtl0 DNA. The recombinant
phage library containing 20,000 plaques was dotted onto
duplicate nitrocellulose filters (1,000 plaques per filter). For
preparations of enriched probes (10), *?P-labeled single-
stranded cDNA that was reverse transcribed from 3 pg of
IEC-18 poly(A)* RNA was annealed for 40 h at 68°C to 25 pg
of NRK-52E poly(A)* RNA in a volume of 12 pl, containing
0.5 M sodium phosphate buffer (pH 7.0), 1 mM EDTA, and
0.1% sodium dodecyl sulfate (SDS), in a sealed siliconized
glass capillary. This mixture was then diluted into 1 ml of
0.12 M sodium phosphate buffer containing 0.1% SDS and
passed over a column of 0.2 g of hydroxyapatite to separate
the single-stranded cDNA from the double-stranded cDNA.
The eluate containing the single-stranded cDNA was used to
screen the 20,000 recombinant phages on nitrocellulose
filters. Hybridization was carried out at 65°C in 6x SSC (1x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 1X
Denhardt solution, and 200 pg of denatured salmon sperm
DNA per ml. The filters were washed at 65°C in 0.1x SSC.
A duplicate set of nitrocellulose filters was hybridized with a
32p_Jabeled single-stranded cDNA prepared from NRK-52E
mRNA by using the same conditions as were used for the
IEC-18-subtracted probe.

RNA isolation and blotting. Total RNA was isolated from
cultured cells by guanidine isothiocyanate solubilization and
centrifugation over a CsCl cushion. Poly(A)* RNA was
purified by passage over oligo(dT)-cellulose. The RNA was
denatured with glyoxal and dimethyl sulfoxide, and electro-
phoresis was performed in a 1.1% agarose gel. To verify that
equal amounts of RNA were loaded into each lane, the gels
were stained with ethidium bromide. Human 28S and 18S
rRNAs were used as size markers. The RNA was then
transferred to a Zetabind filter and hybridized under high-
stringency conditions with clone OCI-5 that was nick trans-
lated with 32P. When the RNA was to be isolated from
intestines, the tissue was frozen in liquid nitrogen and
pulverized before it was dissolved in guanidine isothiocya-
nate.

DNA isolation and blotting. Genomic DNA was isolated by
SDS-proteinase K lysis, organic extraction, and NaCl-eth-
anol precipitation. DNA was digested with HindIII, electro-
phoresed in a 0.8% agarose gel, and transferred to a Zetabind
membrane. Clone OCI-5 was nick translated with 3?P, and
hybridization was performed at 42°C in 5x SSC, 1x Den-
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hardt solution, 100 pg of denatured salmon sperm DNA per
ml, 0.1% SDS, 20 mM sodium phosphate, and 30% formam-
ide.

DNA sequencing. EcoRI, Pst1, HindIII, and Sst1 fragments
of clone OCI-5 were purified from an agarose gel and cloned
into the bacteriophage M13 mpl8 vector (19). Single-
stranded DNA templates were prepared as described previ-
ously (33) and sequenced by the dideoxynucleotide chain
termination method (34). The sequence analysis was com-
pleted by the use of seven specific oligonucleotide primers,
as indicated by asterisks in Fig. 7A.

v-src infection of IEC-18 cells. IEC-18 cells were seeded
overnight at a density of 10° cells per dish in growth medium.
The following day different dilutions of SR1, a retrovirus
containing the v-src gene and a gene coding for resistance to
G-418 (3), were added in the presence of 8 ug of Polybrene
per ml of medium. Cells were incubated overnight at 37°C.
The following day the medium was replaced by regular
medium. After 48 h, 400 ug of G-418 was added per ml. Two
weeks later transformed foci were cloned and expanded in
the presence of G-418.

RESULTS

Preparation and differential screening of a cDNA library
from IEC-18 cells. A Agtl0 cDNA library was prepared by
using mRNA extracted from exponentially growing IEC-18
cells. A total of 2 x 10* independent recombinant plaques
were plated at a low density and transferred onto duplicate
nitrocellulose filters. 3?P-labeled single-stranded cDNA was
prepared from IEC-18 mRNA and submitted to subtractive
hybridization against mRNA extracted from NRK-52E.
Eighty percent of the IEC-18 cDNA hybridized with the
NRK-52E mRNA. The remaining 20% was used to screen
one set of the nitrocellulose filters blotted with the IEC-18
cDNA library. The other set of nitrocellulose filters was
screened with single-stranded cDNA that was prepared from
NRK-52E mRNA. Plaques that were positive when probed
with the IEC-18-subtracted cDNA and negative with NRK-
52E cDNA were selected for a secondary screening. Five of
these plaques showed similar results in the secondary
screening and were selected for further studies.

Characterization of cDNA clones. DNA was prepared from
the five selected plaques, and the cloned inserts were iso-
lated. All of them had the same size (2.25 kilobases [kb]),
suggesting that they contained the same sequence. The five
inserts were nick translated with 32P and hybridized to a
Northern blot containing mRNA extracted from IEC-18,
IEC-14, NRK-52E, 15-day-old fetal rat intestine, adult rat
intestine, and a normal rat fibroblast cell line (Rat-2). The
same pattern was obtained with the five inserts (a repre-
sentative pattern is shown in Fig. 1). Enzymatic restriction
analysis confirmed that the five clones contained the same
sequence. A single 2.6-kb band was detected in IEC-18 cells
but was absent from all the other cell lines. The fetal rat
intestine also showed a prominent 2.6-kb band, whereas the
adult intestine was negative for this band. This last observa-
tion indicates that the expression of this 2.6-kb message is
developmentally regulated. The insert from one Agtl10 clone
was subsequently cloned into the EcoRI site of plasmid
PUC13 and designated OCI-S.

Expression studies of clone OCI-5. To define the temporal
relationship between OCI-5 expression and intestinal devel-
opment, total RNA was extracted from the intestines of
embryos and rats of different ages from 15 days of gestation
to 24 days postparturition, and a Northern blot was per-
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FIG. 1. Northern blot analysis of clone OCI-5. mRNA (3 ug) was
hybridized with nick-translated OCI-S. Lanes: a, NRK-S2E; b,
RAT-2; c, adult rat intestine; d, 15-day-old fetal rat intestine; e,
IEC-14; f, IEC-18.

formed. Figure 2 shows that the expression of clone OCI-5
decreased gradually from day 20 of gestation and finally
became undetectable after weaning (day 24 postparturition).

In order to investigate the expression of homologous
sequences in other species, Northern blotting was performed
with mRNA extracted from human and murine cells. First,
mRNA from normal human fibroblasts and cell lines derived
from different types of human tumors were probed (Fig. 3).
Under high-stringency conditions, clone OCI-5 was able to
detect two bands in CaCo-2, a colon tumor cell line. The
predominant band had the same size as the band detected in
rat cells, and the less intense band corresponded to 3.0 kb.
We could not detect any homologous transcripts in the
mRNA of the other cell lines, including HT-29 colon carci-
noma cells. CaCo-2 cells can acquire enterocytelike charac-
teristics when they reach confluence (25); however, the level
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FIG. 2. Developmental regulation of clone OCI-5. Total RNA
(20 pg) was hybridized with nick-translated OCI-5. The lower band
is nonspecific hybridization to the 18S rRNA. Lanes: a, days of fetal
development; b, days after birth. A tubulin probe was used to
confirm that the same amount of RNA was loaded into each lane.
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FIG. 3. Northern blot analysis of clone OCI-5 in human cell
lines. mRNA (3 pg) was hybridized with nick-translated OCI-S.
Lanes: a, MDA-468; b, SKMG-3; ¢, HOC-8; d, 427-N; e, DLD-1; f,
CaCo-2; g, HT-29.

of OCI-S transcripts was not dependent on culture density
(data not shown). Second, we investigated the expression of
the murine homolog of clone OCI-5 in F9 teratocarcinoma
cells. These undifferentiated murine embryonal carcinoma
cells can be induced to differentiate into parietal endoderm
or visceral endodermlike cells. Figure 4 demonstrates that
the undifferentiated F9 cells did not express a homologous
gene, but a 2.6-kb transcript was detected after differentia-
tion into either parietal or visceral endodermlike cells.

The relationship of OCI-5 expression to transformation of
tissue-cultured cells was investigated by studying IEC-18
clones that became tumorigenic after transfection with the
activated human H-ras oncogene (4). Unlike IEC-18 cells,
which are flat and grow with a cobblestone morphology, the
H-ras-transformed clones are spindle-shaped and adhere
very poorly to plastic (4). When clone OCI-5 was hybridized
against mRNA extracted from three of these clones, the
2.6-kb transcript found in the parental IEC-18 cell was
undetectable, even after a very long exposure (Fig. 5SA). To
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FIG. 4. Northern blot analysis of clone OCI-5 in F9 teratocarci-
noma cells. mRNA (3 pg) was hybridized with nick-translated
OCI-5. Lanes: a, F9 control cells; b, parietal endodermlike cells; c,
visceral endodermlike cells; d, IEC-18.
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FIG. 5. Northern blot analysis of clone OCI-5 in IEC-18-trans-
formed cells. (A) H-ras transformation. mRNA (10 pg) was hybrid-
ized with nick-translated OCI-5. Lanes: a, IEC-18 control; b, ¢, and
d, three representative transformed clones. (B) v-src transforma-
tion. mRNA (3 pg) was hybridized with nick-translated OCI-S.
Lanes: a, IEC-18 control; b and c, two representative transformed
clones.

investigate whether this dramatic suppression of the expres-
sion of clone OCI-5 was a specific H-ras-related phenome-
non, IEC-18 cells were also transformed with a virus con-
taining the v-src gene. v-src-transformed clones also showed
cells with a spindle-shaped morphology, although the degree
of morphological change was less than that in the H-ras
transfected clones, and flat, strongly adherent cells were also
seen within individual clones (data not shown). mRNA was
extracted from two representative v-src-infected clones, and
the level of OCI-5 transcripts was determined. Figure 5B
shows that clone OCI-5 was also down regulated after v-src
infection, although a low level of expression could still be
detected. Clones selected after transfection with a gene
coding for resistance to G-418 showed no change in the level
of expression of OCI-5 (data not shown). These results
indicate that suppression of OCI-5 expression is not specif-
ically related to activated H-ras expression and suggest that
the down-regulation of OCI-S expression could be related to
the morphological changes produced by transformation of
IEC-18 cells by oncogenes.

Southern blot analysis. Northern blotting of RNA from
CaCo-2 human tumor cells and F9 murine teratocarcinoma
cells suggested the presence of human and murine homologs
to the OCI-5 gene. This was further investigated by Southern
blotting of DNA from rat, mouse, and human cells. Under
conditions of moderate stringency, clone OCI-5 was able to
detect 10 bands in rat DNA, 11 bands in human DNA, and 7
bands in mouse DNA, after restriction with HindIII (Fig. 6).

DNA sequence of clone OCI-5. Both strands of clone OCI-5
were sequenced as described above. Figure 7 shows a partial
restriction map of clone OCI-5 and the sequencing strategy
that was used for both strands. One strand had an open
reading frame of 1,856 bases, with the first methionine being
69 bases after the last in-frame stop codon. Figure 8 shows
the sequence of that strand and its translation, starting from
the first methionine codon. The hypothetical translation
product would consist of 597 amino acids (69,337 daltons in
molecular mass), if it is assumed that translation starts in the
first ATG after the last in-frame stop codon. Two polyadeny-
lation sites were located near the 3’ end of the sequence.
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FIG. 6. Southern blot analysis of clone OCI-5 in normal mouse,
human, and rat DNAs. DNA (10 pg) was hybridized with nick-
translated OCI-5. Lanes: a, mouse DNA; b, human DNA; c, rat
DNA.

The predicted protein sequence included three potential
glycosylation sites, but a candidate transmembrane domain
(at least 20 consecutive hydrophobic residues) was not
found. The amino acid hydropathicity plot showed two
mildly hydrophobic regions, one near the putative amino
terminus and the other near the cysteine-rich carboxyl
terminus (data not shown).

A computer search of the National Biological Research
Foundation protein sequence data base (release 15.0; De-
cember 1987) detected no strong homology with any of the
7,000 published amino acid sequences. Similarly, no signif-
icant homology was found in the GenBank nucleic acid
sequence data base (release 55.0; March 1988).

DISCUSSION

We reported the isolation of a cDNA clone (OCI-5)
representing a 2.6-kb transcript of the IEC-18 rat intestinal
cell line. OCI-5 is highly expressed in rat fetal intestine
between 15 and 19 days of development, is down regulated
prior to birth, and is not detectable in the rat intestine after
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FIG. 7. Partial restriction map of OCI-5 cDNA. Below the re-
striction map are the fragments that were used for sequencing.
Arrows indicate the direction and extent of sequence read from each
fragment. Asterisks indicate the positions of the seven oligonucleo-
tide primers that were used in the final stages of the sequence
determination. Abbreviations: E, EcoRI; P, Pstl; H, HindllI; S,
Sstl; bp, base pairs.
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FIG. 8. The complete nucleotide and translated amino acid sequences of clone OCI-5 cDNA.

weaning. Since the proportion of immature cells decreases DNA fragments that added up to 70 kb of human DNA, 40 kb

during intestinal development and the number of such cells
in the adult intestine is very small (26), we cannot exclude
the possibility that clone OCI-5 is still being expressed in the
undifferentiated cells at the base of the adult crypt. A
definitive resolution of this question will require the devel-
opment of methodology for in situ detection of OCI-5
transcripts in tissue sections. Such a technique would also
allow an investigation of OCI-5 expression at earlier stages
of development.

Although the OCI-5 transcript is abundant in IEC-18 cells,
this is not a general feature of the IEC cell lines. For
example, we could not detect expression in IEC-14 cells
(Fig. 1). In fact, we found a wide range of expression of
clone OCI-5 in different IEC cell lines (data not shown).
Whether these various levels of expression reflect different
degrees of differentiation or cells of origin of the IEC cell
lines is not known. Nevertheless, the availability of OCI-5
expression vectors and IEC cells which do not express
OCI-5 should allow for experiments to be designed to assess
the significance of controlled expression of this gene.

The fact that clone OCI-S detected expression of homol-
ogous genes in human and mouse mRNAs under high-
stringency conditions indicates that this gene is highly con-
served through evolution. Southern blot analysis detected

of rat DNA, or 36 kb of mouse DNA. It is not possible at this
stage to know whether these bands correspond to a single
large gene or, alternatively, whether OCI-5 is a member of a
gene family.

The high level of expression of a homolog of clone OCI-5
in CaCo-2 cells is of considerable interest. This cell line, like
HT-29, another human colon tumor cell line, can be induced
to differentiate into enterocytelike cells (24, 25). However,
CaCo-2 cells are known to express certain antigens that are
characteristic of fetal small intestinal cells and that are not
detected in HT-29 cells (29). The fact that we found expres-
sion of an OCI-5 homolog in control and induced CaCo-2
cells but not in control or induced HT-29 cells (data not
shown) suggests that the expression of clone OCI-5 in
CaCo-2 cells could be related to the oncofetal characteristics
of these cells. In fact, clone OCI-5 is highly expressed and
developmentally regulated in other endodermally derived
embryonic rat tissues, and expression can also be detected in
some tumors derived from those tissues (unpublished data).

Another interesting feature of clone OCI-5 is the down-
regulation of expression after transformation of IEC-18 cells
by activated H-ras and v-src. Several examples have been
described in which genes are down regulated after transfor-
mation of cultured fibroblasts. In general, these genes en-
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code proteins that are involved in the cytoskeletal function
or in cell attachment (2). Some of the most common exam-
ples include certain forms of tropomyosin (7, 18), actin (16),
collagen (1), and fibronectin (8). All these proteins are
thought to be involved in the establishment of cell shape.

Much less is known about gene expression that is down
regulated after transformation of epithelial cells in culture,
but in a similar fashion to the situation in fibroblasts, it has
been shown that transformation induces dramatic changes in
the cytoskeleton and in cell attachment (20, 37). In light of
these precedents and the fact that the down-regulation of
clone OCI-5 in transformed IEC-18 cells was correlated with
the degree of morphological change, it is tempting to spec-
ulate that the protein coded by clone OCI-5 may be involved
in cytoskeletal organization or in cell attachment.

This speculation is consistent with the induction of a
murine homolog to clone OCI-5 when F9 teratocarcinoma
cells differentiate into parietal or visceral endodermlike
cells. It has been shown that morphological changes occur
during this differentiation process (35), and the induction of
expression of several proteins involved in the cytoskeletal
structure (15) or in cell attachment (5, 35) has been de-
scribed.

Since no functional domains of the OCI-5 gene product
could be identified by homology to sequences in the protein
data base, further progress in the definition of the function of
the protein will depend on the generation of antibodies. We
have been able to express part of the OCI-5 cDNA as a
fusion protein in bacteria and are now attempting to generate
those antibodies.
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