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ABSTRACT

The levels of control involved in the regulation of expression of the
carcinoembryonic antigen (CEA) gene family members were investigated
using cultured Caco-2 cells that differentiated after confluence as char
acterized by the production of polarized monolayers and the subsequent
appearance of domes. Three transcripts representing CEA (3.0 and 3.5
kilobases) and nonspecific cross-reacting antigen (NCA) (2.6 kilobases)
were detected in Northern analyses of mRNA preparations of such cells
when probed with human CEA cDNA, albeit at different levels. The
major CEA 3.0-kilobase transcript increased 3-fold over an 11-day cul
ture period after confluence, whereas the NCA transcript increased 25-
fold over the same time period. 7-interferon treatment enhanced CEA
mRNA levels 32-fold and NCA mRNA levels 53-fold in Caco-2 mono-
layers 11 days after confluence. The NCA gene thus appears to be
regulated by a mechanism different from that of CEA. During 7-interferon
treatment, the normal increase in Caco-2 dome formation with time in
culture was increased further by a factor of 2. Over the 13-day time span
for Caco-2 cultures, CEA protein levels increased 7-fold, NCA (M,
48,000) protein 5-fold, while 7-interferon treatment augmented CEA
18.5-fold further and NCA 20-fold. In 2 other colon carcinoma cell lines,
S\VI222 and T84, which are differentiated in culture to varying degrees,
little if any changes were seen in CEA and NCA mRNA and protein
levels in pre- versus postconfluent cultures. Both cell lines, however,
responded to 7-interferon treatment by increases in CEA and NCA
mRNA levels and, in some cases, disproportionate increases in the
corresponding proteins. The lack of direct proportionality between mRNA
and protein expression suggests that, as observed in human colon carci
noma and adjacent normal tissue, both transcriptional and post-transcrip-
tional control mechanisms regulate CEA gene family member expression
in colon carcinoma cells.

INTRODUCTION
CEA' is a highly glycosylated (50-60% carbohydrate), M,

180,000, cell surface glycoprotein originally detected in colonie
tumors and in fetal intestine (1). Later studies showed that it
was also present at low levels in normal gastrointestinal tissue
(for reviews, see Refs. 2 and 3). A closely related family member,
NCA, is also found in colon tumors as well as in breast and
lung tumors, and in normal spleen and granulocytes (4-6).

The increase in CEA family protein production in many
human tumors may be due to several mechanisms, most likely
involving transcriptional and/or post-transcriptional controls
(7-10). Analyses of malignant and nonmalignant human co-
Ionic tissues have shown that the CEA gene is neither amplified
nor rearranged (7). CEA mRNA and protein ratios, however,
were found to differ between tumor/normal paired specimens
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from different patients. This lack of direct proportionality
between mRNA level and CEA product suggested that the
variations could be due to both transcriptional and post-tran
scriptional controls. The observation of changes in methylation
in upstream regions of the CEA gene suggested that this region
is transcriptionally active and that methylation is one mecha
nism by which these genes are controlled (7, 10).

Due to the difficulties arising from the cellular heterogeneity
of tissue specimens, we investigated the potential of the Caco-
2 cell line as a model system. This human cell line was estab
lished from a moderately well-differentiated colon adenocarci-
noma and, when cultured in vitro spontaneously differentiates
and polarizes, exhibiting many characteristics and functions of
fully differentiated small intestinal mucosal epithelium (11, 12).
Through electron-microscopic studies, it has been shown that
differentiated Caco-2 cells are highly polarized, possess tight
junctions between individual cells, and display a brush border
membrane (12). The development of the differentiated pheno-
type has also been characterized by high levels of brush border
enzymes and by the formation of domes, which are indicative
of polarized epithelial cells (12-18). Two other human colonie
tumor cell lines, SW1222 and T84, have also been investigated
for comparative purposes. SW1222 cells (19) spontaneously
differentiate only within collagen gels, but remain viable in an
undifferentiated state in a postconflucnt monolayer culture.
Postconfluent T84 cells, much like Caco-2 cells, demonstrate
structural polarity and an abundance of relatively short micro-
villi, as well as the formation of tight junctions and desmosomes
between adjacent cells (20), but do not form domes.

The present work was undertaken in an effort to examine the
control of expression of CEA gene family members. Although
a large research effort has been devoted to determining the
structure of the molecule and its relatives (21), little is known
about the control of expression of CEA, or about its biological
role both in embryogenesis and in malignant transformation.
CEA (22, 23) and NCA (23, 24) have recently been shown to
function in vitro as Ca2+-independent. homophilic, and hetero-

philic intercellular adhesion molecules. It is therefore possible
that overproduction of these proteins could contribute to the
carcinogenic process in the colon either through effects on
tissue architecture or on invasion and metastasis (22, 25). We
wished to examine the control of CEA and NCA expression in
differentiation and carcinogenesis in light of this finding.

MATERIALS AND METHODS

Cell Culture. Caco-2 cells obtained from the American Type Culture
Collection (Rockville, MD) were seeded at 3 x IO5cells/25-cnv plastic
flask (Nunclon; Gibco Canada, Inc.) and grown in Â«-minimalessential
medium (26), supplemented with 10''Â¿fetal bovine serum (Gibco Lab
oratories, Grand Island, NY) and penicillin/streptomycin, at 37Â°C,in

a 5% Coz-95% air atmosphere. Medium was changed every 2 days
before confluency. After confluency. the medium was changed daily.
All measurements were repeated twice, and sometimes 3 times. Domes
were identified as dark ringed circles in the monolayer by phase contrast
light microscopy at 2.5 times magnification. The average number of
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these structures was determined in several microscopic fields and nor
malized to the total area of the field. The SW1222 cell line (19) was a
gift from Dr. \V. F. Bodmcr (Director's Laboratory. London. United
Kingdom) and was grown in Dulbecco's modified Eagle's medium
containing I0'< fetal bovine serum, in monokiycr culture. T84 cells

(20). obtained from American Type Culture Collection, were grown as
monolayers in a 1:1 mixture of Dulbecco's modified Eagle's medium/
1-12 medium (Gibco). supplemented with 1()'Vfetal bovine serum.

7-lnterferon Treatment. -Â»-Interferon(2000 units/ml: Collaborative
Research Inc.. Bedford. MA) was applied to the Caco-2 monolayers at
the indicated time points for 3 days. Cells from the treated or untreated
flasks were then harvested. Medium containing -y-intcrferon was

changed every day.
Purification of RNA and Northern Blot Analysis. Total RNA was

isolated by guanidine isothiocyanate extraction as described by Chirg-
win et al. (27). Twenty Mgof each preparation were electrophoresed in
formaldehyde-containing agarose gels (28) and stained with acridine
orange to ensure that equivalent amounts of RNA were present in all
lanes. The RNA was transferred to GeneScreen Plus nylon membranes
(Du Pont-New England Nuclear, Boston. MA). Detection of RNA with
random primer ':P-labeled (29) cDNA probes (as described in "Re
sults") was done by hybridization under conditions described previously

(9). Membranes were washed in a final stringency of 1x standard saline-
citrate containing 0.5f'< SDS for 30 min at 52Â°Cand autoradiographed
(X-OMAT AR film: Eastman Kodak. Co.. Rochester. NY) at -70Â°C

with intensifying screens for 2-4 days. The relative abundance of
specific mRNAs in each lane was quantitated from various film expo
sures by laser densitometry. The total RNA blots were also hybridized
with a -y-actin (30) probe under the above conditions. Washes were
performed with 0.Ix standard saline-citrate containing 0.1 cc SDS for
30 min at 52Â°C.

CEA Assay. Cell monolayers were removed from the flasks with
phosphate-buffered saline lacking Ca:+ and Mg~* and containing 15

niM sodium citrate and then resuspended in the same solution for
disruption by 3 10-s sonication bursts using an immersion probe (Artek
Systems Corporation. Farmingdale, NY). The samples were assayed
for cell-associated CEA (Abbott CEA-EIA Monoclonal kit; Abbott
Laboratories. North Chicago. IL) and normalized to the total amount
of cell protein as described previously (7). This assay has been shown
to be specific for CEA by its failure to detect other CEA family members
in appropriate transfectants.4 CEA released in the medium was also

measured at the different time points: 6 ml of medium were applied to
culture flasks for 24 h and then removed for quantification of CEA
levels. When detectable, cell-free CEA represented, on the average, 17%
of total CEA and was proportional to the amount of cell-associated
CEA.

Imntunoblot Analysis. The whole cell sonicate (100 Â¿/g)prepared for
the CEA assay was electrophoresed on a 7.5% Tris/glycine SDS-
polyacrylamide gel under standard conditions (28). transferred to nitro
cellulose, and incubated with anti-CEA polyclonal rabbit antibody
(obtained from Dr. A. Fuks, McGill Cancer Centre). After washes,
blots were probed with alkaline phosphatase-conjugated Affinipure goat
anti-rabbit IgG (H + L) (Jackson Immuno Research Laboratories, Inc.,
West Grove. PA). The labeled proteins were detected by reaction with
bromochloroindolyl phosphate/nitroblue tetrazolium substrate (Pro-
mega, Madison, WI) (31). Photographic transfer to a transparency
enabled quantification of the A/, 48.000 NCA protein by scanning laser
densitometry (LKB 2202 ULTROSCAN) and comparison with a
known amount of purified NCA (gift from Dr. R. J. Paxton. Beckman
Research Institute of the City of Hope. Duarte, CA).

Enzyme Assays. Sucrase-isomaltase activities were determined ac
cording to the method of Messer and Dahlquist (32) on the same whole
cell sonicates used for the CEA assay. Enzyme activity was expressed
as milliunits/mg total cell protein. One unit of sucrase activity has been
defined as the activity that hydrolyz.es 1 /^mol substrate/min.

Microscopic Studies. For light microscopy, Caco-2 cells were grown
on Millipore nitrocellulose filters, fixed with lO'V formalin, processed
for paraffin embedding, and sectioned. Some were incubated with anti-

CEA polyclonal goat antibody (obtained from Dr. A. Fuks, McGill
Cancer Centre) and visualized through an immunoperoxidase reaction
with the VECTASTAIN ABC kit (Vector Laboratories. Burlingame.
CA). Negative controls were incubated with normal goat serum or no
serum.

RESULTS

Growth Characteristics and Dome Formation in Caco-2 Cells.
To characterize the Caco-2 cell line with respect to CEA gene
family member expression, its growth characteristics were first
determined. Cell numbers increased rapidly after about a 2-day
lag period immediately after seeding and confluency was
reached after 6 days (Fig. 1). Once a continuous monolayer
formed, the cells grew denser and more compact, and dome
like structures appeared. By time-lapse videotaping, we have
observed that these domes were patches of cells within the
monolayer, which detached from the plastic support and rose
up like blisters within 10-15 min. The domes then collapsed (2
to 6 min), and eventually began to rise, forming new dome-like
structures again. This process repeated itself numerous times,
and the sites of the domes increased each time until an "equi
librium" was achieved. When cells reached the stationary phase

(6 days postconfluency), the number of domes decreased and
thereafter remained relatively constant (Fig. 1).

Subconfluent, nonpolarized Caco-2 cells stained with a 1:500
dilution of anti-CEA polyclonal goat antibody showed CEA

protein to be present on the upper membrane exposed to the
medium at low concentrations (data not shown). Postconfluent
(day 4), polarized Caco-2 cells stained with a 1:3000 anti-CEA
antibody dilution (Fig. 2) showed intense staining on the upper
apical surface and some staining in what appeared to be secre
tory granules near the surface. Negative controls with normal
goat serum or no serum showed only light staining or nonspe
cific staining of the edge of the nitrocellulose paper support.

To further test the use of Caco-2 as a model system, the effect
of 7-interferon treatment was assessed. In vivo, this cytokine is
known to enhance CEA expression on colon tumor surfaces
(10, 33, 34). When 2000 units/ml of medium were applied, cell
growth was inhibited over the 3-day period of exposure by 20-
30%. Moreover, throughout the period of differentiation of the

complete
confluency polarization
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4 H. Zhou. M. Rojas, A. Fuks, and C. P. Stanners. unpublished observations.
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Fig. 1. Growth characteristics (â€¢)and total membrane-associated sucrase
activity (O) of Caco-2 cells and kinetics of dome formation before (A) and after
(A) treatment with -y-intcrfcron (2000 units/ml). The cytokine was applied for 3
days before the indicated time of measurement. Cell numbers are the mean of 6
different experiments (SDs are less than 10'V): sucrase activities and numbers of
domes represent 3 different passages (SDs arc less than 14'7 and 11%,
respectively).
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Fig. 2. Light micrographs of Caco-2 monolayers at day 4 grown on Millipore
nitrocellulose filters. Cells in the top panel were stained with anti-CEA polyclonal
goat antibody. Cells in the bottom panel were incubated with normal goat serum.

cells, treatment with 7-interferon increased the number of
domes by a factor of 2 (Fig. 1).

Postconfluent cultures have been reported to exhibit charac
teristics of mature enterocytes (12). The time of confluency and
complete cellular polarization have been determined previously
by electron-microscopic studies, and by the levels of alkaline
phosphatase, sucrase-isomaltase, and aminopeptidase as as
sessed by activity or by immunoreactivity with appropriate
antibodies (12-18). In differentiating Caco-2 cultures, both
sucrase activity and polarization began to increase at confluency
(day 0) and appeared to reach completion by day 4, when the
onset of domes reached a maximum (Fig. 1).

Expression of CEA Protein and mRNA. When cell-associated
CEA levels per mass of cell protein were measured by a double
monoclonal antibody-based radioimmunoassay, a gradual in
crease was detected over a 13-day span as the monolayer
differentiated. As shown in Fig. 3, CEA levels increased 7-fold
by day 11. 7-Interferon treatment elevated CEA protein levels
even further at each time point. Depending on the state of
differentiation of the cells, 7-interferon enhanced cell-associ
ated CEA protein levels 3- to 7-fold. CEA released into the
medium (when detectable) also showed a gradual increase with
time of culture and the same proportional 3- to 7-fold differ
entiation-dependent 7-interferon-induced increase (data not
shown).

Northern analysis of RNA preparations obtained from dif
ferentiating Caco-2 cultures was performed using a radioac-
tively labeled CEA cDNA probe (35). As seen in Fig. 44, this
probe detected 2 CEA transcripts of 3.0 and 3.5 kilobases (35),
and the NCA transcript of 2.6 kilobases (9). Another band
running just below 18S was also revealed but has not been
identified. Other colon carcinoma cell lines such as SW1222
and T84, as well as clinical colon tumor/normal pairs, also
presented this same pattern of expression (Fig. 4A), although
the band intensities of the CEA transcripts were higher relative
to the NCA transcript. When the major 3.0-kilobase CEA
transcript in Caco-2 cells was scanned by laser densitometry,
and compared with day â€”2,as plotted in Fig. 4C, an overall
3.2-fold increase in CEA mRNA levels was found over the same
13-day time span; as mentioned above, protein had increased
7-fold during this period. At day 11, treatment of cultures with
7-interferon increased CEA mRNA 10-fold more than that in

untreated cultures. Thus, an overall 32-fold increase in CEA
mRNA was noted as compared with untreated cultures at day
-2. Comparison of protein levels in 7-interferon-treated and
untreated cells at day 11 showed a 2.6-fold increase, thus
elevating overall CEA protein levels 18.5-fold higher than at
day â€”2,without 7-interferon treatment. A discrepancy between
CEA mRNA and protein levels in treated and untreated mono-
layers therefore exists.

For comparative purposes, SW1222 and T84 cells were ex
amined 3 days before confluency and 11 days past confluency
(Fig. 4A ). Pre- and postconfluent undifferentiated SW1222 cells
showed no difference in cell-associated CEA levels per mass of
cell protein. When 7-interferon was added, CEA protein levels
increased 10-fold in preconfluent cells and 20-fold in post-
confluent cells, as compared with initial levels in untreated,
preconfluent SW1222 cells. Differentiated T84 cells, at 11 days
past confluency, showed a 2.5-fold increase in cell-associated
CEA levels per mass of cell protein. This increase is not as
great as that seen in Caco-2 at day 11, presumably because the
final state of differentiation of T84 cells is not the same as of
the Caco-2 cells. Addition of 7-interferon to preconfluent T84

cells had no effect on CEA protein levels, but increased levels
6-fold in postconfluent differentiated cells. Laser densitometric
analyses of CEA transcripts from SW1222 and T84 RNA
preparations showed virtually no changes between the pre- and
postconfluent states of both cell lines. 7-Interferon treatment
augmented CEA mRNA levels 6-fold in preconfluent SW1222
cells, 3.5-fold in preconfluent T84 cells, 18-fold in post-
confluent SW1222 cells, and 3-fold in postconfluent T84 cells.
Thus, as in Caco-2 monolayers, a discrepancy between CEA
mRNA and protein levels in treated and untreated SW1222
and T84 cells exists. In general, these results show that in these
3 colon carcinoma cell lines, in agreement with results obtained
in vivo with surgically removed colon carcinoma/adjacent nor
mal tissue pairs (7), both transcriptional and post-transcrip-
tional mechanisms are involved in the regulation of CEA
expression.

Expression of NCA Protein and mRNA. Western blots of
equal amounts of total cell protein were incubated with anti-
CEA polyclonal rabbit antibody, and several proteins of the
CEA family were detected (Fig. 5/1). The labeled proteins
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Fig. 3. Levels of cell-associated CEA protein/mg cell protein in extracts of
Caco-2 cultures with and without -y-interferon treatment. Cell monolayers were
harvested at the indicated time points, assayed for CEA protein/mg total cell
protein and the values normalized to levels at day â€”2(O). Monolayers were
treated with -Â»-Â¡nterferon(*) and processed for the CEA protein assay as were
the untreated cultures. Points, represent the mean of 6 different experiments;
error bars. SDs of these measurements.
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Caco-2 SW1222 T84

Fig. 4. .1. representative Northern blot of
total RNA from one set of cell cultures, with
and without -,-interferon treatment, at differ
ent time points. Transcripts of the C'EA family

members were detected with a radioactive
probe consisting of CEA cDNA (32) without
the Alu-like element and the .^'-untranslated

region, li. equal amounts of RNA were loaded
as shown by hybridi/ation with a vactin (30)
radioactive probe. ( . densitometric analysis of
the levels of CEA mRNA in Caco-2 mono-
layers, untreated (V) and treated (V) with -,-
interferon. at different time points. The 3.0kilobase C'EA transcript in Caco-2 cells was

scanned by laser densitometr\ and the inten
sities at different time points were compared
with the transcript intensity on day -2. with
out treatment with -)-interferon. The points
represent the mean of 3 separate experiments.
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appear to correspond to CEA, NCA, and the biliary glycopro-
tein(s), with variable levels of glycosylation. Identical Western
blots probed with normal rabbit serum showed no specific
labeling (data not shown). The M, 48,000 NCA protein (the
major glycosylated form of NCA in these cell lines) was iden
tified by comparison with a purified NCA standard (Fig. 5A)
and by its reaction with anti-CEA antibody. Analysis of the
levels of the M, 48,000 NCA protein in Caco-2 monolayers
showed an increase reaching 5-fold higher levels at day 11
relative to day â€”2(Fig. 5B). Treatment with 7-interferon at
day 11 increased overall NCA protein levels 20-fold higher than
at day -2, without treatment. Two other colon carcinoma cell

lines, SW1222 and T84, showed similar patterns in labeling,
except for the barely detectable presence of NCA protein (M,
48,000) in T84 cells (Fig. 5/1). In pre- and postconfluent
SW1222 cells, NCA protein remained at low, but stable levels.
When band intensities were analyzed by laser densitometry, y-
interferon treatment was found to slightly increase NCA protein
levels 2-fold in pre- and postconfluent T84 cells and in precon-
fluent SW1222 cells. Treated postconfluent SW1222 cells ex
pressed 3-fold higher levels of NCA protein than in precon-
fluent, untreated SW1222 cells.

In contrast, NCA mRNA levels varied far more than the
corresponding protein levels. When Northern blots were probed
with a NCA-specific probe (1.4 kilobases 3'-untranslated region

of NCA cDNA), only the 2.6 kilobase transcript was detected

(see Fig. 6A). The T84 and SWÃŽ222colon carcinoma cell lines
also produced NCA transcripts, as did normal and tumor colon
tissue pairs. There were almost equal amounts of NCA tran
scripts present in both pre- and postconfluent SW 1222 and
T84 cell lines. Densitometric analysis of the band intensities
seen in Fig. 6A revealed that treatment with 7-interferon dou
bled NCA mRNA levels in preconfluent SW 1222 and T84 cells,
as well as in postconfluent T84 cells. However, in the y-
interferon-treated SW1222 postconfluent cells, a 22-fold in
crease in NCA mRNA was observed, thus yielding an anoma
lously high ratio of NCA mRNA to M, 48,000 NCA protein
(which increased only 3-fold). Densitometric analysis of the 2.6
kilobase transcripts in differentiating Caco-2 cells demonstrated
that NCA mRNA levels increased more rapidly than CEA
mRNA. reaching 25-fold higher levels by day 11 than at day
â€”2(Fig. 6B). Addition of 7-interferon on day 11 augmented
these levels 2-fold further, thus contributing to an overall 53-
fold higher level relative to day -2. In both treated and un

treated cells, as in the SW1222 cells, there seemed to be a far
higher ratio of NCA mRNA to NCA protein than for CEA.
Therefore, post-transcriptional control mechanisms, differing
from those of CEA, are at play in the control of NCA expression
in this differentiating system.

A summary of the quantitative results for CEA and NCA
mRNA and protein levels in all 3 cell lines is given in Table 1.
In Caco-2 cells, the expression of both of these CEA family
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Caco 2
day 2 dayO day11 <

SW1222

pre post
T84

pre post

Fig. 5. .-). representative immunoblot of
CEA family proteins from cell monolayers
treated and untreated with 7-interferon at dif
ferent time points. Cultures were processed asfor the C'EA assay; equal amounts of total cell

protein were subjected to eleclrophoresis and
probed with anti-CEA polyclonal rabbit anti
body; CEA. NCA, and biliary glycoprotein(s)
with variable levels of glycosylation were de
tected. The purified NCA standard corre
sponded to a size of M, 48.000. B. analysis of
A/, 48,000 NCA protein band intensities from
immunoblots such as the one shown above.
NCA protein levels compared with the day -2
levels from untreated (D) and vinterferon
treated (â€¢)Caco-2 cultures were plotted. Re
sults shown are the mean of 3 experiments.
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members increased in amount at the mRNA and protein levels
in response to differentiation and 7-interferon treatment. The
magnitude of these increases, however, varied markedly be
tween CEA and NCA. With the other colon carcinoma cell
lines, CEA mRNA, NCA mRNA, and NCA protein levels
remained virtually unchanged with time in culture but both rose
in response to 7-interferon treatment, albeit to different extents.
CEA protein levels in T84 cells slightly increased with time in
culture yet remained the same in SW1222 cells. In both cell
lines, CEA protein levels increased in response to 7-interferon.
The results show evidence of independent regulation of CEA
and NCA gene expression and of independent control at the
levels of both mRNA and protein.

DISCUSSION

In this paper, we have quantitatively evaluated the multiple
levels of control involved in CEA gene family member expres
sion in 3 colonie carcinoma cell lines that differentiate to
varying extents (as summarized in Table 1) and found that these
depend on the state of differentiation of the cells as well as on
external factors. As cells polarize and differentiate, different
signals come into play to control protein expression. Fantini et
al. (36) found that, when the HT29-D4 human colonie carci
noma cell line was induced to differentiate by substituting
galactose for glucose, levels of CEA released from the apical
membrane into the medium rose in a time-dependent manner.
In agreement with this, we have found that spontaneously
differentiating Caco-2 cells and T84 cells expressed increased

levels of CEA with time in culture, whereas the less differen
tiated SW1222 cells did not; NCA protein increased only for
the Caco-2 cell line with time in culture. All 3 cell lines, on the
other hand, increased their CEA and NCA levels in response
to 7-interferon treatment (Table 1). CEA and NCA showed
markedly different quantitative responses, however, to both the
state of differentiation and 7-interferon treatment. Similar dif
ferences were noted from previous in vivo data: the NCA to
CEA mRNA ratio was usually much greater in colon carcino
mas than in adjacent normal mucosa (7-9, 37). These data
therefore support the hypothesis that the NCA and CEA genes
are regulated by different control mechanisms, despite their
close proximity on chromosome 19 (38, 39). The generally
greater increases in NCA than CEA mRNA levels observed
could simply be due to a greater stability of NCA versus CEA
mRNA; this remains to be determined.

At the transcriptional control level, the upstream promoter
sequences of the CEA and NCA genes5 (40) showed extensive

regions of homology within 500 nucleotides upstream of the
translational start sites. However, a region showing great diver
gence between sequences approximately 250 nucleotides up
stream of the CEA translational start was also located. If
regulatory factors recognize this or other divergent sequences,
the NCA gene could be activated earlier during differentiation,
thus causing undifferentiated Caco-2 cells to show more NCA

than CEA mRNA. In addition, since it has been postulated that
a silencer region exists further upstream in the CEA gene (40),

' \V. M,nu k and C. P. Stanners. unpublished observations.
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Caco-2 SW1222 T84

day-2 dayO day 11
7-IFNâ€” - + - + - +

Fig. 6. .4. Northern bini of total RNA from
cell monolayers at the times shown. Equal
amounts (20 Â¿ig)of total RNA were subjected
to electrophoresis and probed with a NCA-
speeifie probe consisting of the ÃŒ'l.4-kilobase

KcoKl fragment of NCA cDNA (provided by
Dr. N. Beaucbemin). H. densitometrie analysis
of NCA transcripts in Caco-2 monolayers. The
2.6-kilobase NCA transcript on the autoradi-

ograms. as shown above, was scanned and
compared \\ith the NCA transcript on day â€”2.
The resulting plot shows NCA mRNA levels
in untreated (A) and -,-inlerferon-treated (A)
Caco-2 cells. These pointi represent the mean
of 3 different experiments.
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Table I Summary of CKA and \CA niR.\.l and protein levels

Caco-2CEA

proteinlevelsCEA
mRNAlevelsNCA
proteinlevelsNCA
mRNA levelsDa)vIFN-Â°1111-2

Day 11T-IFN+*bx.\.Ã¬x2x\.2x7-IFN-*Ix3xSx25X7-IFN+*18.5X32x20x53xSW1222Pre1-IFN-1111-y-IFN+''lOx6x2x2xPostvlFN-r1.2Xl.lx1.2X0.9X-,-ll;N+'20x18x3x22xT84Pre-Â»-IFN-1111vlFN-t-'1.2X3.5x2x2xPostâ€¢y-IFN-''2.5X1.3XIx1.2Xâ€¢X-1FN+''6x3x2x3x

" vlFN. -,-inlerleron.
ALevels expressed are -fold higher than in Caco-2 cells at day -2. -,-interferon untreated.
' Levels are -fold higher than in preconfluent. -,-interferon-untreated S\\ 1222 cells.
d Levels are -fold higher than in preconflucnt. -,-interferon-untrealed TX4 cells.

both positive and negative regulatory factors may interact to
regulate the differentiation-dependent expression of the CEA
gene family members observed in Caco-2 cells. Such complex
interactions have also been shown to regulate the tissue-specific
patterns of expression of another cell adhesion molecule, neural
cell adhesion molecule (41). If distributed strategically and
activated in a temporal frame, such molecules could play im
portant roles in controlling cell interactions and movement and
in maintaining tissue architecture (42. 43).

Our results also show evidence for the existence of nontran-
scriptional control mechanisms in CEA gene family member
expression. When NCA and CEA protein levels were examined,
the increases in protein were generally greater than could be
accounted for by the increases in mRNA levels for CEA, but
the inverse was found for NCA. Thus, there may be some degree
of translational control as well as transcriptional control. Post-
translational events such as glycosylation. apical targeting, and
protein half-life may also play a role in the observed dispropor
tionate increases in proteins. Evidence that apical plasma mem

brane proteins in the Caco-2 cell line are transported along 2
different pathways and that the efficiency of sorting varies with
the protein (44, 45) suggests a possibility of interference with
the targeting system in cancerous cells. It seems unlikely,
though, that such targeting per se is responsible for the discrep
ancies noted in our results, since both released and cell-associ
ated protein were monitored in Caco-2 cells.

Previous reports (10, 33. 34) have documented the enhance
ment of cell surface expression of CEA on tumors and human
tumor-derived cell lines upon exposure to -y-interferon. In one

report (33), 3 colon tumor cell lines were tested; 2 showed a
response, whereas I (LSI74T) did not. In cell lines not dem
onstrating detectable levels of CEA glycopeptide or mRNA, 7-
interferon did not induce de novo production. Of the 2 cell lines
showing a response, HT-29 and \ViDr. cell growth was inhib
ited: levels of CEA increased 2.5- and 6.5-fold, respectively;
and there was a concomitant increase in the steady-state levels
of the CEA transcripts. When the same concentrations of 7-
interferon were applied to the Caco-2 cell line, the following
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effects were seen: CEA levels increased an average of 4.9-fold
(ranging from 2.8- to 7-fold); amounts of CEA and NCA
transcripts increased to different levels (up to 53-fold) at differ
ent rates, depending on the state of differentiation of the cells;
and the number of domes increased by a factor of 2. When y-
interferon was applied to the SVV1222 and T84 cell lines, both
CEA protein and transcript levels increased, but the less-differ
entiated SW1222 cell line showed a greater response in com-
parison with differentiated T84 cells. Less differentiated Caco-
2 monolayers (i.e., day 0) also showed a greater response to y-
interferon treatment than more differentiated monolayers (i.e.,
day 11), as seen in Fig. 3. This general trend has also been
observed by Guadagni et al. (46). The CEA gene bears an
upstream interferon consensus sequence (40) consistent with
the stimulatory effect of 7-interferon, but other factors must
also play a role as shown by the variable differentiation-depend
ent increase.

In normal polarized intestinal epithelial cells, CEA has been
localized to the apical membrane. When nonpolarized tumor
cells are examined, CEA is found distributed throughout the
membrane (22, 47). Our model for the role of CEA as an
intercellular adhesion molecule proposes that overproduction
of CEA disrupts normal intercellular adhesion forces, allowing
more cell movement and the adoption of a less ordered tissue
architecture (22). In apparent contradiction to this, Caco-2 cells
express more CEA with time and yet remain well organized.
However, since the overproduction of CEA continues to be
oriented solely toward the apical membrane as observed in
normal colon epithelial cells, and in HT29-D4 cells grown in
medium with galactose (36), normal specific cellular interac
tions are maintained. Thus, despite the increase in CEA levels,
cellular distribution is also an important parameter. Disruption
of tissue architecture would require overproduction of CEA
before cellular polarization develops or an independent abro
gation of polarization. Redirecting the localization of CEA
family molecules may give us some insight into these questions.
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