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ABSTRACT

Carcinoembryonic antigen (CEA), biliary glycoprotein (BGP), and non
specific cross-reacting antigen (NCA) are three closely related cell surface
glycoproteins induced by y-interferon (IFN-y) in colonie epithelial cells.
Maximal induction of CEA by IFN-y and tumor necrosis factor a (TNF-a)
in the colon carcinoma cell line HT-29 occurs at 5-6 days with maximal
secreted levels at 14 ng/ml for IFN-y and 20 ng/ml for TNF-a. Cell viability
was reduced to 67% of controls for TNF-a and to 36% for IFN-y. Dose-

response curves showed maximal induction of CEA at 500 units/ml for
TNF-a and at 200 units/ml for IFN-y. Combinations of the two lymphok-
ines revealed that the CEA induction effects were additive and the cyto-
toxicity effects were synergistic. Northern blot analysis of HT-29 cells
treated with IFN-y and probed with specific probes for BGP, CEA, and
NCA showed a 2-fold increase in niKNA level for BGP, and a greater than
10-fold induction for CEA and NCA. Similar results were obtained for the

SW403 cell line, but in the case of the LS174T cell line, CEA m RNA levels
remained constant before and after IFN-y treatment, while BGP and NCA
niRN A levels increased by 2-5-fold. Polymerase chain reaction analysis of

the four alternatively spliced transcripts of BGP revealed no differential
induction of one transcript over another by IFN-y. A comparison of the
kinetics of induction of the mRNA levels for BGP and CEA by IFN-y in the
HT29 cell line revealed a half-time of <6 h for BGP and 48 h for CEA. The
induction of CEA inRNA was completely inhibited with either cyclohex-

imide (protein synthesis inhibitor) or actinomycin D (RNA synthesis in
hibitor), but the induction of BGP mRNA was superinduced by cyclohex-

imide. The difference in the kinetics of induction and effect of
cycloheximide on CEA and BGP mRNAs suggest that the two genes are
regulated differently in the same cell line. We conclude that the regulation
occurs mainly at the posttranscriptional level for CEA and involves mRNA
stability. BGP regulation may be more complex, involving transcriptional
and posttranscriptional regulation, and more closely resembles the regu
lation of MilÂ«' class II mRNA by IFN-y in epithelial cells. The mRNA

stability effects may be mediated by the dramatically different sequences
present in the 3'-untranslated regions of CEA and BGP.

INTRODUCTION

CEA5 is a M, 180.000 cell surface glycoprotein originally associ

ated with fetal colon and colorectal cancer (1). Subsequent studies
established that CEA was found in normal adult colon (2, 3) and that
cross-reacting antigens such as NCA and BGP could contribute to the

nonspecificity of CEA serum tests for colorectal cancer. NCA is found
in normal lung and granulocytes (4, 5) but may be expressed in a
variety of cancers of epithelial cell origin (6, 7). BGP was originally
described in bile ducts (8) but is also expressed in normal colon
(9, 10). Similar to NCA. CEA is often expressed in a variety of cancers
of epithelial cell origin (11), but due to restricted expression in normal
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tissue, it is still an important tumor marker. The genes for CEA. NCA.
and BGP have been cloned (10, 12-19). and the expression of their

mRNAs in a variety of tissues has been studied. As expected, CEA
mRNA is expressed in both normal and malignant colon, with mRNA
levels slightly higher in malignant tissue (6, 7, 20-22). NCA mRNA

is undetectable in normal colon but is elevated in tumors of the colon,
breast, and lung (6, 7, 21, 22). BGP mRNA is high in both normal and
malignant liver (23) and colon (24) and exists as a number of splice
variants (10, 18). Thus, there is evidence that the genes for CEA,
NCA, and BGP are subject to tissue-specific regulation which may be

lost during the oncogenic process. These genes have been mapped to
chromosome 19 (7) and have been shown to be tightly linked (25).

A number of studies have revealed that CEA expression is regulated
by sodium butyrate (26, 27), cAMP (28, 29), IFN-a (30), and IFN-y
(31-33). These studies demonstrate that the mechanism of action of

sodium butyrate and cAMP are distinct from that of IFN and that for
a variety of cell lines tested, the results of induction are strikingly
different. For example, the well-differentiated colonie epithelial cell

line LS174T has constitutively high levels of CEA mRNA and re
sponds to induction with a cAMP analogue but not to IFN-y (29).
Moderately differentiated colonie cell lines HT-29 and WiDr respond
to both a cAMP analogue and IFN-y (29). Since these agents can
up-regulate CEA levels in vivo, it has been postulated that they may
be used to augment the treatment of CEA-producing tumors with
anti-CEA antibodies (34).

In this study we investigated the effect of IFN-y on the mRNA

levels of CEA, NCA, and BGP in a variety of colon cancer cell lines.
We found that the time course of induction was different for CEA
versus BGP in the HT-29 cell line, and that the protein synthesis

inhibitor cycloheximide reduced the expression of CEA but caused
superinduction of BGP in IFN-y-treated cells. In addition, we have
shown that in a splice-specific mRNA PCR assay, IFN-y has no

differential effects on the types of alternative transcripts expressed by
the BGP gene. We conclude that CEA and BGP are regulated by
different mechanisms by IFN-y in this cell line, with no differential

effects on the ratios of alternative mRNAs for BGP. Preliminary
studies with TNF-a demonstrate that both CEA and BGP are up-
regulated in a manner similar to that of IFN-y, and that the two act

additively to induce CEA.

MATERIALS AND METHODS

Cell Culture and Lymphokine Treatment. The following cell lines were
used: HT-29, SW403. LS174T, and WiDr (colon carcinoma), Chang (hepato-

cyte), and HeLa (cervix carcinoma). These cell lines were obtained from the
American Type Culture Collection and were grown in monolayers in the
recommended growth medium supplemented with 10% fetal calf serum (Gib-
co). The cells (0.5 x IO6 cells/ml) were suspended in 20 ml of medium in
75-cm; flasks, allowed lo reach semiconfluency (3 days), and treated with

recombinant human IFN-y (Genentech. Inc.) or TNF-a (Amgen) at 50-500
units/ml for up to 5 days at 37Â°Cin 5% COi. Cycloheximide and ACTD were

used at 50 and 5 mg/ml, respectively. Secreted levels of CEA were measured
using the Roche enzyme immunoassay (35). Membrane levels were deter
mined on subcellular fractions using an enzyme immunoassay or by fluores
cent cell sorting (35).

cDNA Probes and Oligonucleotides. CEA mRNA was detected with a
284-base pair Rsal/EcoRl fragment from the 3'-untranslated region of a CEA

cDNA (12). This fragment is lacking the Alu repetitive element. NCA mRNA
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was detected with a 850-base pair Â£roRI///im/III fragment from the 3'UT

region of a NCAcDNA (15). BGP mRNA was detected with either a 183-base
pair Avall/HindlH fragment from the cytoplasmic domain or a 396-base pair
Psrl/EcoRl fragment from the 3'UT region of a BGP cDNA ( 10). A Pstl/Xbtil

fragment from GAPDH was used as a control (36). The plasmid containing the
cDNA for GAPDH was obtained from the American Type Culture Collection.
The following oligonucleotides were used as PCR primers for BGP:

BGP-P1 921-942 5'CTGCAACAGGACCACAGTCAAG 3'

BGP-P2 1438-1504 5 ' GCTGGGCTTCAAAGTTCAGGGT 3 '

BGP-P3 994-1015 5 ' GCCAGCAAGACCACAGTCACAG 3'

BGP-P5 1264-1283 5 ' GAAAATGGCCTCTCACCTGG 3'

Their positions within the BGP cDNA are shown in Fig. 1. The oligonucle
otides were synthesized on a Systec automated DNA synthesizer in the DNA
Synthesis Facility at the City of Hope.

Northern Blot Analysis. Total RNA was extracted from cells by the guani-

dinium isothiocyanate method (37). For Northern blot hybridization 15 ug of
total RNA were heated at 65Â°Cfor 15 min in a solution containing 50%

deionized formamide and 6% formaldehyde and fractionated on a 1% agarose
gel containing 6% formaldehyde in MOPS buffer (0.2 M sodium 4-morpho-

linepropanesulfonic acid. 50 HIMsodium acetate. 10 nui EDTA) according to
the method of Goldberg (38). RNA was transferred to a nitrocellulose mem
brane (Schleicher and Schuell BA85) by capillary blotting, followed by baking
for 2 h at 80Â°Cin a vacuum oven. The membrane was prehybridized for 4 h
at 42Â°Cin 50% deionized formaldehyde. 6x SSC ( IX SSC = 0.15 MNaCl, 15
m.Msodium citrate). 5x Denhardt's (IX Denhardt's = 0.02% bovine serum

albumin, 0.02% Ficoll 400. 0.02% polyvinylpyrrolidone), 0.5% SDS, IO ITIM
EDTA (pH 8.0). and 100 ug/ml of sonicated denatured herring sperm DNA.
The cDNA probes were labeled with (a-32P]dCTP with a random primed DNA

labeling kit (Boehringer Mannheim Biochemicals). Hybridization was per
formed overnight at 42Â°Cin the prehybridization solution plus 10% dextran

sulfate and ~6 x IO5 cpm/ml of labeled probe. The membrane was washed
twice with 2x SSC containing 0.1% SDS at 50Â°C.Autoradiography was
performed at -70Â°C using Kodak XAR-5 film. Films were scanned by densi-

tometer and compared to controls (see above for a description of GAPDH
control).

PCR Analysis of RNA. cDNA synthesis and PCR were performed accord
ing to the method of Murakawa et al. (39) and Carothers et al. (40) in a single
tube. RNA (200 ng) was diluted in 100 pi of a reaction mixture containing 1x
reaction buffer (10 m.MTris-HCl. pH 8.3; 50 HIMKCI; 1.5 HIMMgCI2; 0.01%

gelatin). 400 UMof each deoxynucleotide triphosphate. 0.2 UMeach of upstream
and downstream primers. 2 units of avian myeloblastosis virus reverse tran-
scriptase (Life Science. Inc.). and 2.5 units of Ampli-Taq DNA polymerase
(Perkin-Elmer/Cetus). Samples were incubated in a TwinBlock System (Eri-
comp, Inc.) for 20 min at 37Â°CforcDNA synthesis and immediately subjected

CTGCAACAGGACCACAGTCAAG GAAAATGGCCTCTCACCTGG

/TGGGACTTGAAACTTCOOCTCG

mRNA PCR

j I j ! _ 3.9 kb 5S4bp

[ i i j 3.7 kb 296bp

Fig. 1. Alternative splicing pattern for BGP gene and location of PCR primers. Only the
portions of the gene subject to alternative splicing are shown. The domains correspond to
Bl. A2. TM (transmembrane), and CYT (cytoplasmic). The transcripts are labeled on the
left as a. h, c, and tÃ.and the mRNA and PCR product sizes are shown to the ri$hi. Primer
P-l is located in the Bl domain, primer P5 is located just before the TM domain, and
primer P2 3' to the alternative splice site in the CYT domain. Regions deleted by

alternative splicing are indicated with doited lines.

to 20 cycles of denaturation ( 1 min at 94Â°C).annealing (2 min at 55Â°C),and

extension (3 min at 72Â°C).The PCR-amplified product (20 pi) was loaded onto

a 2% agarose gel. size fractionated, and transferred to a Zeta-probe membrane

(BioRad) by capillary blotting. The membranes were hybridized with probes as
described below.

Oligonucleotides (500 ng) were end-labeled w ith 15 units of T4 polynucle-
otide kinase (New England Biolabs) using 200 uCi of [-y-l;!P]ATP. Labeled

oligonucleotides were purified with NACS.52 Prepac columns (Gibco-BRL).

Hybridization was performed according to the method of Angelini Ã©tal.(41).
Membranes were prehybridized for 4 h at 50Â°Cin 5X SSC, 20 ITIMsodium
phosphate (pH 7.0). 7% SDS. lOx Denhardt's, 10% dextran sulfate, and 100

jig/ml herring sperm DNA. Hybridization was performed at 50Â°Cin the pre

hybridization solution containing labeled probe. Membranes were washed at
50Â°Cfor 30 min twice in 3x SSC. IOx Denhardt's. 5% SDS. and 25 ITIM

sodium phosphate (pH 7.5) and once in IX SSC and 1% SDS. Autoradiogra

phy was performed as above.
For DNA sequencing, the PCR products were electrophoresed on 2% Sea

Plaque agarose (FMC Bioproducts) and stained with ethidium bromide (2.5
Ug/ml in water). The proper size fragments were excised, extracted with

phenol/chloroform/isoamyl alcohol, ethanol precipitated, and quantitated. Ap
proximately 100-200 ng of PCR products were subjected to dideoxy chain

termination sequence analysis using a Sequenase 2.0 kit (United States Bio
chemical Corp.).

RESULTS

Induction of CEA Secretion by IFN--y and TNF-a. The kinetics

of CEA protein secretion by IFN-y and TNF-a were studied for the
HT-29 cell line (Fig. 2A ). Maximal induction occurred for both lym-
phokines in 5-6 days at 100 units/ml for IFN-y and at 500 units/ml for
TNF-a. Secretion levels rose from a baseline of 1 ng/ml to 20 ng/ml
for TNF-a and 14 ng/ml for IFN-y. Both lymphokines had a dramatic

effect on cell viability over the same time course (Fig. IB). At 500
units/ml for each lymphokine. cell viability was reduced to 67% for
TNF-a and to 36% for IFN-y at 4 days of culture. Dose-response
curves for the induction of CEA secretion by IFN-y and TNF-a for
4-day cultures are shown in Fig. 3/4. Maximal secretion for TNF-a is
20 ng/ml at 500 units/ml, and for IFN-y it is 15 ng/ml at 200 units/ml.

Comparative cell viability studies demonstrated that a dose of 200
units/ml of IFN-y gave equivalent cell viability as 500 units/ml of
TNF-a at 5 days of culture (Fig. 3ÃŸ).Possible synergistic effects of

the two lymphokines were also studied. CEA secretion levels were 10
and 6 ng/ml for 50 units/ml of IFN-y and TNF-a, respectively, and

rose to 19 ng/ml for both lymphokines at 50 units/ml (Fig. 4A ). Thus,
the effects are additive rather than synergistic. Similar results were
obtained for 100 units/ml of each lymphokine. In the same experi
ment, the cell viability results suggest a synergistic effect, almost
twice that expected of a simple additive effect (Fig. 4fl).

The effect of IFN-y on the membrane levels of CEA in HT-29 cells

was studied by fluorescent cell sorting (Fig. 5A). Treatment with 100
units/ml for 3 days gave a 1.6-fold increase on a log scale (12-fold).
Compared to the highly positive cell line LS174T, the HT-29 cells

have substantially lower amounts of cell surface CEA even after
treatment with IFN-y (Fig. 5B). CEA expression on LS174T cells is
heterogeneous before treatment with IFN-y and becomes distinctly
bimodal after treatment with IFN-y. These results are consistent with

the observation that LS174T contains two populations of cells, one
which is poorly responsive to treatment with IFN-y and one which is
strongly responsive to treatment with IFN-y, as analyzed by CEA

expression.
Induction of CEA and BGP mRNAs by IFN-y. Three colon

carcinoma cell lines (HT-29. SW403, and LS174T) and two other
carcinoma cell lines were treated with 100 units/ml of IFN-y for 3

days and analyzed by Northern blot using specific probes (each has a
unique 3'UT region) for their mRNAs (Fig. 6). In the case of BGP,

major bands at 3.9 and 3.7 kilobases were observed for two of the
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Fig. 2. Time course of induction of secreted CEA by IFN->- and TNF-a. HT-29 cells
were plated at 0.5 X 10" cells/ml in 75 cm2 flasks, allowed to reach semiconfluency
(3 days), and treated with either IFN--y or TNF-ct. A. time course of induction of CEA with
either I(X)units/ml of IFN--y (â€¢)or 500 units/ml of TNF-a (O). Secreted levels of CEA

were measured using the Roche enzyme immunoassay. Values represent the average of
triplicate experiments. B. percent viability was determined over the same time course for
IFN-7 (â€¢)or TNF-a (O) (average of triplicate experiments!.

colon carcinoma cell lines (Fig. 6A). The 3.9- and 3.7-kilobase bands

probably do not correspond to BGPa and c, alternative transcripts
which cannot be separated under these conditions, but rather to the use
of alternative polyadenylation sites. In the IFN-y-induced cell lines, a

minor band at 1.8 kilobases was also observed. The minor band may
correspond to BGPb and d transcripts. After IFN-y induction HT29
showed a 2-fold increase in the BOP mRNA level, and SW403
showed a 7-fold induction. No BOP mRNA was observed for LS174T

(colon). Chang (liver), or HeLa (cervix) carcinoma cells before in
duction with IFN-y, and only a slight band was observed in HeLa after
induction with IFN-y. A GAPDH control was run with each set of

experiments to demonstrate that equivalent amounts of RNA were
analyzed. Similar analysis of these cell lines with a CEA-specific

probe demonstrated a major band at 3.5 kilobases and a minor band at
4.2 kilobases (Fig. 6B). HT29 cells showed virtually undetectable
amounts of CEA mRNA before and easily detectable amounts after
induction with IFN-y . SW403 cells showed an 8-fold increase in
induction of CEA mRNA after IFN-y induction. The CEA mRNA
levels were low and unchanged by IFN-y treatment in LS174T cells.

No CEA mRNA was detected in Chang or HeLa cells before or after
IFN-y treatment. For purposes of comparison, NCA mRNA levels
were also measured with a NCA-specific probe (Fig. 6C). The NCA

probe showed a single band at 2.9 kilobases for the colon carcinoma
cell lines. No detectable mRNA was observed for uninduced HT29
cells, but a significant amount of NCA mRNA was induced after
IFN-y treatment. SW403 showed low levels before induction and a
10-fold induction after treatment. The levels of NCA mRNA were low
in LS174T and rose slightly after IFN-y treatment.

The kinetics of induction of CEA and BOP mRNA transcripts were
measured after treatment of HT29 cells with 100 units/ml of IFN-y

(Fig. 7). In the case of CEA, the mRNA levels remained low until days
4-5 and decreased to background levels 2 days after removal of
IFN-y. In the case of BOP a dramatic increase is seen even after 6 h
(4-5-fold), with peak levels seen at 1-2 days, decreasing by 2-3-fold
over 3-5 days, and rapidly returning to baseline levels after removal
of IFN-y. A quantitative analysis of the kinetics of induction was

performed for both lymphokines (not shown). The t,,2 for induction of
mRNA is -48 h for CEA and <6 h for BGP.

Analysis of Alternative mRNA Transcripts of BGP. BGP has at
least four alternatively spliced mRNA transcripts (BGPa. b. c. and d).
PCR primers were used to amplify each transcript from total RNA
obtained from carcinoma cell lines as described in "Materials and
Methods." The PCR products generated were analyzed on Southern

blots using the probes described in Fig. 1. The results for six carci
noma cell lines shown in Fig. 8 demonstrated that each of the mRNAs
was detected, but with different intensities. Each of the bands was
isolated and sequenced to confirm their identities as authentic BGP
transcripts. The strongest bands were observed for BGPa and c, which
are known to correspond to the predominant mRNAs for BGP (18).
The minor band located between markers at 296 and 531 base pairs
was determined by sequence analysis not to be related to BGP. Al
though it is difficult to quantitate PCR products, it can be seen that
BGPa and c mRNAs were induced 2-fold by IFN-y in HT29 cells.
4-fold in WiDr cells, and 6-fold in SW403 cells. Only minor amounts

of BGPb and d mRNAs were observed in the colon carcinoma cell
lines. All BGP transcripts were low in LS174T cells, in agreement
with the Northern blot analysis. Chang cells expressed no BGP mRNA

20

IS

10

Unlts/mL

Unltt/mL

Fig. 3. Dose-response curves tor CEA induction by lFN-> and TNF-a. HT-29 cells

were allowed to reach semiconfluency and then were treated with lymhokine. A. secreted
levels of CEA after treatment with lFN--y (â€¢)or TNF-a (Ol at different levels for 4 days

(average of triplicate experiments). H, percent cell viability over the same dose ranges for
1FN-T (â€¢)or TNF-a (O) (average of triplicate experiments).
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IFN 0 50 0 SO 100 0 100

TNF O O SO 50 0 100 100

Fig. 4. Synergislic effects of IFN-y and TNF-a on CEA induction. HT-29 cells were

allowed to reach semiconfluency and then were treated with several combinations of both
lymphnkines and assayed for CEA secretion after 4 days. A. secreted levels of CEA
(average of triplicate experiments); /?. percent viability (average of triplicate experiments).

before or after IFN-y treatment. HeLa cells have undetectable BGP
mRNA before induction and low levels after induction with IFN-y.

Effect of Cycloheximide and Actinomycin D. HT-29 cells were
treated with IFN-y in the presence or absence of either cycloheximide

(protein synthesis inhibitor) or actinomycin D (mRNA synthesis in
hibitor) and analyzed for CEA and BGP mRNA levels on Northern
blots (Fig. 9). Controls showed virtually undetectable levels of CEA
mRNA before and >20-fold induction after IFN-y treatment. This

induction was abrogated by cycloheximide or actinomycin D. In the
case of BGP a 3-4-fold induction of BGP mRNA was observed for
IFN-y treatment alone, a 2-fold reduction was seen when the cells

were treated with either cycloheximide or actinomycin D alone, and a
4-5-fold increase was seen with cycloheximide plus IFN-y. Actino
mycin D plus IFN-y decreased BGP mRNA levels below control

levels.

DISCUSSION

Previous studies by Kantor et al. (3l) established that IFN-y treat

ment of colon carcinoma cell lines HT29 and WiDr resulted in in
creased levels of cell surface CEA and CEA steady-state mRNA

levels. No effect was seen on the colon carcinoma cell line LS174T,
which has constitutively high levels of cell surface CEA and low
levels of CEA mRNA. In the studies presented here, we confirm these
earlier results and demonstrate that both the cell surface and secreted
levels of CEA increase for HT29 upon treatment with IFN-y. Maxi
mum induction of CEA secreted levels is observed after 5-6 days of
100 units/ml of IFN-y treatment, at which point cell viability is
reduced to 80%. Higher levels of IFN-y treatment such as those used

in our earlier work (>500 units/ml) result in a significant loss of cell

viability Â«20%). The increase in cell surface CEA was 2.5-fold in the
earlier study (31) and 8-12-fold in this study as measured by two

methods. The increase may be due to increased cell viability at the
lower doses for semiconfluent cells. The decrease in cell viability and
CEA production is more dramatic when cells are treated during the log
phase of growth. TNF-a also induces CEA secretion levels in HT29

cells to levels comparable or greater than that achieved for equivalent
doses of IFN-y. Maximum CEA secretion was achieved at 4-5 days
for 500 units/ml of TNF-a with cell viability at 50%. The effects of

both lymphokines on CEA secretion were additive but decreased cell
viability in a synergistic manner. These results suggest that IFN-y and
TNF-a may be used together to reduce the total dose required for a

given effect, and that they have potent cytostatic/cytotoxic effects on
colon carcinoma cell lines.

While the exact mechanism of release of CEA from the cell surface
is unknown, it is probably via a cell membrane phospholipase C
activity. Thus, the measurement of CEA in cell supernatants is a
steady-state measurement of CEA release. Since CEA membrane and
supernatant levels are both dramatically induced with IFN-y and
TNF-a compared to controls, it can be concluded that the CEA is
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Fig. 5. Cell surface levels of CEA after induction with IFN-y. Cells were grown to

semiconfluency and treated with 1(X)units/ml of IFN-y for 3 days. Cells were harvested,
incubated with monoclonal antibody T84.66 and fluorescein isothiocyanate-conjugated
goat anti-mouse F(ab')i, and analyzed by fluorescent-activated cell sorting using a log

arithmic amplifier. POS + IFN. cells treated with IFN-y; NEC + IFN. cells treated with
IFN-y hut no primary antibody; POS - IFN. cells untreated with IFN-y; NEC - IFN. cells
untreated with no primary antibody. A. HT-29 cells; B. LS174T.
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Fig. 7. Time course analysis of induction of CEA and BGPt transcripts by IFN-y.
HT-29 cells were grown to semiconfluency. treated with 100 units/ml of IFN-y for the
times indicated, and total RNA hybridized with probes specific for CEA (a) or BGP1 (b).
After 5 days of IFN-y treatment, the medium was replaced and further time points were
analy/ed as indicated (6''. 6 days; fi', 8 days).
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arising from induction in live cells. However, since both lymphokines
also decrease cell viability, it is necessary to correct for cell viability
to calculate the true CEA induction levels on a per live cell basis. For
maximum induction at 4 days. IFN-y values should be doubled and
the TNF-a values tripled.

In the previous study (3D. analysis of the mRNA levels for HT29
cells treated with 2000 units/ml of IFN-y for 3 days showed about a
2-fold increase for mRNAs corresponding to BGP, CEA, and NCA
(identified by a single probe as 4.2-. 3.5-, and 2.8-kilobase tran
scripts). In this work 3'UT probes specific for each mRNA show a

2-fold induction for BGP mRNA for 3 days of IFN-y treatment at 100

units/ml. In contrast to the earlier work, very weak signals were seen
for CEA and NCA until after induction with IFN-y; however, poly-

adenylated RNA was used in the previous studies, compared to total
RNA in this study. A control Northern blot for equivalent amounts of
total RNA versus polyadenylated RNA probed with the BGP probe
demonstrated a 4-5-fold gain in sensitivity using the polyadenylated

RNA (data not shown). In spite of the less sensitive method used, we
feel that the results shown with the specific probes are more reliable
since they allow one to probe each mRNA without interference from
other members of the CEA gene family. Thus, it is safe to conclude
that the HT29 cells make significantly lower amounts of CEA and
NCA mRNA compared to BGP (at least 10-fold) and that the increase
of production of CEA and NCA mRNA in response to IFN-y induction
was significant (at least 20-fold). After induction with IFN-y the

mRNA levels of CEA and NCA were roughly equivalent to BGP
levels before induction.

The mRNA induction pattern for SW403 is similar to that of HT29.
This supports the previous conclusion that moderately differentiated
colon carcinoma cells respond best to IFN-y induction in terms of

CEA production (32). The more differentiated cell line, LSI74T, was
unresponsive to IFN-y for CEA (this work and Rets. 31 and 32).

Nevertheless, Guadagni et al. (29) demonstrated that CEA mRNA
levels increased in LS174T in response to a cyclic AMP analogue, and
Kantor et al. (31) showed that LS174T responds to IFN-y by up-
regulating MHC class II. In this work we show that IFN-y treatment

y-lnterteron Induction

ProbÂ«= NCA 31UT

Fig. 6. Northern blot analysis of BGPI. CEA. and NCA mRNA in cell lines treated
with IFN->. Cells were grown to semiconfluency and treated with I(X) units/nil of IFN-7

for 3 days. Total RNA (15 ug) was hybridized with probes specific for each mRNA (see
"Materials and Methods"). A, BGPI. untreated controls (C), and IFN-y-treated cells

I/F/V). The blots were stripped and rehybridized wilrh GAPDH (o demonstrate equivalent
amounts of RNA were present (bottom). B. CEA. C, NCA.
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Fig. 8. PCR analysis of BOP transcripts in IFN--y-lreated cells. HT-29 cells were grown
to seniconfluency. treated with 100 units/ml of IFN--y, and analyzed for BGP transcripts
by PCR as described in "Materials and Methods" by primers BGP-1 and P2 shown in Fig.

1. Left ordinine, product sizes; righi ordinale, their corresponding transcripts. C controls;
1FN. IFN-Y-treated cells.

of LS174T does up-regulate NCA mRNA (Fig. 6C). Thus, LS174T is
not unresponsive to IFN-y (it has a functional IFN-y receptor), it is not

maximally induced for CEA production, and it can express other
members of the CEA gene family by treatment with IFN-y.

When we compared the kinetics of induction of CEA and BGP
mRNAs by IFN-y. we noted significant differences. CEA mRNA is
induced slowly, with a half-time of induction of 48 h. compared to <6
h for BGP. After removal of IFN-y, the levels of CEA mRNA fall

more slowly than for BGP. This is in keeping with a faster rate of
synthesis and degradation for BGP mRNA than for CEA. These stud
ies suggest that the mechanisms of IFN-y induction of mRNA differ

for CEA and BGP. In order to explore this more fully, we examined
their steady-state levels in the presence of transcriptional and trans-

lational inhibitors.
In HT-29 cells CEA mRNA production before or after induction by

IFN-y was completely abrogated by either cycloheximide or actino-

mycin D. We conclude that CEA mRNA production requires contin
ued protein production, that induction by IFN-y requires new protein

synthesis, and that in the absence of protein production. CEA mRNA
is degraded. Furthermore. CEA mRNA is not particularly stable and
degrades rapidly in the presence of ACTD. A search for specific
sequences in CEA which might mediate mRNA stability revealed the
occurrence of All 1"Athree times in the 3'UT region of its mRNA.
The sequence ATTTA is a common sequence motif found in the 3'LJT

region of mRNAs such as TNF-a, granulocyte-macrophage colony-
stimulating factor, and IFN-y which mediate the inflammatory re

sponse (42). These mRNAs are regulated by being rapidly degraded
until they are needed, at which point their mRNAs are stabilized in
some way through the inhibition of a specific nuclease, a labile protein
subject to rapid turnover. In these cases, it is thought that the addition
of cycloheximide can superinduce their mRNAs by inhibiting the
synthesis of the specific nuclease (43).

In contrast. BGP mRNA levels were only slightly inhibited by
cycloheximide in uninduced cells and were superinduced by cyclo
heximide in IFN-y-treated cells. This pattern of regulation corre

sponds to the more classical pattern of cycloheximide superinduction
of mRNAs by IFN-y and TNF-a (43). BGP also contains several
ATTTA sequences in the 3'UT region of its mRNA. Since both CEA

and BGP can be induced by IFN-y in the HT29 cell line and both

contain ATTTA sequences, it seems unlikely that ATTTA sequences
alone are responsible for the regulation of their mRNAs. It is possible
that other sequences such as the Ahi sequence in CEA may play a role
in mRNA stability. In this respect, it is striking that CEA and BGP
have high homology in their coding sequences but almost no homol-
ogy in their 3'UT regions. ACTD inhibits BGP mRNA accumulation

by 2-fold in the absence of IFN-y and by more than 4-fold in the
presence of IFN-y. In order to reconcile these results with the kinetics

of induction, we conclude that ACTD may inhibit both BGP and a
specific nuclease mRNA production, while for CEA a different, per
haps more stable nuclease is involved. In any case, since the kinetics
of induction and degradation of BGP mRNA are more rapid than that
observed for CEA, we conclude that they are regulated by entirely
different mechanisms.

IFN-y and TNF-a are important mediators of the inflammatory

response, especially in the case of bacterial infection. These cytokines
can up-regulate a variety of proteins on epithelial cells via indepen

dent and synergistic mechanisms, including MHC class II antigens
(44) and secretory component (45). During pathogenic challenge
MHC class II antigens are up-regulated to allow antigen presentation
and the development of an immune response. Up-regulation of secre

tory component is required to help transport polmeric Ig across the
epithelial cell to the luminal side where the pathogens are encoun
tered. The apical location of CEA and BGP on colonie epithelial cells,
their sequence homology to other members of the Ig superfamily (13,
46), and their regulation by inflammatory cytokines such as IFN-y

suggest that they too play a role in the response to pathogens. CEA and
BGP may bind and agglutinate pathogens and neutralize their ability
to enter cells and spread an infection (47, 48). This may explain the
wide distribution of CEA-related genes such as BGP on the luminal

surface of bile ducts and NCA on granulocytes and on the luminal
surface of lung epithelium. This suggested function for members of
the CEA gene family is in contrast to the role of homotypic cell
adhesion suggested by Benchimol et al. (49) and Oikawa et al. (50).
While expression of CEA and BGP on the luminal surface of epithelial
cells argues against a role in homotypic cell adhesion, it is possible
that during pathogenic challenge self-adhesion and adhesion to patho-
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4.2 kb-
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(a) CEA (b) BGP1

Fig. 9. Effect of cycloheximide and actinomycin D on the induction of CEA and BGP
by IFN-y. HT-29 cells were grown to semiconfluency and treated with either cyclohex
imide (50 mg/mll or ACTD (5 mg/ml) in the presence or absence of IFN-y ( 100 units/ml)
for 24 h and RNA hybridized with CEA- (a) or BGP- (b) specific probes.
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gens may be advantageous. It is especially interesting to note that the
homotypic cell adhesion observed in vitro requires a high density of
CEA on the cell surface, a density which may be reached only in vivo
during induction with inflammatory cytokines such as IFN--y. Neither

function for CEA has been confirmed in vivo. These studies are
hampered by the lack of an animal model for CEA expression in the
colon.

The mechanism for induction of a number of genes by IFN--y has

been studied, but the biological function of many of these genes is
unknown (51). MHC class I genes are activated rapidly (<2 h) at the
transcriptional level and do not require new protein synthesis. BGP
appears to follow this pattern of regulation. MHC class II genes are
activated more slowly (>24 h) and are strongly inhibited by cyclo-

heximide (52, 53). Although the exact nature of the protein factors
which mediate this process is controversial (54-56), posttranscrip-
tional regulation of this type is probably mediated by the 3'UT region

of the mRNA (see above). While this pattern of regulation fits CEA
best, a role for transcriptional regulation cannot be ruled out.

In view of the high sequence homology of these two genes and their
close linkage on chromosome 19, but different patterns of IFN-y

induction, we are now designing experiments to determine the mech
anism of induction of CEA and BGP at the molecular level. It is likely
that the regulation involves a complex interplay at the transcriptional
and posttranscriptional levels, and that the mechanism will have fea
tures common to other genes induced by IFN-y. In the case of the
posttranscriptional mechanism, it is likely that the 3'UT region, which

is strikingly different among the CEA gene family members, will play
a major role.
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