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Summary. Recombinant human interferon-f3 serl? (IFN-
serl7), a cytokine that exhibits both antiviral and anti-
proliferative activity against a wide variety of cell types,
causes a time- and dose-dependent inhibition of monolayer
growth and of the expression of the c-myc proto-oncogene
in DLD-1 Clone A human colon-carcinoma cells. The sup-
pression of c-myc expression mediated by IFN-B serl7 is
due to a posttranscriptional destabilization of c-myc
mRNA rather than to an inhibition of c-myc mRNA tran-
scription. There is evidence suggesting that the selective
reduction in the half-life of c-myc mRNA in IFN-B serl7-
treated cells occurs through an increase in the activity of
the 2’,5-oligoadenylate synthetase/RNase L [2,5-
oligo (A) synthetase] pathway in DLD-1 Clone A cells.
Cotreatment of these cells with IFN-P ser!7 and the anti-
cancer agent N-methylformamide leads to the partial abro-
gation of 2/,5"-oligo (A) synthetase activity and the stabili-
zation of c-myc mRNA. These findings suggest that there
is a correlation between the IFN-f3 serl7-mediated suppres-
sion of c-myc expression and the induction of 2’,5"-oligo
(A) synthetase activity in DLD-1 clone A cells.

Introduction

Our laboratory has been interested in identifying pharma-
cologic agents that suppress the proto-oncogene c-myc in
human colon-carcinoma cells. This proto-oncogene, which
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is the cellular homolog of the transforming gene carried by
the avian myelocytomatosis virus (MC29) [22, 49], has
been associated with the regulation of proliferation, espe-
cially the entry of cells from the Go into the G1 phase of the
cell cycle [25], and neoplastic transformation in a number
of mammalian cell systems [1]. Several studies have
shown that expression of c-myc is elevated in up to 70% of
human primary colon carcinomas, suggesting that this
gene may play some role in the development of this disease
[16—18, 53]. It is therefore conceivable that c-myc-sup-
pressing agents might exert some selective chemother-
apeutic activity against this type of malignancy. We have
previously found that high concentrations of N-methyl-
formamide (NMF), which induce cytostasis and a more
benign phenotype in certain human colon-carcinoma cell
lines [11], can decrease the transcription of the c-myc gene
in these cells [8].

Another class of agents that have been shown to
suppress the expression of c-myc are the interferons
(IFNs), an endogenous group of proteins exhibiting anti-
proliferative and antiviral activity that fall into three dis-
tinct classes: o (leukocyte-derived), 3 (fibroblast-derived),
and y (lymphocyte-derived) [37]. Several lines of evidence
suggest that IFNs may act as negative regulators of c-myc
expression and cell growth in certain cell systems. IFNs
have been shown to cause cytostasis and decrease steady-
state levels of c-myc mRNA in the Daudi Burkitt’s lym-
phoblastoid cell line, in the mouse embryo AKR-2B line,
and in murine sarcoma virus-transformed NIH 3T3 cells
[23, 39, 43], among others. Cell lines that are relatively
insensitive to the growth-inhibitory actions of the IFNs and
sublines that have been selected for resistance to IFNs do
not undergo an IFN-mediated loss of c-myc expression [15,
31]. Furthermore, it has been demonstrated that platelet-
derived growth factor, which causes a relatively rapid in-
duction of c-myc in quiescent NIH 3T3 cells, also induces
IFN-B expression at a later stage; the elevation of IFN-B
coincides with the decline in c-myc expression, suggesting
that IFN may mediate this decrease as part of a feedback
mechanism to control c-myc expression and cell growth
[57]. This view is strengthened by the finding that IFN-j3



can act as a negative autocrine factor in some hemato-
poietic cell lines [40].

In the Daudi lymphoblastoma system, IFN-o. and IFN-[3
have been shown to decrease the levels of c-myc transcripts
via a posttranscriptional mechanism; i.e., by selectively
increasing the rate of degradation of c-myc mRNA [13,
27]. Alihough the mechanism underlying this effect has not
been delineated, it is well known that IFNs induce the
activity of a double-stranded RNA-dependent 2’,5-
oligoadenylate synthetase [2,5"-oligo (A) synthetase],
which converts adenosine triphosphate (ATP) to the nu-
cleotide polymer 2°,5'-oligo(A); 2’,5"-o0ligo(A) can in turn
activate a latent endoribonuclease (RNase L) [3, 28]. It has
been proposed that activation of the 2’,5"-oligo (A)/RNase
L pathway might be responsible for the increased rate of
degradation of c-myc transcripts that occurs in IFN-treated
Daudi cells [13, 27]. This apparently is not an obligatory
mechanism in all cell types, as elevations of 2',5"-oligo (A)
synthetase can occur in cell lines that do not undergo a
suppression of c-myc expression on treatment with IFNs
{15] or in those whose growth is not inhibited by IFN
[54, 56].

All three classes of IFNs display antiproliferative activ-
ity against selected human colon-carcinoma cell lines
when they are used either as single agents or in combina-
tion with double-stranded RNA [e.g., poly(D): poly(C)] or
tumor necrosis factor [4-7, 19, 38, 47, 48]. The ability of
these cytokines to decrease c-myc mRNA levels has been
examined in only a few of these cell lines: human IFN-y
inhibited growth but failed to decrease c-myc in the
KM12C line [34]; similarly, human IFN-02 decreased the
growth of the Colo 205 cell line without decreasing c-myc
expression [21]. However, the present report demonstrates
that human recombinant IFN-B serl7, a stable form of
IFN-B, suppresses the expression of c-myc in the DLD-1
Clone A human colon-carcinoma cell line, and does so by
increasing the rate of c-myc mRNA degradation. Ser-
endipitously, we also found that the polar solvent NMF
partially abrogates both the TFN-f serl7-induced increase
in 2/,5"-oligo (A) synthetase activity and the increased rate
of ¢c-myc transcript turnover in these cells. This finding is
consistent with the hypothesis that a 2’,5"-oligo (A) syn-
thetase-sensitive RNase may be mediating this effect.

Materials and methods

Materials. Human recombinant IFN-B ser!” was purchased from Triton
Biosciences Inc. (Alameda, Calif.).

Cell culture. DLD-1 Clone A human colon-carcinoma cells were cul-
tured in RPMI 1640 media supplemented with 10% fetal calf serum,
antibiotics, and buffers in a humidified incubator containing 95% air and
5% CO, at 37° C as previously described [11]. In all experiments, DLD-1
Clone A cells (5 x 105) were initially plated in 100-mm tissue-culture
dishes (Falcon plastics) in the above-mentioned media. After 24 h in-
cubation, the medium was removed, the cells were washed with physio-
logical saline, and drug-free or drug-containing medium was added.
After the appropriate incubation periods, cells were harvested with try-
psin-ethylenediaminetetraacetic acid (EDTA), washed with Dulbecco’s
phosphate-buffered saline, and stored at —80°C for isolation of total
cellular RNA.
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RNA isolation and Northern blot analysis. Total cellular RNA was
isolated using the guanidinium thiocyanate method with cesium chloride
modification [8, 9]. RNA was quantitated by absorbance at 260 nm and
by comparison with known concentrations of yeast RNA standards that
were electrophoresed through an agarose gel and stained with ethidium
bromide. Total cellular RNA was electrophoresed through a 1% agarose:
6% formaldehyde gel at 70 V for 8 h. RNA was transferred onto Gene
Screen filters (New England Nuclear, Boston, Mass.) for 20 h. The filters
were air-dried and baked in vacuo for 4 h at 80° C. Prehybridization was
done at42° C for 16 h in a solution containing 50% deionized formamide,
0.2% polyvinyl-pyrrolidone, 1.0 M NaCl, 0.1% sodium pyrophosphate,
0.2% bovine serum albumin, 0.2% ficoll, 0.05 m TRIS-HCI (pH 7.5),
1.0% sodium dodecyl sulfate (SDS), 10% dextran sulfate, and denatured
salmon-sperm DNA (100 pg/ml). Hybridization was performed at 42°C
in the same solution containing 106 cpm/ml of DNA probes labeled by
nick translation [41] with [0-32P}-dATP. Filters were washed twice for
5 min at room temperature with 2 X SSC (1 x SSC = 0.15 m NaCl,
0.0125 m sodium citrate; pH 7.0). This was followed by two 30-min
washes in 2 x SSC, 1.0% SDS at 57° C and two 30-min washes in 0.1 x
SSC at room temperature. Filters were exposed to preflashed Kodak
XAR film with intensifying screens at —80°C. In cases in which a filter
was hybridized with more than one probe, the initial hybridized probe
was removed from the filters by incubation at 65° C in 0.005 m TRIS-HC1
(pH 8.0), 0.0002 M Naz-EDTA, 0.05% sodium pyrophosphate, 0.002%
polyvinylpyrrolidone, 0.002% bovine serum albumin, and 0.002% ficoll
for 2 h as recommended by the filter manufacturer.

DNA probes. The c-myc probes were prepared from the Clal-EcoRl
fragment from plasmid pHSR (purchased from the American Type
Tissue Culture Collection, Rockville, Md.). The DNA probe used to
measure the expression of GAPDH was isolated from the PstI-Rsal
fragment of HcGAP3, a partial cDNA clone representing 0.7 kb of the
human glyceraldehyde 3-phosphate dehydrogenase gene (GAPDH;
kindly provided by Dr. R. Wu, Cornell University).

Assay of transcription rates. The measurement of transcription rates in
DLD-1 Clone A cells was modified from various published reports [20,
30, 51] and has been described elsewhere [8]. Harvested cells were
washed with phosphate-buffered saline and pelleted at 500 g. The cell
pellet was resuspended in buffer containing 5 mM MgCl,, 1 mm CaCly,
20 mym TRIS-HCI (pH 7.6), 14 mm KCl, 14 mM -mercaptoethanol, 20%
glycerol, and 0.3% (v/v) Nonidet-40 (NP-40), homogenized, and then
centrifuged at 1,000 g for 5 min at 4° C. The pellet was washed and the
nuclei were resuspended in a buffer containing 25% glycerol, 36 mm
4-(2-hydroxylethyl)-1-piperazineethanesulfonic acid (pH 7.6), 3 mm
MgCly, 7 mm dithiothreitol, and 170 mm KCI at a density of 107 nu-
clei/ml. Nuclei (5 x 106) obtained from each experimental group were
used for transcription assays. The resuspended nuclei were combined
with 1 mM each of ATP, guanosine triphosphate, and cytosine tri-
phosphate; 25% glycerol; 25 mm 4-(2-hydroxylethyl)-1-piperazinethane-
sulfonic acid (pH 7.6); 2 mm MgCly; 2 mM MnCly; 5.5 mm dithiothreitol;
and 134 mm KCl. The reaction mixture was incubated for 25 min at 26° C
with 100 pCi [o-32P]-uridine triphosphate (UTP)/ml, and the reaction
was terminated by the addition of RNase-free DNase (100 units/ml). As
an additional control, the inhibitor of RNA polymerase II, o-amanitin,
was added (2 pg/ml) to the reaction mixtures.

After the transcription reaction, nuclei were incubated at 37°C for 1 h
in a buffer containing 1% SDS, 5 mm EDTA, 10 mm TRIS-HCI (pH 7.4),
and 200 pg proteinase K. The reaction mixture was extracted twice with
an equal volume of phenol: chloroform and precipitated by the addition
of yeast transfer RNA (10 pg/ml), 200 mm NaCl, and 2.5 vol. ethanol.
The labeled pellet was resuspended in a hybridization solution consisting
of 10 mm TES (pH 7.4), 0.5 mg yeast transfer RNA/ml, 0.2% ficoll,
0.2% polyvinyl-pyrrolidone, 1% sodium pyrophosphate, and 0.4% SDS.
Nitrocellulose filters were prepared by immobilizing 10 ug DNA from
the Xhol-EcoRI fragment representing exons 2 and 3 of the c-myc gene
[55], GAPDH, and plasmid PBR 322 using a Bio-Rad dot-blot manifold
as suggested by the manufacturer and were then prehybridized for 4 h at
65°C in the hybridization solution described above. Labeled transcrip-
tion products were added (5 x 106 cpm/ml) and the mixture was hy-
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Fig. 1A, B. Dose-dependent decrease in the expression of c-myc in
IFN-B ser!7-treated DLD-1 Clone A cells. A DLD-1 Clone A cells
(5 x 105/100-mm tissue-culture dish) were plated as described in Mate-
rials and methods. After 24 h, the medium was removed, the cells were
washed with physiological saline, and drug-free or drug-containing me-
dium was added. Cells were harvested after 7 days, total cellular RNA
was isolated, and Northern blot analysis was performed using 20 ug
RNA. Lane 1, Untreated DLD-1 Clone A cells; lane 2, cells treated with
50 units IFN-B serl”/ml; lane 3; cells treated with 75 units IFN-f
serl?/ml; lane 4, cells treated with 100 units IFN-f ser'’/ml; lane 5, cells
treated with 200 units IFN-f ser!7/ml. The filter was hybridized with the
Clal-EcoR] fragment representing exon 3 of the c-myc gene. The hybrid-
ization conditions are described in Materials and methods. Filters were
exposed to Kodak XAR film for 48 h at -80° C. B The same filter was
stripped of the labelled c-myc probe as described in Materials and
methods and then hybridized with the partial human sequence of
GAPDH. Hybridization and wash conditions were the same as those
described in A. The filter was exposed to Kodak XAR film for 72 h at
—80°C. The data were quantitated by excising the appropriate radio-
labeled bands from Gene Screen filters, placing them in a vial containing
water, and counting the radioactivity in a liquid scintillation counter.
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Fig. 2 A, B. Time course of the IFN-f} serl7-mediated decrease in c-myc
in DLD-1 Clone A cells. A DLD-1 Clone A cells were plated as de-
scribed in Materials and methods. After 24 h, the medium was removed,
the cells were washed with physiological saline, and fresh medium
containing 200 units IFN-B ser!7/ml was added. Cells were harvested on
days 1 (lane 2), 2 (lane 3), 4 (lane 4), T (lane 5), and 14 (lane 6) after
the addition of IFN-B serl?. Lane I, Untreated, exponentially growing
DLD-1 Clone A cells. Total cellular RNA was extracted from each group
and 20 plg was used for Northern blot analysis. The Gene Screen filter
was hybridized with the Clal-EcoRI fragment, which represents the third
exon of c-myc. The filter was exposed to Kodak XAR film for 48 h at
—80°C. B The filter used for A was stripped of the myc as described and
then hybridized with the partial clone of human GAPDH. This filter was
exposed to Kodak XAR film for 72 h at —80°C. Autoradiograms were
quantitated as described in Fig. 1

bridized at 65° C. The filters were washed with several changes of 2 x
SSC at 65° C and were then air-dried and exposed to Kodak XAR film
with intensifying screens at —80°C. The results were quantitated by
excising the spots from the filters and counting them by liquid scintilla-
tion spectrometry.

Measurement of 2,5 -oligoadenylate synthetase activiry. The measure-
ment of 2,5 -oligoadenylate synthetase [2,5"-oligo (A) synthetase] ac-
tivity in DLD-1 Clone A cells was adapted from previous published
reports [10, 14, 33]. DLD-1 Clone A cells were treated for 96 h with 200
units IFN-B sert’/ml, 170 mm NMF, 200 units TFN- ser!7/ml + 170 mm
NME, or no addition. Cells were harvested as previously described, lysed
in a buffer containing 5 mm MgCl,, 1 mm CaCly, 20 mm TRIS-HCI
(pH 7.6), 14 mm KCI, 14 mv B-mercaptoethanol, 20% glycerol, and
0.3% (v/v) Nonidet 40 (NP-40, buffer A) and were centrifuged for 5 min
at 12,000 g. In all, 100 pl cytoplasmic extract corresponding to 150 ug
protein was incubated with 30 ul poly(¥):poly(C) agarose beads
(3.7 mg/ml agarose; P. L. Biochemicals, Milwaukee, Wis.) for 30 min at
37°C. The matrix was washed twice with 5 mM magnesium acetate,
1 mm dithiothreitol, 25 mm KCl, 10% glycerol, and 20 mm TRIS-HCI
(pH 8.0), then incubated with 60 ul buffer B (buffer A plus 1 mwm di-
thiothreijtol) to which had been added 4.8 mm ATP and 48 uCi 2-[3H]-
ATP/ml (Amersham) for 24 h at 37°C. The supernatants were digested
with bacterial alkaline phosphatase for 2 h at 37°C. Aliquots of the
extracts were spotted onto diethylaminoethyl (DEAE)-cellulose, air-
dried, washed with several changes of distilled water, eluted with 0.3 M
KCl, and counted in Aquasol scintillation fluid. The protein concentra-
tion of the extracts was determined according to Bradford [2]. One unit
of enzyme activity was defined as the incorporation of one picomole of
ATP per hour at 37°C.

Results

IFN-f serl7-mediated suppression of growth and
C-MYC expression

Initially we examined the effect of a range of recombinant
human IFN-B serl? concentrations (100—500 units/ml) on
the rate of monolayer growth and cell viability in the
DLD-1 Clone A human colon-carcinoma cell line. The
results shown in Table 1 indicate that the inhibition of
monolayer growth by IFN-P serl7 in DLLD-1 Clone A cells
was dose-dependent. However, there was no greater sup-
pression of growth afier 7 days vs 4 days of exposure;
because these cultures were refed with fresh IFN every
48 h, this lack of additional response may have been due to
IFN-receptor desensitization. These studies also indicate
that the viability of DLD-1 Clone A cells did not diminish
over the concentrations and time periods examined (Table
1), suggesting that the effect of IFN-f ser!7 on these cells
is cytostatic rather than cytotoxic. These findings are simi-
lar to the results described by Chapekar and Glazer [4],
who reported that exposure of HT-29 human colon-carci-
noma cells to 100 units TFN-B/ml also induced cytostasis
after 3 days of treatment.

Since IFN-P has been shown to mediate a repression of
c-myc expression in Daudi lymphoblastoid cells [23], we
investigated whether the same effect was occurring in
DLD-1 Clone A cells. DLD-1 Clone A cells were plated
and continuously treated for 7 days with 50, 100, 150, and
200 units IFN-§ serl7/ml. Total cellular RNA was isolated
from each sample after the 7-day treatment period and then
analyzed for c-myc expression by RNA hybridization. Fig-
ure 1 A shows a dose-dependent decrease in the expression
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Table 1. Effect of IFN-P ser!” on the monolayer growth of DLD-1 Clone A cells

Treatment Growth inhibition on day 4 Viability Growth inhibition on day 7 Viability
(%) (%) (%) (%)
No addition 0 92 0 85
100 units IFN- ser!7/ml 25+ 6.2 90 38+ 2.7 86
200 units IFN-B ser!’/ml 46+ 3.9 ‘ 91 57+ 55 89
300 units IFN-B ser!7/ml 55+ 8.8 83 61+ 7.4 85
400 units IFN-f sert?/ml 63+£11.1 84 67+ 5.9 81
500 units YEN-B ser!?/ml 71+ 65 88 78 +10.0 85

DLD-1 Clone A cells (1.5 x 105/60-mm dish) were plated as described
in Materials and methods. After 24 h, the medium was removed, the cells
were washed with saline, and drug-containing or drug-free medium was
added. Monolayer cultures were refed with drug-free or drug-containing
medium every 48 h. Cells were harvested on days 4 and 7 after the

Table 2. Measurement of 2’,5"-oligo (A) synthetase activity in DLD-1
Clone A cells treated with IFN-f serl” in the absence or presence of NMF

Treatment 2',5-0ligo (A) synthetase activity
(units/mg protein)

No addition 7.5+£3.6

200 units IFN-B ser!7/ml 39.4+5.9*%

170 mm NMF 11.5+44

200 units IFN-B ser!7/ml

+ 170 mm NMF 21.317.7%, #*

The measurement of 2’,5"-oligo (A) synthetase activity is detailed in
Materials and methods. 2°,5-Oligo (A) synthetase activity was measured
in all treatment groups from DLD-1 Clone A cells that had been treated
for 96 h with 200 units ITFN-B ser!?/ml, 170 mm NME, or 200 units IFN-3
serl?/ml and 170 mm NMF. Data represent mean values + SD for 3
independent experiments performed in triplicate and are expressed as
units per milligram of protein in the cytoplasmic extract

* P <0.001 vs no addition according to Student’s #-test; ** P <0.001 vs
200 units IFN-P ser!7/ml according to Student’s z-test

of the c-myc proto-oncogene; i.e., the expression of c-myc
remained relatively unaffected when cells were treated
with 50 units IFN-B serl7/ml but was reduced by approxi-
mately 32% at 100 units/ml, by 38% at 150 units/ml, and
by 80% at 200 units/ml. Therefore, IFN-f serl7 can cause
a suppression of c-myc expression at concentrations that
produce growth inhibition. The filter used in the study
illustrated in Fig. 1 A was stripped of the c-myc probe and
hybridized with a probe for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Previous studies have indicated
that GAPDH is expressed constitutively in several human
tissues [12] and therefore serves as a control for amounts of
RNA and for general changes in gene expression induced
by IFN-B ser!7. As indicated in Fig. 1B, the level of
GAPDH mRNA in IFN-B ser17-treated cells remained rela-
tively constant.

We then investigated whether there was a time-depen-
dent decrease in c-myc expression in DLD-1 Clone A cells
treated with 200 units IFN-B ser!?/ml. The expression of
c-myc was suppressed by 23%, 28%, 44%, 85%, and >90%
after 24, 48, and 96 h and 7 and 14 days of treatment,
respectively (Fig. 2 A, lanes 2-6, respectively). It should

addition of drug-containing medium and were tested for monolayer
growth using a hemacytometer and for viability by trypan blue exclusion.
Data represent mean values = SD for 3 independent experiments done
in triplicate and are expressed as the percentage of inhibition relative to
untreated control values

be noted that the inhibition of c-myc expression mediated
by IFN-B serl7 parallels the growth inhibition in DLD-1
Clone A cells up to only 96 h of treatment. For example, at
24 h, cell growth was inhibited by 18%, whereas c-myc
expression was suppressed by 23%; however, on day 7,
the expression of c-myc was inhibited by 85% (Fig. 2A,
lane 5), whereas the monolayer growth of DLD-1 Clone A
cells that were also treated with 200 units IFN-§ ser!7/ml
was suppressed by 57% (Table 2). There was no appreci-
able change in the expression of GAPDH over the time
course of IFN-P serl7 treatment (Fig. 2B).

Mechanism of the IFN-f3 ser\7-mediated decrease in
c-myc expression

There are two general mechanisms by which the expres-
sion of c-myc can be suppressed in transformed cells:
(1) by decreasing the stability of the c-myc mRNA or
(2) by inhibiting the rate of c-myc transcription. In the
Daudi lymphoma system, it has been reported that IFN-f
decreases the stability of c-myc [27], whereas IFN-o. also
affects the rate of c-myc gene transcription in this cell line
[15]. Initially we investigated whether IFN-B serl7 was
affecting the stability of c-myc mRNA. DLD-1 Clone A
cells were treated for 96 h with 200 units IFN-J serl7/ml,
after which the medium was removed and replaced with
fresh medium containing 5 pg/ml of the transcriptional
inhibitor actinomycin D. Samples were harvested at 10, 20,
40, 80, and 120 min after the addition of actinomycin D,
total cellular RNA was isolated, and Northern blot analysis
was performed.

The data quantitated from Northern blots (Fig. 3A)
demonstrated a reduction in the half-life of the c-myc
mRNA in IFN-f ser!7-treated cells as compared with un-
treated DLD-1 Clone A cells (t12 control =29 + 5.2 min,
n = 3; t12 IFN-B serl7-treated = 15 +3.5 min, n=3;
Fig. 3A). The half-life of GAPDH mRNA was not signifi-
cantly altered during this treatment period (Fig. 3B). These
results indicate that IFN-3 serl7 reduced the levels of c-
myc via a posttranscriptional mechanism. However, it is
possible that IFN could also have affected the rate of c-myc
transcription. Nuclear runoff assays were performed to
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Fig. 3A, B. Effect of IFN-f ser!? on the stability of c-myc mRNA.
DLD-1 Clone A cells were plated as described in Fig. 1. After 24 h, the
medium was removed and medium containing 200 units IFN-B ser!7/ml,
170 mimv NME, or 200 units IFN-[ ser!?/ml and 170 mv NMF was added.
These cells were incubated for 96 b, at which time the medium was
removed and fresh medium containing 5 pg/ml actinomycin D was
added. The cells were incubated for an additional period of up to 120 min
in medium containing actinomycin D. Total cellular RNA was isolated at
each indicated time point and Northern blot analysis was performed
using 20 pig RNA and probed with the ClaI-EcoRI fragment representing
the third exon of the c-myc gene. A The half-life for c-myc mRNA from
control cells (O), IFN- serl7-treated cells (1), NMF-treated cells (M),

address this question. Nuclei were isolated from DLD-1
Clone A cells that had been treated for 96 h with 200 units
IFN-B ser!7/ml. The rate of c-nyc transcription from IFN-§
serl7-treated cells was reduced by only 7% relative to
untreated controls (Fig. 4). There was no significant
change in the rate of transcription of GAPDH in IFN-J3
serl7-treated cells as compared with untreated control cells
(Fig. 4). Therefore, the suppression of c-myc expression by
IFN in DLD-1 Clone A celis apparently occurs at the level
of mRNA stability and not by altering the rate of transcrip-
tion of the c-myc proto-oncogene.

One mechanism by which the decrease in c-myc stabil-
ity may occur involves the IFN-B ser!7-mediated activation
of 2/,5’-0ligo (A) synthetase. The induction of this enzyme
results in the formation of 2°,5"-oligoadenylate, which in
turn activates an endoribonuclease (RNase L) [3, 28, 33].
This RNase may play a pivotal role in the cytostatic action
and/or the destabilization of c-myc mRNA mediated by
IFN-B ser!7. We therefore investigated whether this system
was activated in DLD-1 Clone A cells. DLLD-1 Clone A
cells were treated for 96 h with 200 units IFN-[3 ser!7/ml,
after which the cells were harvested, cytosolic extracts
were prepared, and 2’,5"-oligo (A) synthetase activity was
measured. The data shown in Table 2 demonstrate a >5-
fold increase in 2’,5-oligo (A) synthetase activity in

TIME (min)

and DLD-1 Clone A cells treated with IFN-B ser!” and NMF (@) in
Northern blot analysis was quantitated by excising the appropriate radio-
labeled bands from the Gene Screen filter membrane, placing them in a
vial containing 5 ml water, and counting the radioactivity in a liquid
scintillation counter. Data were plotted using the method of least-squares
fit. Each point represents the mean value + SD for 3 independent ex-
periments. B Northern blot analysis was performed as described above,
and the Gene Screen filters were hybridized to the DNA representing the
partial cDNA sequence of human GAPDH to determine the half-life of
this constitutive gene. The data were quantitated and plotted as described
in A and represent the average values for 3 independent experiments. The
symbols are defined as shown in A

DLD-1 Clone A cells treated with IEN-f3 ser!7 as compared
with untreated control cells. In addition, time-course stud-
ies (not shown) demonstrated that 2’,5"-oligo (A) syn-
thetase is induced at as early as 6 h after the initiation of
treatment, i.e., preceding the observed decrease in c-myc
expression at 24 h posttreatment. These results suggest that
the activation of this enzyme system in IFN-J ser!7-treated
DLD-1 Clone A cells may account in part for the decrease
in the stability of c-myc mRNA.

Effects of N-methylformamide on the action

of IFN-f3 serl7

We have previously shown that high concentrations
(170 mm) of the anticancer agent N-methylformamide
(NMF) inhibit the expression of c-myc in DLD-1 Clone A
human colon-carcinoma cells by affecting the rate of tran-
scription (a 42% decrease in c-myc transcription occurs
after a 96-h exposure to NMF) via a mechanism that has
not been elucidated [8]. We hypothesized that combining
an agent that inhibits the transcription of c-myc, i.e., NMEF,
with an agent that decreases the ¢1/2 value for c-myc tran-
scripts, i.e., IFN- serl7, may result in a greater than addi-
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Fig. 4. Measurement of the rate of c-myc transcription in DLD-1 Clone A
cells. Transcription assays were performed as previously described [8].
Inall, 5 x 106 nuclei from cells treated with 200 units IFN-$ ser!?/ml
were used for the transcription reaction. Labeled RNA transcripts were
hybridized as previously reported [8] to 10 ug c-myc, PBR 322, and
GAPDH DNA that had been immobilized onto nitrocellulose filters
using a Bio-Rad Dot-Blot manifold. PBR 322 DNA was not included in
the TFN-B ser!’-treated samples. The c-myc DNA represents the Xhol-
EcoRI fragment of exons 2 and 3 of the myc gene. Filters were exposed
to Kodak XAR film for 48 h at —80° C. The results were quantitated as
described in Fig. 1
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Fig. 5 A, B. Suppression of c-myc proto-oncogene expression in DLD-1
Clone A cells treated with TFN-B ser!” in combination with NMF.
A DLD-1 Clone A cells were plated, washed, and treated with 170 mm
NMF (lane 2), 200 units IFN-B ser'7/ml (lane 3), or 200 units IFN-B
sert’/ml and 170 mm NMF (lane 4) for 96 h as previously described.
Total cellular RNA was isolated, Northern blot analysis was performed,
and the Gene Screen filter was hybridized to the Clal-EcoRI fragment
representing the third exon of the c-myc gene. Lane 1, Untreated, ex-
ponentially growing DLD-1 Clone A cells. The filter was exposed to
Kodak XAR film for 72 h at -80°C. B The Gene Screen filter used for
A was stripped of the c-myc probe and hybridized to the DNA repre-
senting the GAPDH gene. This filter was exposed to Kodak XAR film
for 96 h at -80° C. The data were quantitated as described in Fig. 1

tive effect on the levels of c-myc and the growth of DLD-1
Clone A cells.

We initially examined the effect of the combination of
these agents on monolayer growth after 96 h and on clono-
genicity in semisolid medium. The combination yielded
equivocal results; 170 mM NMF failed to potentiate the
effect of 200 units IFN-f ser!7/ml on the growth of DLD-1
Clone A cells grown in monolayers; however, NMF did

17

Table 3. Effect of IFN- ser!” and NMF on the monolayer growth and
clonogenicity of DLD-1 Clone A cells

Treatment Monolayer growth2  Clonogenicity (%)
No addition 0 29+3.1

200 units IFN-f ser!7/ml 47+4.8 1627

170 oM NMF 43+6.1 19417

200 units IFN-B ser'”/ml

+ 170 mm NMF 75+9.7 4+1.1

The monolayer growth of DLD-1 Clone A cells treated for 96 h with 200
units [EN-B ser!”/ml, 170 mm NMEF, or 200 units IFN-§ ser!7/ml plus
170 mm NMF was measured as described in Table 1. Data are expressed
as the percentage of inhibition as compared with untreated control
values. The clonogenicity of DLD-1 Clone A cells was measured as
previously described [11]. Briefly, 3 x 10* cells/35-mm tissue-culture
dish were used for this study. Dishes were scored for colony formation
after 14 days of incubation. Colonies containing =50 cells were used for
determinations of cloning efficiency under a light microscope. Data from
both studies represent mean values == SD for 3 independent experiments
performed in triplicate

2 Values are expressed as the percentage of growth inhibition

potentiate the inhibitory effect produced by IFN-8 serl7 on
the clonogenicity of this cell line in soft agar (Table 3). The
expression of c-myc was determined in these cells after
96 h treatment with 200 units TFN-B ser!7/ml, 170 mm
NMF, and 200 units IFN-B ser!7/ml plus 170 mm NMF.
Whereas both IFN-3 serl7 alone and NMF alone inhibited
the expression of c-myc by 55% and 47%, respectively, as
compared with untreated control cells (Fig. S A, lane 1 vs
lanes 2 and 3), there was no apparent potentiation of the
effect when both agents were used together, i.e., a 70%
reduction in the expression of c-myc (Fig. 5, lane 4 vs lanes
2 and 3). The level of GAPDH expression remained rela-
tively constant in each of these samples (Fig. 5B).
Although the basis for the lack of potentiation between
IFN-( serl7 and NMF is unclear, one possibility could be
that NMF may interfere with the IFN-B serl7-mediated
destabilization of c-myc. The half-life of c-myc mRNA in
TFN-f serl7-treated (200 units/ml) DLD-1 Clone A cells is
15 min (Fig. 3A, approximately half that of control cells
(172 = 29 min; Fig. 3A). We determined that in the pres-
ence of 170 mM NMF, the half-life of c-myc in IFN-$
serl7-treated cells increases from 15 + 3.5 min (n = 3) to
25 £ 5.5 min (n = 3; Fig. 3A). These findings may be ex-
plained if NMF was interfering with the IFN-f ser!7-medi-
ated induction of the RNase L enzyme pathway that is
activated by 2’,5-oligoadenylate. Indeed, NMF treatment
attenuated the IFN-B ser!7-mediated induction of 2’,5'-
oligo (A) synthetase by 45% in these cells (Table 2).
Therefore, the lack of potentiation observed for the combi-
nation of IFN-B ser!7 and NMF might be partially ex-
plained by the ability of NMF to interfere with the induc-
tion of 2°,5"-oligo (A) synthetase and the degradation of
c-myc mRNA in IFN-J serl7-treated DLD-1 Clone A cells.
Although these data indicate that NMF and IFN-J serl?
do not constitute a rationally based chemotherapeutic drug
combination, they do provide some insights into the mech-
anism of action of IFN-B serl7 in these cells. The finding
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that NMF partially blocks the IFN-f ser!7-activated induc-
tion of 2°,5"-oligo (A) synthetase and the IFN-B ser!7-me-
diated decrease in the half-life of c-myc mRNA suggests
that these two events are causally related. If so, this repre-
sents evidence that in DLD-1 Clone A cells, the IFN-3
serl7-mediated induction of 2’,5"-oligo (A) synthetase ac-
tivity could be triggering a latent 2,5’-oligo (A) syn-
thetase-responsive RNase that is responsible for the
decreased stability of c-myc.

Discussion

This study demonstrated the following: (1) that IFN-3
serl7 inhibits the growth of the DL.D-1 Clone A human
colon-carcinoma cell line in a dose-dependent manner; (2)
that at concentrations that produce growth inhibition, there
is a suppression of the expression of the c-myc proto-onco-
gene; (3) that the IFN-3 serl7-induced suppression of c-
myc expression occurs via a posttranscriptional mechanism
rather than an inhibition of c-myc transcription; and
(4) that this posttranscriptional mechanism may involve
the 2’,5"-oligo (A) synthetase/RNase L cascade.

Is c-myc suppression an important mechanism by which
IFNs exert their antiproliferative action? With regard to
this, most malignant cells fall into two categories. In the
first category are cells such as the Daudi lymphoblastoid
line in which a profound depression of c-myc levels occur
at growth-inhibitory concentrations of IFNs [23]. That
Daudi cells selected for resistance to IFNs do not undergo
decreases in c-myc levels suggests but does not prove that
a causal relationship exists between these events [15]. An-
other example, at least in the hands of some investigators,
is represented by BALB/c 3T3 cells. A Go/G1 block and a
suppression of c-myc occur in this cell type in response to
IFN-o, or -B [26]. If the c-myc gene is transfected into
BALB/c 3T3 cells, the entry of these transfected cells into
the S phase is less affected by IFN treatment than is that of
untransfected BALB/c 3T3 cells [26]. These data suggesta
cause-and-effect relationship between IFN-triggered sup-
pression of c-myc expression and growth inhibition in
some cell lines.

However, in a number of cell lines, IFNs can exert
growth-inhibitory action without producing a concomitant
reduction in c-myc expression. For example, the growth of
human colon-carcinoma cell lines Colo 205 and KM12Cis
inhibited by human IFN-o and -y, respectively, without
any effect being observed on the expression of this proto-
oncogene in these cells [21, 34]; the same is true for NCI-
H146 and NCI-H82 human small-cell lung carcinomas that
are treated with IFN-f3 [36]. In human HeLa cells, IFN-o
causes a decrease in c-myc mRNA levels, whereas IFN-y
increases c-myc expression, although the inhibition of cell
growth is greater following treatment with IFN-y [24].
Furthermore, murine IFN-B can block the bombesin-
stimulated growth of Swiss 3T3 cells and the platelet-
derived growth-factor-triggered growth of quiescent
BALB/c 3T3 cells without inhibiting the elevations of
c-myc that normally accompany treatment with these
growth factors [32, 52]. The c-myc-independent mecha-
nism(s) by which IFNs exert their growth-inhibitory action

are not known. One possibility in some cell systems in-
volves the inhibitory effect produced by IFNs on protein
synthesis; this is thought to occur via an activation of a
protein kinase that phosphorylates and inactivates the o-
subunit of cukaryotic protein synthesis initiation factor
elF-2 [44, 45].

DLD-1 human colon-carcinoma cells appear to follow
the Daudi model. There is an inhibition of c-myc expres-
sion at IFN concentrations known to inhibit the growth of
this cell line. In Daudi cells, c-myc is regulated by IFN-ot
and -f via a posttranscriptional mechanism [13, 27]. IFN-o.
(100 units/ml) decreases the half-life of c-myc mRNA from
approximately 49 to 20 min; it has been suggested that this
occurs through the activation of the 2’,5-oligoadeny-
late/RNase L system [13]. It has also been conjectured that
c-myc mRNA, which exhibits a considerable degree of
secondary structure [42], may itself serve as the source of
double-stranded RNA that is normally required to activate
2’,5"-oligo (A) synthetase [13]. Similarly, in DLD-1 Clone
A cells, IFN-B ser!7 reduced the half-life of c-myc tran-
scripts from 29 to 15 min (Fig. 3 A).

There is evidence that this effect occurs via the 2°,5'-
oligoadenylate/RNase L cascade. First, a 5-fold increase in
2’,5"-oligo (A) synthetase activity accompanied the reduc-
tion in the half-life of c-myc (Table 2; Fig. 3 A). When the
IFN-B serl’-mediated induction of this enzyme activity
was partially blocked by cotreatment with NMF, a corre-
sponding increase occurred in the half-life of c-myc rela-
tive to that observed following treatment with IFN alone
(Fig. 3A). This finding is consistent with the hypothesis
that the 2',5"-oligo (A) synthetase-sensitive RNase L is
mediating the increased rate of c-myc transcript degrada-
tion in DLD-1 Clone A cells. However, it should be noted
that a direct cause-and-effect relationship between the
IFN-J ser!7-induced loss of c-myc expression and its cyto-
static action in the DLD-1 Clone A cell line has not been
firmly established.

IFN-induced elevations in 2,5"-oligo (A) synthetase ac-
tivity are not necessarily coupled to a decrease in c-myc
suppression. For example, c-myc levels in HL-60 human
promyelocytic leukemia and U937 human histiocytic lym-
phoma cells treated with IFN-o. either remain unaltered or
are only slightly increased despite an approximately 15-
fold induction of 2°,5"-oligo (A) synthetase activity in each
case [15]. The same holds true for Daudi cells selected for
resistance to IFN-o [15]. In a similar vein, Chapekar and
Glazer [5] observed that treatment of the HT-29 human
colon-carcinoma cell line with IFN-y caused both an induc-
tion of 2',5"-0ligo (A) synthetase and growth inhibition; it
was concluded that these events were unrelated, since no
2’,5"-oligo (A) could be detected and no increase was ob-
served in the rate of ribosomal RNA degradation.

The “missing link” in at least some of these systems
may be the availability of double-stranded RNA. Schill-
bach et al. [50] have described a neuroblastoma cell line
whose expression of N-myc, a homolog of c-myc, is nor-
mally not affected by IFN-B despite elevations in 2°,5-
oligo (A) synthetase; however, when these cells are trans-
fected with a plasmid vector expressing antisense N-myc,
IFN-f produces a marked decrease in N-myc expression. It
was presumed that in these transfected cells, sense/an-



tisense N-myc hybrids served as a source of double-
stranded RNA for activation of the 2’,5-oligo (A) syn-
thetase activity induced by IFN-B, leading to an increase in
RNase activity [50]. This may explain in part why the
combination of IFNs and double-stranded RNA produces a
much greater antiproliferative effect than does either agent
alone [4, 6, 7]. Intriguingly, some cell types naturally pro-
duce antisense c-myc transcripts [35], which raises the
possibility that IFNs may stimulate the degradation of
c-myc mRNA in cell types that exhibit active transcription
of antisense c-myc; this hypothesis remains to be tested.

The finding that the polar solvent NMF can partially
block the action of TFN-[ serl7 on the rate of c-myc degra-
dation was serendipitous. We had predicted that NMF,
which inhibits the expression of c-myc in DLD-1 Clone A
cells at the transcriptional level [8], would potentiate the
c-myc-suppressing actions of IFN-f ser!7, which acts at the
posttranscriptional level in these cells. However, the effect
of the combination of NMF and IFN-B ser!7 on c-myc
levels in DLD-1 Clone A cells was less than additive
(Fig. 5); subsequently, we determined that cotreatment
with NMF inhibited the TFN-B serl7-mediated induction of
2,5 -oligo (A) synthetase as well as the decrease in c-myc
stability. It is apparent that NMF was interfering with some
aspect of the IFN-J serl7 signaling pathway(s) that trigger
the induction of 2’,5"-oligo (A) synthetase. In any case,
recombinant IFN-f ser!7 has been used in phase II clinical
trials to treat patients presenting with advanced colorectal
carcinoma, but has yielded only a low response rate [29,
46, 49]. Therefore, studies delineating the mechanism by
which this IFN exerts its antineoplastic action on colon
carcinoma cells might provide insights that lead to a more
efficacious use of this agent.
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