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ABSTRACT c-myc gene mRNA is reduced by >75% in
the human lymphoblastoid cell line Daudi when growth is in-
hibited by treatment with human interferon 13 (IFN-13). In the
present communication, we describe the effect of IFN-f8 treat-
ment on transcription of the c-myc gene and on the steady-state
level of c-myc mRNA in the cytoplasm of Daudi cells. The re-
sults show that, although the rate of c-myc transcription is not
significantly different in nuclei isolated either from untreated
cells or from those treated with IFN-fi for 3 or 24 hr, the level
of c-myc mRNA in the cytoplasm is reduced by 60% within 3
hr of IFN-13 treatment. These results suggest that IFN-13 regu-
lates the c-myc mRNA at a post-transcriptional level. These
results are in contrast to the regulation of two IFN-13induced
genes that under identical conditions are regulated in these
cells at the transcriptional level. We have also detected induc-
tion of the (2'-5')oligoadenylate synthetase (2-5A synthetase)
gene in IFN-.8-treated Daudi cells. Since certain c-myc tran-
scripts have the capacity to form double-stranded RNA re-
gions, we propose that one mechanism by which c-myc could
be regulated post-transcriptionally in IFN-j-treated cells is by
activating, through its own double-strandedness, the 2-5A
synthetase/RNase L endonuclease system, which would cause
selective degradation of the c-myc RNA.

Several lines of evidence suggest that expression of the c-
myc gene may be related to the regulation of cellular prolif-
eration and the process of neoplastic transformation. Kelly
et al. (1) have reported a striking increase in c-myc RNA in
normal fibroblasts and lymphocytes during the transition
from the quiescent to the proliferating state induced by ei-
ther growth or mitogenic factors. Campisi et al. (2) have con-
firmed these results on the cell cycle dependency of c-myc
expression in normal cells and, in addition, have shown that
c-myc becomes constitutively expressed in chemically trans-
formed cells. Deregulated expression of c-myc has also been
observed in avian B-cell lymphomas (3), human Burkitt lym-
phomas and murine plasmacytomas (reviewed in ref. 4), and
isolates of various tumor types (5). Neoplastic transforma-
tion has been achieved by co-transfection of rat embryo fi-
broblasts with c-myc and c-ras genes (6). On the other hand,
reduced c-myc RNA expression was observed in F9 terato-
carcinoma cells whose growth was inhibited when induced
to differentiate (2). In addition, when cells of the human pro-
myelocytic leukemia line HL-60 are induced to differentiate
by a vitamin D metabolite and cease to proliferate, c-myc
expression is greatly reduced (7).
The interferons (IFNs) are secreted proteins that exhibit

multiple biological activities, including inhibition of cell
growth (8) and reversion of the transformed phenotype (9).
The molecular mechanisms by which IFN mediates these
phenomena have not been elucidated in detail. One approach
is to determine the effect of IFN on the expression of genes

with oncogenic potential. IFN treatment has been shown to
reduce the synthesis of pp6osrc and expression of the trans-
formation phenotype in Rous sarcoma virus-transformed rat
cells (10), to reduce the amount of c-Ha-ras mRNA and c-
Ha-ras-specified protein in RS485 mouse cells (9), and to re-
duce src and Ha-ras mRNAs in human RT4 cells (11). In
light of the data implicating c-myc in cell growth and neopla-
sia, we have investigated the effect of IFN-,8 on the expres-
sion of c-myc in human Daudi cells, a line of lymphoblastoid
cells derived from an African Burkitt lymphoma (12), whose
growth can be inhibited by low concentrations of IFN (13,
14). Our experiments showed a >75% reduction in c-myc
mRNA in Daudi cells whose growth had been inhibited by
IFN-f3 (15). This reduction appeared to be selective because
the level of actin mRNA was not diminished and neither in
vitro translation of mRNA extracted from IFN-P-treated
cells nor in vivo synthesis of cellular proteins in IFN-13-treat-
ed cells was quantitatively affected. However, the above ob-
servations were made after 24 hr of exposure to IFN, thus
weakening any mechanistic implications of the reduced
amounts of c-myc mRNA. It was therefore of interest to de-
termine whether the IFN-induced reduction in c-myc mRNA
precedes detectable inhibition of Daudi cell growth and
whether c-myc expression is regulated at the transcriptional
or the post-transcriptional level. We report here (i) that there
is a 60% reduction in c-myc mRNA in Daudi cells as early as
3 hr after the addition of IFN-,B and (ii) that IFN-,8 does not
change the rate of c-myc gene transcription.

MATERIALS AND METHODS
Cells and Cell Fractionation. Human Daudi cells were

grown in RPMI medium (GIBCO) supplemented with 10%
fetal bovine serum (GIBCO) and gentamicin (GIBCO) at
37°C in 5% C02/95% air. Human IFN-,8 was produced and
purified to homogeneity as described (16). Cells were
washed twice with phosphate-buffered saline, then homoge-
nized at 4°C in a metal Dounce homogenizer in 10 mM
Tris-HCl, pH 7.4/10 mM NaCl/5 mM MgCI2/1 mM dithio-
threitol. Nuclei were removed by centrifugation of the ho-
mogenate at 800 x g for 2 min and the nuclear pellet was
used for in vitro transcription experiments. The supernatant
was centrifuged at 7000 x g for 10 min and the resulting su-
pernatant was used for preparation of cytoplasmic RNA.

Transcription in Isolated Nuclei. The incorporation of [a-
32P]UTP into RNA in isolated nuclei was carried out as de-
scribed by Hofer et al. (17). For each experimental point,
nuclei from 108 cells were washed once with reaction buffer
[20 mM Tris-HCl, pH 7.9/140 mM KCl/10 mM MgCl2/2 mM
dithiothreitol/20% (vol/vol) glycerol/i mM ATP/CTP/
GTP/5 ,uM UTP] and then suspended in 200 pu of reaction
buffer containing 250 ,Ci of [a- 2P]UTP (3000 Ci/mmol; 1 Ci
= 37 GBq; New England Nuclear). The nuclei were incubat-

Abbreviations: IFN, interferon; kb, kilobase(s); 2-5A synthetase,
(2'-5')oligoadenylate synthetase.
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ed for 10 min at 30'C and the [32P]RNA was extracted as
described (18). After phenol extraction, the [32P]RNA was
prepared for hybridization by precipitation with trichloro-
acetic acid followed by limited base hydrolysis (19).
RNA Isolation. Total cellular RNA was isolated by a modi-

fied guanidinium isothiocyanate/cesium chloride method
(15, 20). Cytoplasms were made 0.1% in lithium dodecyl sul-
fate, extracted three times with phenol/chloroform and once
with chloroform, and ethanol precipitated. Poly(A)+ RNA
was purified by oligo(dT)-cellulose chromatography (21).

Hybridization. Dot-blot hybridization of [32P]RNA from
isolated nuclei to excess DNA was carried out according to
the procedure of Hofer et al. (17) with the following modifi-
cation: before being loaded on nitrocellulose paper, plasmid
DNAs were linearized with EcoRI and denatured by heating
at 550C for 15 min in 50% formamide/2.5 mM Na4EDTA/2.0
M formaldehyde/40 mM triethanolamine HCl, pH 7.5 (22).
Five micrograms of plasmid DNA was loaded per individual
dot. Filters were prehybridized for 6-8 hr and hybridized
with the labeled RNA at 5 x 106 cpm per blot for 42-45 hr
under recommended conditions. To decrease background ra-
dioactivity, the blots were treated during washing with
RNase T1 at 10 units/ml and bovine pancreatic RNase at 0.3
unit/ml. RNA blot hybridization and 32p labeling of probes
by either nick-translation or end labeling were carried out as
described (15).
DNA Probes. Plasmid pKW3 was provided by W. Hay-

ward and contains the Pst I segment from the second exon of
human c-myc (23). Two plasmids, pIF-IND-1 and pIF-IND-
2, were isolated from a cDNA library of IFN-,-treated hu-
man diploid fibroblasts (24). The pIF-IND-1 clone hybrid-
izes to a 2.9-kilobase (kb) mRNA from IFN-,B-treated cells.
Clone pIF-IND-2 hybridizes under the same conditions to a
1.9-kb mRNA. The insert of pIF-IND-2 is complementary to
the 3' end of the mRNA coding for a 56-kDa protein that is
inducible in IFN-a- and IFN-f3treated cells (25). Also, this
plasmid hybrid-selects from IFN-3-treated cells a mRNA
that on in vitro translation produces a 56-kDa protein (un-
published observation).
A 20-nucleotide-long probe for (2'-5')oligoadenylate syn-

thetase (2-5A synthetase) was prepared by R. Arentzen
(Central Research and Development Department). The
probe sequence 5' G-G-G-A-C-C-C-A-T-C-C-C-A-A-T-T-C-
T-T-A 3' is complementary to the sequence of a 2-5A synthe-
tase cDNA between nucleotides 234 and 253 derived from
published sequence data of Merlin et al. (25).

Quantitation of Autoradiograms. Films from DNA dot
blots and RNA hybridizations after different exposures were
quantitated as reported (15) and as described in the legend of
Fig. 2.

In preliminary experiments, we determined that the level
of c-myc mRNA was reduced in Daudi cells treated with
IFN-f3 for 3 hr and even further in cells treated for 24 hr (data
not shown). Based on this observation, [32P]RNA prepared
from nuclei of control cells and cells treated with IFN-p for 3
or 24 hr was used for hybridization. The result of the dot-blot
analysis is shown in Fig. 1A. It is evident that the extent of
hybridization to c-myc DNA (dots 2) is not significantly dif-
ferent among the three types of [32P]RNA. To exclude the
possibility that the c-myc DNA on the blot is limiting and the
assay cannot register a decrease in c-myc transcripts reli-
ably, we also increased the amount of [32P]RNA used for
hybridization by 50%. Under those conditions, the amount
of c-myc-specific hybridization showed a concurrent 50% in-
crease, indicating that the c-myc DNA on the blot was in
excess (data not shown). These results indicate that IFN-,f
treatment of Daudi cells for 3 or 24 hr does not significantly
change the rate of c-myc RNA synthesis from that in control
cells. A blot analysis of the c-myc mRNA isolated from the
cytoplasmic fractions of the cells whose nuclei were used for
the in vitro nuclear transcription experiment shown in Fig.
1A is presented in Fig. 1B. A significant reduction in c-myc
mRNA is evident in cells treated for 3 hr with IFN-13. Fig. 2
is a histogram of the data in Fig. 1 A and B after quantitation
by densitometer measurement. The data in Fig. 2A show that
the rate of synthesis of c-myc RNA does not change after
exposure to IFN-,3 for 3 or 24 hr while the data in Fig. 2B
show a 60% decrease in cytoplasmic c-myc mRNA after only
3 hr of IFN-f3 exposure. These data indicate that IFN-13 re-
duces the level of c-myc mRNA in Daudi cells by a post-
transcriptional mechanism and not by reducing its rate of
synthesis. There is no effect of IFN-f3 on DNA synthesis in
Daudi cells, as measured by [3H]thymidine incorporation, up
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RESULTS

The reduced concentration of c-myc mRNA in IFN-P-treat-
ed Daudi cells that we observed (15) could be due to either
reduced synthesis or increased degradation. To distinguish
between transcriptional and post-transcriptional control, we
have compared the rate of c-myc gene transcription in con-
trol and IFN-j3-treated cells by using an in vitro nuclear tran-
scription assay in combination with a dot-blot procedure (17,
19). In this approach, isolated nuclei are incubated for 10 min
in a reaction mixture containing [a-32P]UTP. Labeled na-
scent RNA is prepared and hybridized to specific DNAs
bound to nitrocellulose paper. Reaction conditions of the as-
say support elongation of initiated RNA transcripts but do
not permit reinitiation (17, 19). Therefore, the amount of
[32P]RNA that hybridizes to a specific DNA reflects the
number of RNA chains initiated prior to cell harvesting and
can serve as an estimate of in vivo transcription rate.

FIG. 1. Hybridization analyses ofRNA from control and IFN-3-
treated Daudi cells. Daudi cells were either not treated (control) or
treated with IFN-,f at 50 units/ml for 3 or 24 hr. The cells were
disrupted by Dounce homogenization and the nuclear and cytoplas-
mic fractions were isolated by differential centrifugation. (A) Dot-
blot hybridization. Isolated nuclei were incubated for 10 min with
[a-32P]UTP, and RNA was isolated and hybridized to plasmids spot-
ted on nitrocellulose filters. (Left) Control. (Middle) IFN-,f treat-
ment for 3 hr. (Right) IFN-,3 treatment for 24 hr. Dots: 1, pBR322; 2,
pKW3; 3, pIF-IND-2; 4, pIF-IND-1. (B) Blot hybridization. Poly-
(A)' RNA was isolated from the cytoplasmic fraction by phe-
nol/chloroform extractions and chromatography on oligo(dT)-cellu-
lose. Ten micrograms of each RNA was separated on 1.4% agarose
gel containing formaldehyde. The RNA was transferred to nitrocel-
lulose paper and the blot was hybridized with 32P-labeled pKW3
probe. Lanes: 1, RNA from control cells; 2, RNA from cells treated
with IFN-f3 for 3 hr; 3, RNA from cells treated with IFN-,8 for 24 hr.
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FIG. 2. Densitometric analysis of the experiments shown in Fig.

1. Films from the dot-blot and blot-hybridization experiments were
scanned on an MK III microdensitometer (Joyce-Loebl). Individual
peaks from each tracing were cut out and weighed, and the weights
(in mg) were plotted. (A) Dot blots with the c-myc probe. (B) Blot
hybridization with the c-myc probe. (C) Dot blots with the pIF-IND-
2 probe. (D) Dot blots with the pIF-IND-1 probe. Open bars, RNA
from control cells; hatched bars, RNA from cells treated with IFN-/8
for 3 hr; stippled bars, RNA from cells treated with IFN-,l for 24 hr.
Duplicate filters were scanned for the dot-blot experiments and av-

erages of these determinations are shown.

to 18 hr of IFN-,/ exposure (unpublished observation). Thus,
the reduction in the level of cytoplasmic c-myc mRNA pre-
cedes any measurable effect of IFN-,8 on DNA synthesis.
This suggests that the IFN-induced reduction in c-myc

mRNA is not simply a consequence of the cessation of cell
growth.

In contrast to the above results, the rates of synthesis of
the RNAs from IFN-induced genes pIF-IND-1 and pIF-
IND-2 are dramatically increased after 3 hr of IFN-,B treat-
ment (Fig. 1A, dots 3 and 4). Quantitatively, the rates of syn-
thesis of the RNAs from these two genes increased 500-
600% (Fig. 2 C and D). We have also determined the effect of
IFN-p8 on the cytoplasmic levels of the mRNAs for pIF-IND-
1 and pIF-IND-2 in Daudi cells by RNA blot analysis. In
addition, we have used a synthetic DNA probe to determine
the cytoplasmic level of the mRNA for the IFN-induced en-
zyme 2-5A synthetase. As shown in Fig. 3, the mRNAs for
pIF-IND-1 (2.9 kb), pIF-IND-2 (1.9 kb), and 2-5A synthetase
(1.8 kb) reach maximum concentrations after 3 hr of IFN-,3
exposure. These data are in good agreement with those
shown in Fig. 2 since maximum RNA synthesis from genes
pIF-IND-1 and pIF-IND-2 occurs with only 3 hr exposure to
IFN-83.

DISCUSSION
The object of this research was to determine the kinetics and
level at which IFN-,8 regulates the steady-state level of c-
myc mRNA in Daudi cells. Our results show that, although
the steady-state level of c-myc mRNA is reduced by 60% in
IFN-,B-treated cells within 3 hr, the rate of c-myc gene tran-
scription is virtually unaffected even after 24 hr of IFN-p8
exposure.
The reduction in c-myc mRNA is detectable several hours

before the IFN-/3-treated Daudi cells cease to proliferate. At
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FIG. 3. Blot-hybridization analysis ofRNA from Daudi cells. (A)
The blot of cytoplasmic poly(A)+ RNA from control and IFN-3-
treated cells used in the experiment shown in Fig. 1B was stripped of
the c-myc probe by boiling for 5 min in H20 (15) and then hybridized
with a 1:1 mixture of 32P-labeled pIF-IND-1 and pIF-IND-2. (B) The
blot of total poly(A)+ RNA from Daudi cells was hybridized with the
32P-labeled synthetic probe for 2-5A synthetase. Lanes: 1, RNA
from control cells; 2, RNA from cells treated with IFN-3 for 3 hr; 3,
RNA from cells treated with IFN-,3 for 24 hr.

the low level of IFN-,8 (50 units/ml) used in our study, the
proliferation is not reduced until after 18-20 hr of IFN-,3
treatment. This is in agreement with findings of others who
observed that a marked reduction in c-myc mRNA precedes
cessation of cell proliferation by a number of hours (2, 7).
Taken together, these results suggest that the reduction in c-
myc mRNA cannot simply be a consequence of the cessation
of cell growth. Furthermore, they raise the question of
whether the reduction in c-myc expression plays a role in the
mechanism ofgrowth inhibition. The experiments of Kelly et
al. (1) show that c-myc expression is induced during the com-
petence process in fibroblasts on their exposure to platelet-
derived growth factor. Those authors proposed that c-myc
expression may be a part of the competence process neces-
sary for the entry of cells into S phase. It is tempting to infer
from these observations that the reduction in c-myc expres-
sion brought about by external agents such as the IFNs may
disrupt the process of competence and therefore inhibit opti-
mum growth.
To assess the effect of IFN-,8 on the rate of c-myc gene

transcription, we have used an established in vitro transcrip-
tion assay that has been used successfully to study regula-
tion of cellular genes by IFN-f3 (24). The sensitivity of our
assay system can be considered satisfactory, because it de-
tected the response of two cellular genes that have been
shown previously to be transcriptionally regulated. Kineti-
cally, the response of these two genes of IFN-,8 in Daudi
cells reported here is similar to their response in normal hu-
man fibroblasts, involving both a dramatic increase in the
rate of transcription after 3 hr of IFN-,B exposure and a de-
crease to low levels by 24 hr (24). However, within the de-
tection limits of our assay, the rate of transcription of the c-
myc gene is not significantly different in nuclei isolated from
either control or IFN-p8-treated cells over the span of a 24-hr
exposure. On the basis of these results we surmise that the
reduction in the steady-state level of c-myc mRNA caused
by IFN-,B cannot be due to a decreased rate of c-myc gene
transcription and must be accounted for by some post-tran-
scriptional event(s).

It is not possible to infer from the present data at which
post-transcriptional level the c-myc transcripts are regulat-
ed. However, from published results on the structure of c-
myc transcripts we have noted several features that may play
a role in their stability. Two potential polyadenylylation se-
quences are present in the c-myc gene (26). The results in the
literature indicate that the choice of polyadenylylation signal
may modulate gene expression. The maturation of adenovi-
rus transcripts (27, 28) and the growth-dependent expression
of transfected dihydrofolate reductase genes (29) have been
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shown to be dependent on the choice of polyadenylylation
signal. While no detailed study is available on the utilization
of either of these sites in the c-myc gene and the stability of
the resulting mRNA, preferential instability of one of the
possible two forms of c-myc mRNA in IFN-modulated cells
may account for the results presented here. Another expla-
nation may be that one of the two possible transcripts initiat-
ed on the c-myc dual promoter (26) is more stable in IFN-,-
treated cells. By mapping the 5' and 3' ends of the c-myc
mRNAs in IFN-treated cells, it should be feasible to test
these possibilities.
One of the postulated mechanisms by which IFN can regu-

late gene expression at the post-transcriptional level is by the
2-SA synthetase/RNase L system (reviewed in ref. 30). The
role of this system in the antiproliferative activity of IFN
was considered (31) but there has been no demonstration of a
specific cellular double-stranded RNA to activate the 2-SA
synthetase. However, Battey et al. (26) and Saito et al. (32)
have reported that c-myc mRNA has the capacity to form
double-stranded RNA structures either within the first exon
or between the first and the second exons. Saito et al. have
proposed that such a structure may regulate c-myc expres-
sion at the translational level because the AUG codon would
be sequestered in the secondary structure and not readily
accessible for ribosome binding. Since, in Daudi cells, the 2-
5A synthetase mRNA is induced at the time the steady-state
level of c-myc mRNA is reduced, we suggest that this system
may play a role in the post-transcriptional regulation of c-
myc mRNA.
The role of expression of the c-myc gene in the regulation

of cell growth remains to be proven. However, the use of
agents such as the IFNs should provide data that will help
elucidate the molecular mechanisms that regulate cell prolif-
eration.

Note Added in Proof. Since communication of this manuscript,
Mechti et al. (33) have also reported that the c-myc mRNA is regu-
lated at a post-transcriptional level in IFN-treated Daudi cells.
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