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"-Interferon (3-IFN) gene expression can. be induced by poly(I)-poly(C) or virus, but there is considerable
variation in the extent of induction between different cell lines. We characterized two poorly inducible human
cell lines, HeLa and 143 thymidine kinase negative (143 tk-), to define cellular factors involved in the activation
of the -IFN gene. We show that the deficiency in 3-IFN induction in these cells can be complemented by fusion
to highly inducible mouse cells. We conclude that the human cells are deficient in a trans-acting factor required
for ,-IFN gene activation. The level of induction of the O-IFN gene in HeLa and 143 tk- cells can also be
increased by priming with IFN before induction. If IFN priming is carried out in the presence of cycloheximide,
a -200-fold increase in induction is observed. We conclude that activation of the (-IFN gene requires an
IFN-inducible factor that is only expressed at low levels in unprimed HeLa and 143 tk- cells.

Interferons (IFNs) are secreted polypeptides defined by
their ability to protect cells of the same species from
infection by viruses. There are three types of IFN: a
(leukocyte), 0i (fibroblast), and y (immune) (reviewed in
references 32 and 42). a- and p-IFN expression is inducible
in many cultured cell lines by infection with virus and, in the
case of ,B-IFN, by treatment with poly(I)-poly(C). Most
fibroblast and epithelial cell lines express P-IFN, and in
some cases a-IFN is also produced (27, 29, 52; reviewed in
reference 42). In the absence of induction, P-IFN mRNA is
usually undetectable; however, upon induction as many as
5,000 ,B-IFN mRNA transcripts can accumulate per cell. The
induction is due at least in part to an increase in the rate of
transcription of the p-IFN gene (35, 37; K. Zinn, Ph.D.
thesis, Harvard University, Cambridge, Mass. 1983). Induc-
tion of P-IFN mRNA can occur within 90 min after treatment
with inducer, and this induction does not require protein
synthesis (10, 39). These observations suggest that the
P-IFN gene is activated by a preexisting factor that is altered
in response to the induction signal.
The amount of IFN produced upon induction can be

increased up to 50-fold by treating cells with protein synthe-
sis inhibitors at the time of induction, a phenomenon known
as superinduction (25; reviewed in reference 42). This in-
crease may be due to stabilization of the P-IFN mRNA (10,
39). Many other inducible genes can be superinduced (12, 17,
28, 46), and in some cases this increase has also been shown
to be due to posttranscriptional stabilization of the inducible
transcript (reviewed in reference 46). In some cell lines
P-IFN induction by virus or poly(I)-poly(C) can also be
increased by treating cells with IFN before induction, a
phenomenon known as priming (43). Priming can increase
IFN production by up to 20-fold in cell lines in which it is
observed (19, 25, 43, 44), and in some cases it can also
accelerate the kinetics of IFN induction (1, 15, 18). The
stimulation of IFN production observed upon priming re-
sults from an increase in the rate of P-IFN gene transcription
(35).
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There is a lag period between the time cells are exposed to
inducer and the time when IFN mRNA is produced. The
exact length of this lag period depends on the inducer-cell
combination, but there are generally 1 to 4 h between the
time inducer is added and the time when IFN mRNA can be
detected. During this time, a sequence of events takes place
which begins with uptake of the inducer and culminates in
the transcriptional activation of the IFN gene. The early
events in this pathway are likely to be different for different
classes of inducers, since a wide range of viruses and many
synthetic compounds can act as inducers, and these inducers
must enter the cell by different mechanisms (reviewed in
reference 42). However, it seems likely that the final steps in
the P-IFN induction pathway are common to many inducers.
The presumptive cellular factors involved in P-IFN gene

induction have not been identified. Factors involved in the
regulation of other genes have been identified by analyzing
mutant or variant cell lines that fail to express the gene (4,
30, 48). For the P-IFN gene many cell lines are inducible, but
the extent of induction can vary widely (2, 8, 44). Cell lines
that are poorly inducible might provide the opportunity to
characterize and isolate the cellular factors involved in
1-IFN gene regulation.

In this paper we describe the characterization of two
poorly inducible human cell lines, HeLa and human 143
thymidine kinase negative (143 tk-). We find that the defi-
ciency in P-IFN gene activation in these cells can be
complemented in trans by fusion to highly inducible cells. In
addition, we show that the extent of P-IFN mRNA induction
can be increased 200-fold by treating HeLa and 143 tk- cells
with a combination of IFN and cycloheximide (CHX) before
induction. We conclude that efficient expression of the
P-IFN gene in HeLa and 143 tk- cells requires an activating
factor which is itself IFN inducible.

MATERIALS AND METHODS

Cell culture and induction procedure. Poly(I)-poly(C)
inductions of HeLa, 143 tk-, and MG-63 cells were done as
described previously (25). Cells were incubated in serum-free
medium with 100 ,ug of poly(I)-poly(C) (P-L Biochemicals,
Inc., Milwaukee, Wis.) per ml and 50 ,ug of CHX (Sigma
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Chemical Co., St. Louis, Mo.) per ml for 90 min, and then the
medium was replaced with medium containing only CHX for
an additional 2.5 h. The cells were then washed with
phosphate-buffered saline (PBS) and incubated in medium
containing 2% serum until the RNA was harvested. C-127
cells were induced with poly(I)-poly(C) as described
previously (33). Virus inductions were carried out with
S-endai virus (Hazleton Research Products, Denver, Pa.) as
described previously (20). Cells were incubated in serum-free
medium containing -300 hemagglutinating units of virus per
ml for 1.5 h and then washed with PBS and transferred to
medium containing 2% serum. CHX inductions were done by
incubating the cells in the continuous presence of 50 [Lg of
CHX per ml in medium containing 10% serum. 3-IFN mRNA
levels were examined at various times (3 to 24 h) after addition
of each of the inducers, and an optimal time point was chosen
for each inducer. All the human cell lines responded to
inducers with similiar kinetics; 3 to 6 h was found to be
optimal for poly(I)-poly(C) and virus inductions; 12 h was
optimal for CHX. Priming experiments were carried out with
the ot- and ,B-IFN obtained from Lee Biomolecular (San
Diego, Calif.). Cells were preincubated in Dulbecco modified
Eagle medium plus 10% serum containing the indicated
amounts of IFN and, where indicated, 50 pg of CHX per ml.
After 6 to 24 h the cells were washed three times with PBS
and exposed to inducing solutions as described above.

Transfection of cloned 1-IFN genes. HeLa, 143 tk- and
C-127 cells were each transfected with the plasmid pp-IFN*-
NEO. This plasmid was constructed by inserting an 8-base-
pair (bp) Cla linker into the PillI site of pIFR (51) to
generate pIFR*. A restriction fragment containing the bac-
terial TN5-neomycinr resistance coding sequence linked to
the simian virus 40 early promoter and polyadenylation
sequences was isolated from pKO-NEO (D. Hanahan, un-
published data) and inserted between the BamHI and
HindIII sites of pIFR* to form pI-IFN*-NEO. This plasmid
was introduced into each cell line by calcium phosphate
coprecipitation (47), and G418-resistant colonies were se-
lected (40). Approximately 100 to 300 colonies of each cell
type were pooled, expanded, and used for RNA analysis.

Preparation and analysis of cellular RNA. Cellular RNA
was isolated 4 to 6 h after poly(I)-poly(C) or virus induction
and 12 h after CHX induction. RNA was prepared by a
modification of the procedure of Chirgwin et al. (11). Human
,B-IFN and actin transcripts were analyzed by quantitative
RNase mapping as described previously (50) with single-
stranded, uniformly labeled RNA probe synthesized in vitro
with SP6 RNA polymerase (34). Human 1-IFN mRNA from
the endogenous gene was measured with a probe prepared
from pSP65'IF cleaved with EcoRI (see Fig. 6 in reference
50). Correctly initiated transcripts protect a 277-bp fragment
of this probe. RNA transcribed from the marked transfected
human 13-IFN* genes was detected with a probe transcribed
from pSP6IFR* linearized with EcoRI. This plasmid was
constructed by cloning the BglII-EcoRI fragment from
pIFR* (see above) into the polylinker of pSP6-PL2 (34).
Transcripts from the marked ,-IFN gene protect 644 bp of
this probe. The human ,B-IFN probes do not hybridize with
mouse 1-IFN mRNA under these conditions (50). Actin
message was detected with a probe transcribed from pSP6
y-actin linearized with Hinfl. This template was made by
subcloning a BamHI-HindIII fragment from the 3' noncod-
ing region of the y-actin cDNA clone pHF1 (23) into pSP64
(34). Human actin mRNA protects the entire probe, gener-
ating a 145-bp fragment. Mouse actin RNA, which is only
homologous to part of the probe, protects a smaller fragment

about 65 bp long. The sizes of the protected fragments were
verified by running the samples on gels with end-labeled
DNA markers (data not shown). The relative amounts of
1-IFN mRNA in each sample were determined by den-
sitometry of the autoradiogram.

Cell fusion. A total of 8 x 106 cells were trypsinized and
plated on 100-mm tissue culture plates which had been
pretreated for 30 to 60 min with a 10-,ug/ml solution of
poly-L-lysine (molecular weight, > 70,000; Sigma) in PBS.
When two cell types were used, five times more mouse than
human cells were mixed together before plating. At 3 to 6 h
after plating, cells were fused by a modification of the
Ca2+-free technique described in reference 38. A preweighed
sample of Koch-Light polyethylene glycol (PEG) 1000 (RPI,
Mt. Prospect, Ill.) was melted in a microwave oven. An
equal volume of PBS was added to the melted PEG, and the
solution was mixed thoroughly. After the solution had
cooled to room temperature, cells were washed twice with
PBS, and after the second wash the last drops of PBS were
removed by aspiration. About 1 to 1.5 ml of the 50%
PEG-PBS solution was added, and the plate was tilted to
spread the PEG evenly. After a carefully timed interval (45
to 60 s depending on the batch of PEG), the PEG was
removed by aspiration, and the cells were gently washed five
times with PBS. After washing, the cells were incubated for
30 to 60 min at 37°C in PBS, and then the PBS was replaced
with fresh Dulbecco modified Eagle medium plus 10% se-
rum. Inductions were done 0 to 48 h after fusion as described
above.

In situ hybridization. In situ hybridizations were carried
out with uniformly labeled 32P-labeled single-stranded RNA
probes synthesized with SP6 polymerase (34). Human ,3-IFN
mRNA was detected with a probe made from pSP6-IF*
truncated at an NcoI site at -12. The template for the mouse
,B-IFN probe was the plasmid pSP6mif13 which contains a
480-bp BamHI-Bg/II fragment from the cDNA clone de-
scribed in reference 26. These probes were hydrolyzed in
bicarbonate buffer as described previously (16) to generate
probe pieces an average of 50 bp in length. Actin RNA was
detected with the same probe used for RNA mapping exper-
iments (see above) and was not hydrolyzed.

Cells for in situ hybridization were cultured on 12-mm
diameter circular cover slips and then fused and induced as
described above. If the cells were to be fused, the cover slips
were pretreated with poly-L-lysine as described above. At 3
to 5 h after induction, the cover slips were transferred to
24-microwell tissue culture trays (Costar, Cambridge,
Mass.) and fixed and prepared for hybridization by a modi-
fication of the procedure described by Brigati et al. (5). The
cover slips were handled with dissecting forceps (VWR).
The various solutions were added directly to the cover slips
in the microwells and removed by aspiration.

Hybridizations were carried out by a modification of the
procedure described by Cox et al. (16). Hybridization solu-
tion was prepared as described previously (16) except that
dextran sulfate was omitted. Hybridizations were carried out
in an inverted lid of a 24-well tissue culture tray. Drops (3 ,ul)
of hybridization solution containing 2 to 3 jig of probe per ml
were placed in the centers of the 24 circular rims found on
the inner side of the lid of a 24-well tissue culture tray. Each
cover slip to be analyzed was placed cell-side down on a
droplet of probe. The cover slip was covered with mineral oil
to prevent evaporation and hybridized for 12 to 18 h at 51°C
in a dry oven. At the end of the hybridization, the lid of the
24-well tray was carefully filled with 4x SSC (1x SSC is 0.15
M NaCl plus 0.015 M sodium citrate), and the cover slips
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were pried off with dissecting forceps. The cover slips were
then placed cell-side up in microwells in a fresh 24-well
tissue culture tray. Posthybridization washes and RNase
treatment were done by adding the solutions described by
Cox et al. (16) to the individual microwells. When the
washes were complete, the cover slips were mounted cell-
side up on standard microscope slides with a drop of
Permount (Fisher Scientific Co., Pittsburgh, Pa.). After the
Permount had set (3 to 10 h), the slides were dipped in
Kodak NTB-2 nuclear emulsion diluted 1:1 with 0.6 M
ammonium acetate and exposed and developed by standard
procedures (41). The developed slides were stained with
Hoechst 33258 was described by Blau et al. (3). The cover
slips were removed from the slide on which they were
mounted by soaking the slides in xylene until the cover slips
could be pried off with dissecting forceps. They were then
rinsed successively in 95% ethanol, 60% ethanol, and dis-
tilled water and mounted cell-side down in a drop of water on
a fresh slide. The samples were examined by using a
combination of fluorescence and dark-field microscopy with
a Zeiss fluorescence microscope equipped with a G 365 filter
set.

RESULTS
Analysis of 0-IFN gene regulation in HeLa and 143 tk-

ce}ls. Previous studies demonstrated that HeLa cells do not
produce 1-IFN when treated with virus of poly(I)-poly(C) (8,
22, 44). We found that another human cell line, human 143
tk- (21), is also not inducible. A comparison of 1-IFN gene
transcription in these two cell lines and MG-63 cells, a highly
inducible human osteosarcoma cell line (2, 14), is shown in
Fig. 1. The levels of P-IFN and actin mRNA were measured
by quantitative RNase mapping (50). The 1-IFN RNA hy-
bridization probe detected accurately initiated RNA, while
the actin probe was homologous to an internal region of the
mRNA. In the absence of inducer, 1-IFN mRNA was not
detected in HeLa, 143 tk-, or MG-63 cells (data not shown).
When MG-63 cells were treated with poly(I)-poly(C) (Fig. 1,
lane C) or Sendai virus (Fig. 1, lane F), high levels of 1-IFN
mRNA were observed. In contrast, when HeLa (Fig. 1,
lanes A and D) or 143 tk- (Fig. 1, lanes B and E) cells were
treated with the same inducers, only low levels of ,B-IFN
were produced. Similar levels of actin mRNA were observed
in each case, indicating that roughly equal amounts of
cellular RNA were present in all of the samples. Quantitation
of the levels of 1-IFN mRNA produced by these cell lines in
a number of experiments indicates that MG-63 cells are 300
to 500 times more inducible than HeLa or 143 tk- cells,
depending on the inducer-cell combination. The uninduc-
ibility of HeLa cells that we observed may depend on the
subline, since there is a recent report that,B-IFN mRNA can
be induced in HeLa cells by virus (27).

Since HeLa and 143 tk- cells are poorly inducible by both
virus and poly(I)-poly(C), it seems unlikely that the poor
induction is due to a failure of the inducer to enter the cell,
since these inducers presumably enter cells by different
mechanisms. Further evidence that the deficiency in 1-IFN
induction is not at the level of inducer uptake was provided
by an analysis of CHX induction. P-IFN mRNA can be
induced in a number of cell lines by prolonged exposure to
high levels of CHX, an inhibitor of protein synthesis (45); K.
Zinn-and S. Goodbourn, unpublished observations). ,B-IFN
gene transcription in MG-63 cells was inducible with CHX
(Fig. 1, lane I). The level of induction was about 1/10th of
that observed when the cells were treated with virus or
poly(I)-poly(C). In contrast, when HeLa and 143 tk- cells
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FIG. 1. Expression of the p-IFN gene in HeLa, 143 tk-, and

MG-63 cells. Cellular RNA (5 pLg) isolated from cells induced with
poly(l)-poly(C), virus, or CHX was analyzed by quantitative RNase
mapping (51) with a human P-IFN 5' probe and an actin probe.
Lanes: A, B, and C, poly(l)-poly(C)-induced HeLa, 143 tk-, and
MG-63 cells, respectively; D, E, and F, virus-induced HeLa, 143
tk-, and MG-63 cells respectively; G, H, and I, CHX-induced
HeLa, 143 tk-, and MG-63 cells, respectively. With a 20-fold-longer
exposure a signal is visible in lanes A, B, D, and E.

were treated with CHX, 13-IFN gene transcription was not
induced (Fig. 1, lanes G and H, respectively). In summary,
HeLa and 143 tk- cells respond poorly to three different
inducers that efficiently activate 13-IFN gene transcription in
MG-63 cells. It therefore seems likely that these cells have a
general rather than an inducer-specific deficiency in 13-IFN
gene induction. This deficiency must affect a step in the
induction pathway which is common to all three inducers.

Cloned 0-IFN genes are not expressed when introduced into
HeLa or 143 tk- cells by stable cotransformation. The lack of
13-IFN induction in HeLa and 143 tk- cells could be -due to a
defect in the R3-IFN gene or to quantitative or qualitative
differences in the cellular factors required for p-IFN gene
regulation. Cloned 13-IFN genes are correctly regulated
when transfected into a variety of established cell lines (7,
24, 36, 51).
To test the possibility that 143 tk- or HeLa cells produce

the factors necessary for induction but carry inactive P-IFN
genes, we studied the expression of cloned 13-IFN genes
stably introduced into these cell lines by using a linked
neomycin resistance gene as a selectable marker. A syn-
thetic DNA linker was inserted into the coding sequence of
the cloned gene to allow discrimination between 13-IFN
transcripts derived from the endogenous and transfected
genes. Neither the endogenous or the transfected 13-IFN
genes were transcribed in pools of neomycin (G418)-
resistant HeLa (Fig. 2, lanes A and B) or 143 tk- (Fig. 2,
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FIG. 2. Expression of cloned human ,B-IFN genes transfected
into HeLa, 143 tk-, and C-127 cells. Cellular RNA was isolated from
untreated and poly(I)-poly(C)-induced pools of G418-resistant trans-
formants obtained by transfecting cells with the plasmid p3-

IFN*NEO.which contains a marked human P-IFN gene linked to a

neomycin resistance gene (see text). The RNA was analyzed as

described in the legend to Fig. 1. Transcripts from the transfected
human P-IFN gene were detected with a marked probe so that they
could be distinguished from the endogenous gene. This probe does
not hybridize to mouse P-IFN transcripts (50). Both mouse (mo) and
human (hu) actin transcripts could be detected with a human actin
probe, although the mouse transcript generates a smaller protected
fragment. To conveniently show all three bands, the middle portion
of the autoradiogram is not shown. The arrow marks the boundary
between the upper and lower parts of the gel. Lanes: A and B, HeLa
cells, uninduced and induced, respectively; C and D, 143 tk- cells,
uninduced and induced, respectively; E and F, C-127 cells,
uninduced and induced, respectively. With a 20-fold-longer expo-

sure a signal is visible in lanes B and D.

lanes C and D) cells in the presence or absence of inducers.
In contrast, the cloned ,-IFN gene was expressed and
correctly regulated when transfected into mouse C-127 cells
(Fig. 2, lanes E and F), a highly inducible fibroblast cell line
(20, 50). The human ,-IFN probe does not hybridize to
mouse P-IFN mRNA under these conditions (51). Genomic
DNA blotting experiments showed that the pools of trans-
formed HeLa, 143 tk- and C127 cells contained approxi-
mately equal numbers of unrearranged transfected P-IFN
genes (data not shown). Since HeLa and 143 tk- cells fail to
express transfected ,-IFN genes that are expressed in in-
ducible cells, we conclude that these cell lines have a
trans-acting deficiency in ,B-IFN induction.

Activation of ,I-IFN genes in HeLa and 143 tk ceUs by
fusion to highly inducible cells. The trans-acting deficiency in
P-IFN induction of HeLa and 143 tk- cells could be due to
the absence of cellular factors required for induction or to
the presence of factors that block induction. To distinguish
between these possibilities, we analyzed induction of the
human 13-IFN gene in interspecific heterokaryons formed by
fusing HeLa or 143 tk- cells to mouse C-127 cells. The cells
were fused by treatment with PEG as described by
Schneiderman et al. (38) and then induced 0 to 48 h later. 143
tk- cells fused to mouse C-127 cells produced 5 to 20-fold
more human 13-IFN mRNA upon induction compared with
143 tk- cells treated with PEG in the absence of C-127 cells.
This stimulation was observed when either poly(I)-poly(C)
(Fig. 3, compare lanes C and B) or virus (Fig. 3, compare
lanes E and D) was used as the inducer. Similarly, HeLa
cells fused to C-127 cells produced 10- to 20-fold more
human ,-IFN mRNA after induction with poly(I)-poly(C)
(Fig. 3, lane H) or virus (Fig. 3, lane J) than HeLa cells
treated with PEG and induced in the absence of C-127 cells
(Fig. 3, lanes G and I).
Enhanced induction of the human 1-IFN genes in

heterokaryons was also observed when CHX was used as an
inducer (data not shown), although the amounts of P-IFN
produced were somewhat lower, perhaps because CHX is a
relatively inefficient inducer compared with poly(I)-poly(C)
or virus (Fig. 1) (K. Zinn and S. Goodboum, unpublished
observations). ,B-IFN mRNA was not detected in the ab-
sence of inducers (Fig. 3, lanes A and F), and the stimulation
of human P-IFN mRNA production required fusion since
unfused mixtures of C-127 and HeLa or 143 tk- cells did not
produce significant quantities of human P-IFN mRNA (data
not shown). Induction of the human ,B-IFN gene was stimu-
lated to the same extent in heterokaryons induced between 0
and 48 h after fusion, and stimulation of induction was
observed even when protein synthesis inhibitors were added
immediately after fusion (data not shown). An identical
stimulation of human 1-IFN mRNA induction was observed
when HeLa or 143 tk- cells were fused to Ehrlich ascites
tumor cells, another highly inducible mouse cell line (data
not shown).
We conclude that HeLa and 143 tk- cells are poorly

inducible because they lack a cellular factor required for
P-IFN gene activation. This factor can be provided in trans
by highly inducible mouse cells in the heterokaryons. It
seems likely that both human cell lines lack the same factor
since 1-IFN genes in HeLa-143 tk- heterokaryons are not
inducible (data not shown).

Expression of 0-IFN mRNA in individual heterokaryons.
Since we did not select for heterokaryons after fusion, the
RNA analyzed in the above experiments was isolated from a
mixture of homokaryons, heterokaryons, and unfused cells.
To show that the P-IFN transcripts detected are synthesized
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in interspecific heterokaryons, we used in situ hybridization
to cellular mRNA (5, 13, 16) to study 1-IFN mRNA expres-
sion in individual HeLa-C-127 and 143 tk--C-127
heterokaryons induced with poly(I)-poly(C). To identify
heterokaryons, cells were stained with Hoechst 33258, a
fluorescent DNA-binding dye with a preferential affinity for
AT-rich sequences. Mouse nuclei stained in this fashion
contain bright dots, which correspond to AT-rich satellite
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FIG. 3. Expression of ,B-IFN genes in HeLa and 143 tk- cells is

stimulated by fusion to C-127 cells. Cellular RNA was isolated from
induced and uninduced PEG-treated cells and analyzed by RNase
mapping with the human (hu) ,B-IFN 5' probe and a human actin
probe. Human actin mRNA protects the entire 145-bp actin probe
and is present in all the samples. Mouse (mo) actin message protects
only 65 bp of the probe and is present only when C-127 cells were
included in the fusion mixture. Fusions were carried out as de-
scribed in Materials and Methods. Lanes: A, 143 tk- plus C-127
cells, PEG treated but not induced; B, 143 tk- cells alone, treated
with PEG and induced with poly(I)-poly(C); C, 143 tk- cells plus
C-127 cells, treated with PEG and induced with poly(I)-poly(C); D
and E, same as lanes B and C, respectively, except the induction is
done with virus; F, HeLa and C-127 cells treated with PEG but not
induced; G, HeLa cells alone, treated with PEG and induced with
poly(I)-poly(C); H, HeLa plus C-127 cells, treated with PEG and
induced with poly(I)-poly(C); I and J, same as lanes G and H,
respectively, except using virus as the inducer. In lanes A, C, E, F,
and H 10 ,ug of cellular RNA was analyzed; in lanes B, D, G, I, and
J 50 ,ug of cellular RNA was analyzed. The part of the autoradiogram
shown below the arrow was exposed for 6 h; the part above the
arrow was exposed for 18 h.

DNA sequences. Human nuclei, which do not contain these
sequences, stain uniformly (3). Figures 4A and B show the
results of a typical in situ hybridization experiment with a
32P-labeled probe complementary to human ,B-IFN mRNA.
Panel A and panel B show the same field photographed
without and with dark-field illumination, respectively. In the
center of each panel is a 143 tk--C-127 heterokaryon which
contains three mouse nuclei and one human nucleus. The
human nucleus is indicated by an arrow. This nucleus is
covered with autoradiographic grains in panel B, indicating
that the heterokayon is expressing human 1-IFN mRNA. An
unfused human cell immediately above this heterokaryon
clearly does not express human P-IFN mRNA. Hybridiza-
tion to the human 1-IFN mRNA probe is not observed
unless the heterokaryons are induced with poly(I)-poly(C) or
virus (data not shown). The human ,B-IFN probe did not
hybridize to cellular RNA in induced mouse cells, indicating
that this probe is specific for human ,B-IFN mRNA under the
conditions used in our experiments. In situ hybridization
experiments with either HeLa-C-127 or 143 tk--C-127
heterokaryons showed that over 90o of the cells that ex-
pressed human 1-IFN mRNA contained both mouse and
human nuclei. Thus, these studies show that expression of
significant amounts of 1-IFN mRNA by HeLa or 143 tk-
cells requires fusion to inducible cells. This confirms that a
factor or factors in highly inducible cells can complement the
deficiency of the poorly inducible human cells.
Although 30 to 60% of the human nuclei in these samples

were found in cells that contained both mouse and human
nuclei, the in situ hybridization studies revealed that less
than 10%o of these heterokaryons expressed human P-IFN
mRNA. Similarly, a mouse P-IFN probe detected transcripts
in only 10% of the mouse cells in these samples (Fig. 4C).
The fact that only a small number of the mouse cells
produced 1-IFN upon induction was not a result of fusion
since an equally small fraction of these cells expressed
,B-IFN mRNA in the absence of PEG treatment (data not
shown). We also observed heterogeneous expression of
P-IFN mRNA in populations of induced MG-63 cells. In this
case, a somewhat higher proportion (25 to 30%) of the cells
expressed ,B-IFN mRNA (Fig. 4E). This proportion is the
same whether virus or poly(I)-poly(C) is used as the inducer
(data not shown). The low frequency of hybridization to
1-IFN mRNA probes is not due to a failure of probe to
penetrate some cells, since a human actin probe detected
roughly equal amounts of actin RNA in all of the cells in our
preparation (Fig. 4D). Thus, it seems that many of the cells
in highly inducible cell populations do not express j-IFN in
response to induction. This explains why only a fraction of
the HeLa-C-127 and 143 tk--C-127 heterokaryons express
human f-IFN mRNA. Heterogeneity in the expression of a-
and ,B-IFN in response to induction has also been reported in
mouse C-243 cells (49). Variation in the responses of indi-
vidual cells to inducers may be a general property of the IFN
system.

3-IFN gene induction in HeLa and 143 tk- cells requires an
IFN-inducible factor. Treatment of certain cell lines with IFN
before induction with poly(I)-poly(C) or virus can lead to an
increase in the amount of IFN subsequently produced, an
effect known as priming (see reference 42 for a review). To
determine whether the induction of the 1-IFN gene in HeLa
and 143 tk- cells could be increased by priming, we pre-
treated these cells witha or 1-IFN and then induced the cells
with virus. Priming of HeLa or 143 tk- cells with IFN
resulted in a 20 to 50-fold increase in the level of induced
P-IFN mRNA (Fig. 5, lanes, B, D, E, and F; Fig. 6, lanes B
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FIG. 5. Priming of HeLa and 143 tk- cells with IFN enhances

induction of the 1-IFN gene. RNA was isolated from untreated or
IFN-primed cells induced with poly(l)-poly(C) or virus and analyzed
by quantitative RNAase mapping with the 5' human P-IFN probe.
Lanes: A, 143 tk- cells, no 1FN pretreatment; B, 143 tk- cells
pretreated with 250 U of ,B-IFN per ml, C, HeLa cells, no IFN
pretreatment; D and E, HeLa cells pretreated with 250 U of 13-IFN
per ml (each sample is from a separate experiment); F, HeLa cells
pretreated with 250 U of a-IFN per ml; G and H, MG-63 cells, no
IFN pretreatment; 1, MG-63 cells pretreated with 250 U of P-IFN
per ml. All samples except lane G come from virally induced cells;
the sample in lane G comes from poly(l)-poly(C)-induced cells.
Lanes A to F, 20 jig of RNA; lanes G, H, and 1, 10 jig of RNA.

and G) compared with induction without priming (Fig. 5,
lanes A and C; Fig. 6, lanes A and F). Priming with IFN also
caused a large increase in induction (-100-fold for 143 tk-
cells and -15-fold for HeLa cells) when poly(I)-poly(C) was
used as the inducer (data not shown). However, even with
priming, the level of 1-IFN mRNA produced by HeLa and
143 tk- cells is still 10 to 20-fold lower than that produced by
MG-63 cells (Fig. 5, compare lanes G to I with lanes B and
D to F). MG-63 cells primed with IFN (Fig. 5, lane I) did not
produce more P-IFN mRNA than unprimed MG-63 cells
(Fig. 5, lanes G and H). Induction of,3-IFN in mouse C-127
cells is also not significantly affected by priming (K. Zinn and
S. Goodbourn, unpublished observations). Priming does not
stimulate expression of the f-IFN gene in uninduced cells

o ACTIN

A B C D E FLi
FIG. 6. Effect of CHX on priming. RNA was isolated from

virus-induced cells after the indicated pretreatments, and 20 ,ug of
each sample was hybridized to the actin and 5' human ,B-IFN probe.
Lanes: A, HeLa cells, no IFN pretreatment; B, HeLa cells pre-
treated with 500 U of a-IFN per ml for 6 h; C, HeLa cells pretreated
with 500 U of a-IFN per ml plus 50 ,ug of CHX per ml for 6 h; D,
same as sample C except induction was done in the presence of 50
,ug of CHX per ml such that the cells were kept in CHX continuously
throughout IFN pretreatment and induction; E, MG-63 cells pre-
treated with 500 U of a-IFN per ml plus 50 ,ug ofCHX per ml F and
G, 20-fold-longer exposure of lanes A and B.

(data not shown). The priming effect required about 6 h to
develop fully at 500 U of IFN per ml; at <25 U/ml it did not
reach maximal levels even after 24 h (data not shown).
Priming had no effect on -y-actin mRNA levels (Fig. 6,

FIG. 4. Detection of specific mRNAs in individual cells by in situ hybridization. 143 tk--C-127 heterokaryon preparations and unfused
MG-63 cells were induced with virus, fixed after 4 h, and then hybridized with the appropriate 32P-labeled probes as described in Materials
and Methods. Nuclei were stained with Hoechst 33258. Mouse nuclei stained in this fashion contain bright dots, while human nuclei stain
uniformly. Cells were visualized by fluorescence microscopy (A) or a combination of dark-field and fluorescence microscopy (B to E): the
bright spots in panels B to E are autoradiographic grains. Panels A and B show the same field photographed in the absence and presence,
respectively, of dark-field illumination. In the center of panel A is a heterokaryon; the human nucleus is indicated by an arrow. This nucleus
can be seen to be covered with autoradiographic grains in panel B. Panel C shows a heterokaryon preparation hybridized to a mouse 1-IFN
probe. Panel D shows MG-63 cells hybridized with an actin probe: panel E shows MG-63 cells hybridized to a human ,-IFN probe.

VOL. 6, 1986

-40- 0-1 F N

40 so
j.-
.-M an

ow

.00,



808 ENOCH ET AL.

compare lanes A and B). We conclude that induction of the
,B-IFN gene in HeLa and 143 tk- cells requires a factor
which is itself IFN inducible.
To determine wheter priming of HeLa cells was due

to induction by IFN of a protein required for 1-IFN gene
expression, we studied the effects of CHX on IFN priming.
HeLa cells were treated for 6 h with 500 Units of IFN per ml
in the presence of 50 p.g of CHX per ml. After removal of the
IFN and CHX, the cells were induced with virus. Surpris-
ingly, we found that this treatment increased the amount of
3-IFN mRNA produced in response to virus induction by at

least 200-fold relative to unprimed cells (Fig. 6, compare
lanes C and A). This is a -10-fold increase over the
stimulation of ,B-IFN mRNA induction observed when the
HeLa cells are treated with IFN alone in the absence of
CHX (Fig. 6, compare lanes C and B). Induction of 1-IFN
mRNA was not stimulated at all relative to unprimed cells by
pretreatment with CHX alone (data not shown). A possible
explanation for the effect of CHX on priming is that the
transcript that encodes the IFN-inducible protein required
for p-IFN gene expression has been superinduced by the
combination of IFN and CHX. In fact, it has been shown
that some IFN-inducible mRNAs are produced at higher
levels when cells are treated with both IFN and CHX (17).
Pretreatment of MG-63 cells with IFN and CHX, like
pretreatment with IFN alone, did not affect the extent of
1-IFN mRNA induction (data not shown).
When HeLa cells were primed in the presence of CHX and

then induced with virus and CHX, the extent of ,B-IFN
induction was about 10- to 15-fold lower than that observed
when the CHX was removed before virus induction (Fig. 6,
compare lanes D and C). In contrast, induction of MG-63
cells is not decreased by treatment with CHX before and
during induction (data not shown). Thus, it seems likely that
the priming effect in HeLa cells requires protein synthesis.
However, even when priming and induction were carried out
in the continuous presence of CHX, there was still some
stimulation of the 1-IFN gene expression relative to
unprimed cells (Fig. 6, compare lanes D and A).

Since CHX may significantly increase the levels of the
transcript of the IFN-inducible factor that mediates priming
(see above), residual priming could result even if only a small
amount of the protein is translated, which could occur if
inhibition is less than 100% complete. In addition, the ,B-IFN
transcript itself is superinducible (10, 39), and thus CHX
may incidentally increase the amount of 13-IFN mRNA
synthesized even as it blocks a large part of the priming
effect. It is also possible that some part of the priming effect
is mediated by a preexisting factor which is modified in
response to IFN treatment rather than being synthesized de
novo. However, this would be unprecedented (see reference
32 for a review) and furthermore is not compatible with the
fact that the priming effect takes a relatively long time (-6 h)
to develop (43; unpublished data).
We conclude that untreated HeLa and 143 tk- cells

respond poorly to inducers because they lack a factor
required for 1-IFN gene induction. The expression of this
factor can be induced by IFN and superinduced by IFN and
CHX. When the factor is superinduced, the previously
uninducible HeLa cells synthesize almost as much 1-IFN
mRNA upon induction as the highly inducible MG-63 cells
(Fig. 6, compare lanes C and E).

DISCUSSION
HeLa and 143 tk- cells lack an activator required for 0-IFN

gene induction. The ,-IFN genes in two human cell lines,

HeLa and 143 tk-, are induced very inefficiently when the
cells are treated with virus, poly(I)-poly(C), or CHX. Since
these inducers enter cells by different mechanisms, it seems
unlikely that HeLa and 143 tk- cells are poorly inducible
because they lack factors required for uptake of each of the
three inducers. Consistent with this possibility is the obser-
vation that other genes that are known to be inducible by
poly(T)-poly(C) or virus are inducible in HeLa and 143 tk-
cells (K. Zinn, unpublished data). Cloned 1-IFN genes
introduced into these cells by stable cotransformation are
also not expressed upon induction, even though the same
genes are expressed when introduced into highly inducible
cell lines. Therefore, we conclude that HeLa and 143 tk-
cells have a deficiency in a cellular component required for
1-IFN gene activation.
The deficiency in 13-IFN gene regulation in HeLa and 143

tk- cells can be complemented in trans by fusion to highly
inducible mouse cells. In these experiments populations of
transient heterokaryons were generated, and 13-IFN gene
expression was analyzed shortly after fusion. Previous cell
fusion studies demonstrated that inducibility of IFN genes
can be dominant over uninducibility in cell hybrids or
heterokaryons (6, 9, 22). However, in each of these experi-
ments, IFN gene expression was not analyzed until some
time after fusion. During this time extensive morphological
(22) or genetic (6) changes occurred as a consequence of
fusion, and it is conceivable that expression of many other
genes was affected. Thus, the uninducible IFN gene may
have been activated by an indirect mechanism. In contrast,
in the transient heterokaryons we studied, there must be
factors present in the inducible mouse cells before fusion
that can complement the deficiency in 1-IFN gene regulation
in HeLa and 143 tk- cells. It seems likely that both the
uninducible cell lines lack a common regulatory factor, since
the deficiency in 1-IFN induction is not complemented in
either cell when they are fused to each other.

Heterogeneity of jT-IFN mRNA expression in inducible cell
populations after induction with virus or poly(I)-poly(C). In
situ hybridization experiments showed that only 10% of the
human-mouse heterokaryons express human 13-IFN mRNA
after induction. When we investigated the expression of the
1-IFN gene in populations of unfused highly inducible cells,
we found that an average of only 10% of mouse C-127 cells
and 25% of human MG-63 cells synthesize 1-IFN mRNA in
response to induction. Roughly the same fraction of cells
was observed to express 13-IFN message whether poly(T)-
poly(C) or virus was used as the inducer. Zawatsky et al. (49)
have also observed heterogeneous expression of ox- and
1-IFN mRNA in virus-induced mouse C-243 cells. They
have shown that this heterogeneity in the response of cells to
IFN inducers is not due to genetic variation within the
populations, since 30 subclones derived from the initial cell
line all produced IFN upon induction. The fact that hetero-
geneity in the response of inducible cells has now been
observed in three cell lines in response to different inducers
suggests that this may be a general feature of the IFN
system. An interesting possibility is that IFN mRNA induc-
tion may only be possible during certain parts of the cell
cycle. We are currently investigating this possibility.
IFN induces a factor required for j-IFN gene induction in

HeLa and 143 tk- cells. The cell fusion experiments pre-
sented here demonstrate that HeLa and 143 tk- cells are
poorly inducible because they lack a factor required for
efficient 1-IFN gene induction. This factor can be provided
in trans by highly inducible mouse cells in heterokaryons.
The deficiency in 13-IFN induction can also be overcome by
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treating HeLa and 143 tk- cells with IFN before induction
with virus or poly(I)-poly(C). It therefore seems likely that
IFN induces the expression of an activating factor required
for expression of the f3-IFN gene. Since the priming effect
seems to require protein synthesis, it seems likely that IFN
induces a protein that is required for expression of the P-IFN
gene. IFN has been shown to induce the expression of a

number of genes, and many of these genes can be superin-
duced if protein synthesis inhibitors are added at the time of
induction (17, 31). Since priming of HeLa and 143 tk- cells
by IFN can be further augmented by inhibitors of protein
synthesis, we conclude that the IFN-inducible factor re-
quired for P-IFN gene activation in these cells is superinduc-
ible. We do not know whether the IFN-inducible factor is the
same as the factor provided by the inducible cells in the
heterokaryons.
IFN priming has been observed in many different cell lines

(see reference 42, for a review). As with HeLa and 143 tk-
cells, priming in other cell lines can develop in as little as 6
h (43), requires protein synthesis (18), and increases IFN
production by increasing IFN mRNA levels (15, 18, 19, 35).
The difference between these previous studies and the
priming of HeLa and 143 tk- cells is the magnitude of the
effect. With most cell lines, priming augments IFN gene
induction about 3- to 20-fold, in contrast to the -200-fold
effect we observed with HeLa and 143 tk- cells. This
quantitative difference can be explained by the fact that we
superinduced the expression of the activator by priming the
cells with a combination of IFN and CHX.

In contrast to HeLa and 143 tk- cells, human MG-63 and
mouse C-127 cells did not respond significantly to priming.
These observations are consistent with the fact that other
highly inducible cell lines do not produce higher levels of
IFN as a result of priming (25, 44). Priming may fail to
stimulate IFN induction in highly inducible cells because the
IFN-inducibl-e activator is already present at a level that
does not limit the extent of induction. In contrast, P-IFN
induction is significantly stimulated by priming in HeLa and
143 tk- cells because this activator is present at relatively
low levels in the absence of IFN treatment. On the basis of
these observations we propose that the observed differences
in IFN gene inducibility among cell lines are due to differ-
ences in the basal level of this IFN-inducible activating
factor.
The basal level of this activating factor may also vary in

vivo. If this is the case, the ability of IFN to regulate the
expression of the P-IFN gene could have important physio-
logical consequences. Cells that constitutively express high
levels of the activating factor and are therefore highly
inducible by virus could constitute a primary defense against
virus infection. The IFN produced by such cells could then
prime other cells that are not directly inducible because they
express low levels of the activating factor. These primed
cells would then be able to produce more IFN in response to
subsequent rounds of virus infection. In addition, IFN might
be produced more rapidly by these cells, since priming can

accelerate the kinetics of induction. The existence of these
two types of cells (and perhaps cells with intermediate
properties) would allow amplification of the response of cells
to viral induction as an infection spreads. However, high
levels of IFN would not be produced in response to minor
infections since many of the cells would not be induced in
the absence of exogenous IFN. This might be advantageous
since IFN has antigrowth properties (reviewed in reference
42), and production of more IFN than is necessary to combat
a virus infection could be detrimental.

In conclusion, induction of the 0-IFN gene by poly(I)-
poly(C) or virus requires an activating factor that can itself
be induced by IFN. We propose that HeLa and 143 tk- cells
express low levels of this factor, while higher levels of this
factor are expressed by inducible cells such as the MG-63
and C-127 lines. It should be possible to exploit the differ-
ences among these cell lines to isolate the gene that encodes
this activating factor.
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