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We have selected mutations in genes encoding components of the signaling pathway for alpha interferon
(IFN-«) by using a specially constructed cell line. The upstream region of the IFN-regulated human gene 6-16
was fused to the Escherichia coli guanine phosphoribosyltransferase (gpr) gene and transfected into hypoxan-
thine-guanine phosphoribosyltransferase-negative human cells. These cells express gpt only in the presence of
IFN-a. They grow in medium containing hypoxanthine, aminopterin, and thymidine plus IFN and are killed
by 6-thioguanine plus IFN. Two different types of mutants were obtained after treating the cells with mutagens.
A recessive mutant, selected in 6-thioguanine plus IFN, was completely resistant to IFN-a but responded
normally to IFN-y and, unexpectedly, partially to IFN-B. A constitutive mutant, selected in hypoxanthine-
aminopterin-thymidine alone, was abnormal in expressing endogenous genes in the absence of IFN. Both types
revert infrequently, allowing selection for complementation of the defects by transfection.

We are now beginning to understand how DNA elements
and protein factors interact positively and negatively to
achieve finely tuned regulation of gene expression in eucary-
otic cells (33). Although appreciable progress has been made
in mammalian systems at the biochemical level, detailed
genetic analysis of the factors that regulate transcription has
come largely from work with Saccharomyces cerevisiae,
where mutants can be obtained much more easily. Yeast
mutants can be characterized readily by analyzing the prog-
eny of sexual matings, phenotypically defined structural or
regulatory mutations can be cured by molecular complemen-
tation, and new phenotypes can be obtained by gene replace-
ment (46, 47). The complexity of the genome and the diploid
complement of DNA present major obstacles to genetic
analyses in mammalian cells. Mutations of a few genes,
selected on the basis of resistance to toxic agents, have been
used to study the nature of spontaneous or induced muta-
tions in cis (6, 9, 49-52). However, no mutations inactivating
factors that stimulate mammalian gene expression in trans
have been obtained, even though they would be invaluable in
complementing biochemical analyses of the control net-
works. Using an approach similar to ours, Hofstetter et al.
(25) did obtain mutants in which calcitonin-regulated genes
were abnormally expressed in the absence of inducer. The
defect in these mutants has not yet been identified.

We now report successful use of a genetic approach to
isolate regulatory mutations in the signaling pathway for
alpha interferon (IFN-a). Several laboratories have defined
regulatory elements of genes activated by IFN-a and - and
have described factors that interact with these elements (10,
12, 30, 41, 43). The human gene 6-16 responds well to IFN-a
and -B, and the level of 6-16 mRNA is very low in untreated
cells (18, 26). Rapid induction of transcription leads to
substantial accumulation of 6-16 mRNA in treated cells, to
about 0.1% of the polyadenylated RNA within a few hours.

* Corresponding author.

t This paper is dedicated to Arthur Kornberg on the occasion of
his seventieth birthday, with appreciation for his kindness and
dedication to excellence.

f Present address: Unité INSERM 276, Institut Pasteur, 75724
Paris Cedex 15, France.

4605

The tightly regulated 6-16 promoter was placed 5’ of a
selectable marker and used to construct a cell line whose
phenotype could be controlled by IFN-a. The Escherichia
coli gpt gene (36) is especially advantageous for this purpose
because defined selection protocols, originally developed for
studying mammalian hypoxanthine-guanine phosphoribosyl-
transferase (HPRT) genes, allow not only forward selection
in hypoxanthine-aminopterin-thymidine (HAT) medium, but
also back selection with 6-thioguanine (6TG) for gpt™ cells
(17, 37, 51). After transfection of human HPRT™ cells with
an IFN-inducible 6-16 gpt recombinant plasmid, mutants
were selected either with HAT minus IFN or with 6TG plus
IFN. We isolated one mutant in which IFN-« is unable to
induce expression of any gene tested and a different mutant
in which significant levels of mRNAs encoded by IFN-
inducible genes accumulate even in the absence of IFN.

MATERIALS AND METHODS

Recombinant plasmids. A previously cloned 8.7-kilobase
(kb) DNA fragment containing the entire human 6-16 gene
(27, 41) was digested with Ncil, and the 1.8-kb fragment was
isolated. This fragment contains the 5’ control elements, the
TATA box, the cap site, and 40 base pairs of exon I from the
6-16 gene. After addition of HindIII linkers, the 1.8-kb
fragment was ligated to the unique HindIIl site of the
promoterless plasmid pSVOgpt (37), and a recombinant
containing the insert in the correct orientation (pl.8gpt; Fig.
1) was isolated. pSV2hyg has been described previously (8).

Cells, transfection, and selection. HPRT™ HT 1080 cells,
kindly provided by Peter Goodfellow (Imperial Cancer Re-
search Fund), were grown in Dulbecco’s modification of
Eagle medium with 10% heat-inactivated fetal calf serum.
The cells were passaged in 30 uM 6TG before transfection.
Hyg" colonies were generated by cotransfecting 1 pg of
pSV2hyg and 10 pg of pl.8gpt per 5 x 10° cells, using
calcium phosphate (20). Forty-eight hours later, the cells
were plated in medium containing hygromycin (250 pg/ml),
and colonies appeared 8 to 10 days later. To analyze the
phenotypes of these transfectants, 2 X 10° cells from a pool
of Hyg" colonies were seeded into a 10-cm dish in HAT
medium (15 g of hypoxanthine, 0.2 ng of aminopterin, and
10 pg of thymidine per ml) with or without 500 IU of a highly
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FIG. 1. Schematic representation of the strategy used to isolate
the 2fTGH cell line and to select mutants. Construction of the
pl.8gpt plasmid and details of transfections and selections are in
Materials and Methods. The second sequential selection in HAT +
IFN, then 6TG, is indicated by the upward arrow. Constitutive
mutants express the gpt gene in the absence of IFN, and uninducible
mutants fail to express it in response to IFN.

purified mixture of IFN-a per ml (5), 10® IU/mg of protein,
kindly provided by Wellcome Research Laboratories. Con-
trol pSV2gpt transfectants grew independently of IFN,
whereas survival of the p1.8gpt transfectants was reduced by
about 90% in the absence of IFN. Individual colonies were
isolated from cultures seeded at a low density in HAT + IFN
and passaged in HT medium (no aminopterin) before cultur-
ing in ordinary medium. Their resistance to 6TG was as-
sessed by seeding 2 X 10° cells in the presence or absence of
IFN. Ten pl.8gpt sublines were tested. The cloning ability of
six was low in 6TG (1 to 5% of control), probably due to a
low uninduced level of gpt sufficient to metabolize 6TG.
Four sublines survived in 6TG but exhibited high frequen-
cies of spontaneous resistance to 6TG + IFN, ranging from
1073 to 10™*. To learn how resistant variants arose, the
chromosomal DNA of (6TG + IFN)* cells derived from one
pl.8gpt clone was analyzed with a gpt probe. No gpt
sequences were detected in Southern transfers, and the cells
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had lost resistance to HAT + IFN as well as to hygromycin.
Therefore, these resistant cells probably arose by deletion of
the transfected DNA, as observed previously in a number of
other studies (6, 50, S1). On the basis of this result we
maintained the four 6TG" cell lines in medium containing
hygromycin to select against deletions.

To identify a line with a tightly regulated phenotype, about
10° cells from each of the four lines were cultured in HAT +
IFN for 4 to 5 days until confluent. After passage first in HT
and then in nonselective medium for four population dou-
blings, 10° cells per 10-cm dish were exposed to 6TG and
survivors were allowed to reach confluence. After a second
cycle of selection in HAT + IFN, then 6TG (Fig. 1), we
measured the frequencies of spontaneous resistance in HAT
alone or in 6TG + IFN. One of the four p1.8gpt lines formed
colonies in 6TG + IFN at a high frequency (10~3), and two
had only a 10-fold reduction in the number of resistant
colonies. The fourth line, 2fTGH, gave a very low frequency
of colonies resistant to 6TG + IFN (<10~7) and gave no
HAT-resistant variants. Reversion frequencies were deter-
mined by seeding a total of 107 cells at 2 X 10° or 4 X 10° per
10-cm dish. The cells were fed every S days, and all dishes
were stained 21 to 25 days later. To determine the cloning
efficiency, cells were seeded in duplicate at densities of 10°
and 5 X 10® per 10-cm dish. Colonies were stained and
counted after 10 to 15 days. The plating efficiency of HT 1080
cells at these low densities is about 10 to 20% in normal
medium. Comparable efficiencies were obtained for 2fTGH
cells in normal, HAT + IFN, and 6TG media.

Mutagenesis. Cells were plated at a relatively low density,
4 x 10° per 10-cm dish, and 16 h later fresh medium
containing 2 pg of ICR 191 (Polysciences Inc.) per ml was
added for 2 h. The cells were rinsed twice with serum-free
medium and incubated in medium plus hygromycin. Cell
survival after treatment was determined by measuring clon-
ing efficiencies in regular medium, and conditions which
caused 70 to 90% Kkilling were chosen. Following recovery
for 7 to 9 days, selection was applied to the mutagenized
population by adding 6TG and 250 IU of IFN-a per ml. After
4 to 5 days (long enough for wild-type cells to be killed), the
cultures were fed with medium containing 6TG without IFN.
IFN was added again as soon as colonies appeared. It is not
clear whether this pulsed exposure to IFN is necessary for
successful selection. Mutant B-HAT was isolated from
2fTGH-1 cells (a Neo" derivative of 2fTGH) treated with 0.2
g of N-methyl-N-nitrosoguanidine (Sigma) per ml for 2 h.
After treatment, the cells were allowed to recover, were
passaged regularly in normal medium for about 11 days, and
then were seeded at 3 x 10° per 10-cm dish in medium plus
HAT.

Antiviral assay. Cells were seeded in 96-well microtiter
plates at 5 X 10* per well, and the following day the cultures
were incubated for 16 to 24 h with twofold serial dilutions of
IFN-a. Encephalomyocarditis virus and Semliki Forest vi-
rus were used at multiplicities of infection from 100 to 0.1
PFU/cell, and the cytopathic effect was assessed 3 to 4 days
later by microscopic examination before and after staining of
the cells.

Cell fusions. HPRT~ HT 1080 cells resistant to G418
(Neo") were fused with 11,1 cells in suspension by using
polyethylene glycol (molecular weight, 1,000), and the cells
were seeded in 24-well plates. Selection was applied 1 day
later by adding hygromycin and G418 or HAT + IFN to the
medium. Colonies in each well were pooled for further
analysis.

RNA and DNA analyses. Total RNA was extracted from
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subconfluent cultures with guanidinium thiocyanate (32).
Ten micrograms of RNA per track was fractionated in 1.2%
agarose gels containing 2.2 M formaldehyde, transferred to
nitrocellulose, and hybridized under standard conditions
(32). A human B-actin cDNA probe was used to estimate the
amount of RNA in each track. Ten micrograms of genomic
DNAs or the indicated amounts of plasmid DNAs were
digested with restriction endonucleases, run in a 0.8% aga-
rose gel, and, after depurination, transferred to nitrocellu-
lose and hybridized under standard conditions (32). Frag-
ments of plasmid DNAs to be used as probes were gel
purified and electroeluted twice and were labeled to a
specific activity of more than 10® cpm/p.g by random priming
(16). Probes were used at concentrations of 2 X 10° to 3 X
10° cpm/ml. A 480-base-pair BgllI-EcoRV fragment from
pSV2gpt was used as the gpt probe; the ISG-54 probe (29)
was an EcoRI fragment about 600 base pairs long from exon
3, kindly provided by David Levy (Rockefeller University,
New York, N.Y.). The other probes have been described
previously (26). Recombinant human IFN-B was a gift of
Triton Biosciences Inc., and recombinant human IFN-y (2 X
107 IU/mg) was a gift of G. R. Adolph, Ernst-Boehringer-
Institut fiir Arzneimittel-Forschung, Vienna, Austria.
Binding assay. Recombinant human IFN-a, was labeled
with '*I (specific activity, 35 to 184 pCi/pg, 2 x 10° IU/mg
[48]). Cells were seeded in six-well plates at 8 x 10° per well
and, 20 to 24 h later, were rinsed twice at 20°C with binding
buffer (Dulbecco-modified Eagle medium, 20 mM HEPES
[N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid] buf-
fer [pH 7.8], 0.1% bovine serum albumin, 0.1 uM KI). Bind-
ing buffer (0.6 ml per well) containing labeled IFN-a, was
added, and the plates were rocked gently for 90 min at 20°C.
The cells were cooled rapidly, rinsed six times with ice-cold
binding buffer, and dissolved in 2 ml of 0.1 M NaOH-2%
Na,CO; for gamma counting. Binding specificity was deter-
mined in parallel incubations containing a 100-fold excess of
unlabeled IFN at each concentration of labeled IFN.

RESULTS

Construction of a selectable cell line. To construct a plas-
mid with IFN-inducible gpr (p1.8gpt; Fig. 1), the simian
virus 40 promoter of pSV2gpt was exchanged for a 1.8-kb
upstream fragment of 6-16 DNA known to mediate transcrip-
tional induction by IFN-a (Materials and Methods). The
fragment contains the initiation site for mRNA synthesis and
40 nucleotides of the untranslated first exon (41). As recipi-
ent cells, we used an HPRT™ derivative of the human
fibrosarcoma line HT 1080 (11, 42) with a spontaneous
frequency of reversion in HAT of less than 10~ (our data,
not shown). HT 1080 cells are not sensitive to the antipro-
liferative effect of IFN-a and express 6-16 mRNA well after
IFN treatment (see below). They were cotransfected with
the dominant selectable marker pSV2hyg plus either p1.8gpt
or pSV2gpt as a control. Pools of 200 Hyg" colonies from
each transfection were expanded and subsequently chal-
lenged with HAT, either alone or in the presence of 500 IU
of IFN-a per ml (Fig. 1). Individual (HAT + IFN)" colonies
from each pool were then grown in nonselective medium.

To identify a colony whose HAT" phenotype was abso-
lutely dependent on IFN (gpt expression tightly regulated),
we challenged each with 6TG. This purine analog, com-
monly used to select HPRT ™ mutants, is converted to a toxic
nucleotide by bacterial gpt. Cells expressing gpt constitu-
tively should not survive in 6TG, while cells that depend on
IFN for gpt expression should grow (Fig. 1). Initial results
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FIG. 2. Induction of gpt and 6-16 mRNAs by IFN-a in 2fTGH
cells. Northern transfers of 10 pg of total RNA from subconfluent
cells, untreated (0) or treated with IFN-a (500 IU/ml) for the
indicated times or for 16 h with the indicated amounts of IFN, were
hybridized to a gpt probe (A). After washing, the same filter was
hybridized again to a 6-16 probe (B). The signals in each track were
similar with a B-actin probe (data not shown). The positions of
rRNAs are indicated.

indicated that the 6TG-resistant lines obtained had high
frequencies of spontaneous resistance to 6TG + IFN (1073
to 10™%), probably due to deletion of the transfected gpt
genes (see Materials and Methods). Therefore, hygromycin
was added to all culture media routinely to increase the
stability of the transfected DNA. It was difficult to identify a
clone of cells with a phenotype tightly regulated by IFN. To
do so, we subjected four independent Hyg" 6TG" transfec-
tants to two rounds of a double selection regime (Fig. 1). One
line, 2fTGH, gave no colonies resistant to 6TG + IFN and
no colonies able to grow in HAT, from more than 107 cells in
each case.

Characterization of 2fTGH cells and scheme for selecting
mutants. gpt mRNA, undetectable in untreated 2fTGH cells,
was induced upon IFN treatment in a dose-dependent man-
ner (Fig. 2). The same Northern (RNA) transfer, rehybrid-
ized with a 6-16 probe, showed that the level of 6-16 mRNA
reached a maximum 24 h after treatment with IFN-a. The
difference in relative abundance of the two mRNAs at
various times after IFN treatment probably reflects their
different stabilities. 6-16 mRNA is very stable, with a half-
life greater than 24 h (D. Gewert and I. M. Kerr, unpub-
lished observations). The organization and copy number of
pl.8gpt DNA in 2fTGH cells was studied by hybridizing a
Southern transfer with a gpt probe (Fig. 3). The cellular
DNA contains a large insert, as shown by digestion with
Xbal, which does not cleave within the DNA of pl.8gpt.
Digestion with EcoRI, which cuts once, reveals a 6.7-kb
band that comigrates with the linearized pl.8gpt marker.
Similarly, analysis with three other enzymes reveals gpt-
containing bands of the sizes expected (Fig. 3). We conclude
that 5 to 10 copies of full-length p1.8gpt DNA are arranged in
tandem in the DNA of 2fTGH. The extra bands detected in
the digests with EcoRI, HindIIl, and Bg/II probably repre-
sent a rearranged or deleted sequence.

Uninducible mutants. Mutations in the signaling pathway
can easily be distinguished from mutations which affect gpt
in cis since only trans-acting mutations will affect levels of
the mRNAs for both gpr and 6-16. 2fTGH cells were
mutagenized with ICR 191, an intercalating agent known to
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FIG. 3. Analysis of gprt DNA sequences in 2fTGH cells. Lanes
P, 10-p.g samples of genomic DNA from 2fTGH cells were digested
with restriction endonucleases, fractionated in a 0.8% agarose gel,
denatured, transferred to nitrocellulose, and hybridized with a gpt
probe. Lanes m, pl.8gpt marker DNA was digested as indicated.
The amount of marker DNA (70 pg) is equivalent to about seven
copies per genome. Xbal does not cut within the plasmid DNA, and
therefore forms I and II are visible. EcoRI cuts once to linearize the
6.7-kb marker. HindlIll, BamHI, and BglIl cut the marker DNA
twice, generating gpt-containing fragments of 4.8, 1.8, and 5.9 kb,
respectively.

induce frameshift mutations in bacteria and yeasts and
thought to act similarly in mammalian cells (14). The cells
were grown for a few days before mutagenesis in 6TG + IFN
to eliminate any preexisting mutants. A total of about 10®
cells were used. In different experiments, the frequency of
mutants varied from less than 1077 to about 10~°. Most
ring-cloned colonies, expanded in nonselective medium and
tested again for resistance to 6TG + IFN, were only partially
resistant. The cells grew very poorly because gpt was
expressed at a low level.

Northern transfers of mRNAs isolated from IFN-treated
or untreated cultures were analyzed with gpt and 6-16
probes. Some mutants had an induced level of gpt mRNA
comparable to that of wild-type cells, with enzymatic activ-
ity 0 to 10% of the wild-type value (data not shown). In most
mutants the level of induced gpr mRNA was reduced signif-
icantly, whereas 6-16 mRNA expressed from the endoge-
nous gene was regulated normally. Mutants of these types
probably arose from structural changes in cis that inacti-
vated a few integrated gpr genes, thus reducing the level of
gpt mRNA or the amount of functional enzyme below a
critical threshold level. However, one mutant, called 11,1,
did not induce either 6-16 or gpt mRNA in response to IFN-a
at 500 IU/ml (Fig. 4) or 50,000 IU/ml (data not shown).
Overexposure of the autogradiograph revealed, in both
treated and untreated samples, faint bands at the same
intensities as the uninduced messages detected in 2fTGH
cells (data not shown). Therefore, the mutation in 11,1 cells
affects concomitantly the inducibility, but not the basal
expression, of the endogenous 6-16 and transfected gpt
genes, both of which have identical IFN-responsive promot-
ers.

Properties of uninducible mutant 11,1. Parental 2fTGH
cells were protected from infection by encephalomyocarditis
virus or Semliki Forest virus by low concentrations of
IFN-a. For example, 50% protection from the cytopathic
effect of encephalomyocarditis virus was achieved with 4 IU
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FIG. 4. Induction of mRNAs by IFN-a in 2fTGH (P) and mutant
11,1 cells. Northern transfers of 10 pg of total RNA from untreated
cells (—) or from cells treated with 500 IU of IFN-a per ml for 6 h (+)
were hybridized with the probes shown. A single transfer was
hybridized sequentially with the three probes on the left, and a
separate transfer was hybridized with the two probes on the right.
The larger RNA detected with the 6-16 probe probably represents a
nuclear precursor of 6-16 mRNA.

of IFN-a per ml at a multiplicity of infection of 1.5. In
contrast, mutant 11,1 was not protected against either virus
at a multiplicity of 0.1, even by 10,000 IU of IFN-a per ml.
The mutation in 11,1 causes a major block in the pathway for
activating expression of several IFN-responsive genes. In-
duction of the genes for 1-8, 2',5'-oligo(A) synthetase, and
ISG 54 (Fig. 4) and HLA class I (data not shown) was
analyzed in Northern transfers of mRNAs from wild-type
and mutant cells, untreated or treated for 6 h with 500 IU of
IFN-a per ml. The steady-state levels of these mRNAs
increased 3- to 20-fold in wild-type cells, but not at all in
mutant 11,1. The low level of 1-8 mRNA present in human
cells in the absence of IFN (26) was also observed in
untreated 11,1 cells, suggesting that the signals responsible
for basal and induced 1-8 expression are different.

The induction of 1-8 mRNA by IFN-vy (26) was unimpaired
in mutant 11,1 (Fig. SA). A similar result was obtained for
2',5'-oligo(A) synthetase mRNA (data not shown), indicat-
ing that the IFN-vy signaling pathway is unaffected. Since
IFN-a and -B are thought to share a common receptor (34,
40) and since they induce expression of the same genes, it
was surprising that 11,1 cells were able to respond to IFN-B
by inducing 6-16 mRNA (Fig. 5B), although the level was
appreciably lower than in wild-type cells. Upon rehybridiza-
tion, this Northern transfer also showed that ISG 54 and gpt
mRNAs were induced by IFN-B in 11,1 cells (data not
shown). The levels of these two mRNAs, clearly visible 6 h
after treatment with IFN-B, decreased at later times, in
contrast with 6-16 mRNA, which is more stable (Fig. 5B).

Binding of IFN-a. Specific binding of iodinated IFN-a,
(48) to 2fTGH and 11,1 cells was determined as a function of
IFN concentration. The Scatchard (44) plot for 2fTGH cells
was upwardly concave (inset to Fig. 6), suggesting the
presence of high- and low-affinity binding sites. 11,1 cells
bound consistently lower levels of radiolabeled IFN-a, and
appeared to lack the high-affinity component (Fig. 6). Similar
observations have been reported by others when the binding
of IFN to cells of different sensitivities was compared (2, 3,
23, 54). The data suggest that 11,1 cells are impaired in their
ability to bind IFN in a functional way. The mutation could
be in a component of the receptor for IFN-a which has not
yet been well characterized.

Complementation analysis. The approach used here pro-
vides advantages over previous strategies used to isolate
mutants in the IFN response pathway (1, 15, 21) since it
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FIG. 5. (A) Induction of 1-8 mRNA by IFN-vy in 2fTGH (P) and mutant 11,1 cells. Subconfluent cultures were treated with 500 IU/ml of
either IFN-y for 16 h or IFN-a for 6 h. Total RNA (10 pg) from untreated (—) or treated (+) cells was analyzed by hybridization with a 1-8
probe. (B) Induction of 6-16 mRNA by IFN-B in 2fTGH (P) and mutant 11,1 cells. Subconfluent cultures were treated with 500 IU of either
IFN-a or recombinant IFN-B per ml for the times indicated. Total RNAs (10 p.g) from untreated (0) or treated cells were analyzed with a 6-16

probe.

facilitates both genetic analysis and cloning of the affected
genes. The dominant or recessive nature of the mutation can
be defined by fusing cells and selecting hybrids in appropri-
ate media. If a stable mutant resistant to 6TG + IFN is
complemented by the wild-type gene, the inducible gpt
phenotype will be regained and the cells will survive in HAT
+ IFN. To date, we have not observed a single spontaneous
revertant from about 108 11,1 cells cultured in nonselective
medium for 2 months. Therefore, we were able to carry out
complementation analyses. Neo" HPRT ™~ HT 1080 cells were
fused with Hyg" 11,1 cells and selected in HAT + IFN or in
hygromycin + G418. The two selections yielded similar
numbers of resistant hybrids. Clones from individual wells
(two to four per well) were pooled, and restoration of the
inducible phenotype was confirmed by analyzing the behav-
ior of four such pools in HAT with or without IFN and in
6TG with or without IFN. All the hybrid pools had the
phenotype expected for cells with an IFN-inducible gpt
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FIG. 6. Binding of *I-labeled IFN-a, to 2fTGH and 11,1 cells.
Experiments were performed with 2 X 10° cells for 90 min at 20°C
with the indicated concentrations of IFN. Nonspecific binding,
determined in parallel assays containing a 100-fold excess of unla-
beled IFN, represented about 30% of the total amount bound for
2fTGH and about 75% for 11,1. Specific binding (in counts per
minute per 2 X 10° cells) is the difference between the total and
nonspecific values. The insert represents the Scatchard plot of the
specific saturation curves. One femtomole of labeled IFN = 865
cpm. Bound/free (B/F) is in counts per minute x 103,

gene. Analysis of Northern transfers of mRNAs isolated
from the Neo” Hyg" hybrids confirmed that gpr mRNA was
present in IFN-treated cells (Fig. 7), although at a level
lower than that of unfused parental cells. These results show
that the 11,1 mutation is recessive.

The mutation in 11,1 can also be complemented by chro-
mosomes or DNA from HeLa cells. Lugo and Baker (31)
previously observed a frequency of HAT resistance of 10~¢
when HeLa chromosomes were transfected into HPRT™ HT
1080 cells. Using their procedure and HeLa metaphase
chromosomes (five cell equivalents per cell), we observed a
very similar frequency of transfer into HPRT ™ 11,1 cells: 25
colonies from 3.6 x 107 cells. Our selection was with HAT +
IFN, allowing growth of both HPRT™ transfectants and
HPRT™ transfectants in which the 11,1 mutation was com-
plemented. Subsequent analysis of eight clones showed that
five grew in HAT without IFN (HPRT™) and three did not
(HPRT"™). Induction of 6-16 mRNA by IFN was restored
only in the latter three clones (data not shown), showing that
the 11,1 mutation was indeed complemented. The frequency
of successful DNA transfer, using 40 ug of DNA per 10° cells
and the procedure of Goodfellow et al. (19), was much
lower, about 10~8. However, the single transfectant ob-
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FIG. 7. Analysis of gpt and 6-16 mRNAs induced by IFN-« in
wild-type x 11,1 hybrid cells. 2fTGH cells (P) and three different
pools (hy 3 to 5, each containing three to four Hyg" Neo® hybrids
from fusion of Neo” HPRT~ HT 1080 cells with Hyg" 11,1 cells) were
untreated (—) or treated with IFN-a (+), 500 IU/ml, for 6 h. Total
RNAs (10 pg) were analyzed with a gpt probe. After washing, the
same Northern transfer was rehybridized with a 6-16 probe.
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FIG. 8. Analysis of mRNA levels in mutant B-HAT cells.
2fTGH-1 (P) and B-HAT (B) cells were untreated (—) or treated with
IFN-a (+), 500 IU/ml, for 6 h. Total RN As (10 p.g) were analyzed by
hybridization to the probes shown.

tained was HPRT™ and the 11,1 mutation was comple-
mented, by both of the assays noted above.

A constitutive mutant. To obtain mutants that expressed
both gpt and 6-16 mRNAs in the absence of IFN, cells were
mutagenized with N-methyl-N-nitrosoguanidine, allowed to
recover for 10 to 12 days, and selected in HAT at a maximum
density of 3 x 10° per 10-cm dish. Cell density was important
as slow-growing colonies which could not be subcloned were
often present in dense cultures. For reasons not important to
the outcome of the experiment, the cells used were 2fTGH-
1, a Neo" clone of 2fTGH with very similar properties. A
successful experiment involving 4 X 107 mutagenized cells
yielded two resistant clones, A-HAT and B-HAT, both of
which were analyzed for expression of 6-16 and other
IFN-responsive genes. A-HAT was not a mutant of the type
sought since expression of 6-16 was not altered. Higher
levels of 6-16, gpt, and 9-27 mRNAs were observed in
untreated B-HAT cells compared with untreated 2fTGH-1
cells, and these high basal levels were increased further upon
IFN treatment (Fig. 8).

DISCUSSION

Use of a promoter tightly regulated by IFN. The 6-16
promoter can be fused to a variety of different genes or
cDNAs, allowing their conditional expression in cells after
transfection. The level of expression of any gene under 6-16
control can be modulated by varying IFN scheduling and
concentration. In the work reported here, 2fTGH cells,
which contain gpt genes under control of the 6-16 promoter,
grow in HAT only when IFN is present and grow in 6TG
only when IFN is absent. To achieve such tight regulation, it
is essential to employ an inducible promoter whose basal
activity is extremely low. In transfected DNA, the level of
constitutive expression as well as the inducibility of a
promoter may be perturbed. Position effects, changes in
methylation, and instability often lead to altered expression
of transfected genes (6, 13, 39, 52). It is possible that such
effects play a role in the phenotypic variation observed
among the four pl.8gpt transformants analyzed. After two
rounds of selection in HAT + IFN and then in 6TG without
IFN, to eliminate cells in which the gpt gene was not tightly
regulated, only one of these four lines (2fTGH) was stable
with respect to regulated gpt expression and had reversion
frequencies of less than 107 in HAT alone or in 6TG + IFN.
The frequency of cells with deletion of gpt was low only
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when constant selective pressure was maintained for expres-
sion of the cotransfected hygromycin B gene.

Use of lethal selection with gpt to obtain mutants in signaling
pathways. The strategy we have used has several advantages
over alternative approaches based on selecting cells resistant
to the antiviral or antiproliferative effects of IFN, since we
focus on mutations that alter the pathways for activating or
repressing a specific set of regulatory elements rather than
on more general aspects of the phenotype. Both constitutive
and uninducible mutants can be obtained. Dominance can be
assessed readily by fusing each mutant with parental cells.
Fusing cells of different mutants, followed by analyzing
levels of 6-16 mRNA with or without IFN in the resulting
heterokaryons, provides a rapid way to define different
complementation groups. It should be straightforward to
clone the wild-type genes by taking advantage of the ability
to select for or against expression of gpt. Although the low
frequency of recessive mutations makes the task laborious,
it should also be possible to isolate additional mutants by
further screening of mutagenized cells.

A related approach has been used to study calcitonin
induction of the urokinase gene, using a cell line made
hormone dependent for expression of gpt (25). This work,
although promising, has not been carried far enough yet to
allow its utility to be assessed. Since HPRT* cells were
used, selection for constitutive expression employed myco-
phenolic acid and xanthine. No selection was attempted for
unresponsive mutants, probably because the parental cells
had leaky expression of gpt in the absence of calcitonin,
which would make such selection very difficult. Further-
more, the constitutive mutants obtained were unstable. This
property, and the likelihood that revertants would be as
leaky as the parental cells, would make it difficult to com-
plement the mutations by transfection, and no such comple-
mentation was demonstrated.

Mutants unresponsive to IFN-a.. Since HT 1080 cells are
nearly diploid (42), the frequency of recessive mutations is
expected to be very low, as it may require independent steps
to inactivate each allele. One inactivating event might occur
spontaneously in a small fraction of the population and the
other as a result of mutagenesis (45). Methylation is a
candidate for inactivating one allele, but the stability of the
mutation and the absence of revertants in 11,1 cells treated
with 5’-aza-2'-deoxycytidine (data not shown) argues against
inactivation by methylation. The frequency with which we
have isolated regulatory mutants is less than 10™%, a reason-
able number if both alleles must be inactivated. There are
major uncertainties in estimating the frequency to be ex-
pected since we do not know how many target genes there
are in the signal transduction pathway for IFN-a or how
many of these are indispensable for survival. The frequency
of inactivating one copy of a gene by mutagenesis is 107 to
1075 (45, 49), and the squares of these numbers are close to
the frequency we have observed.

The approach we have taken may not allow us to isolate
mutations in any gene whose function can be provided
alternatively by a different gene, and it is easy to imagine
that components of other signaling pathways could function
in the IFN response to some extent. By varying the concen-
tration of 6TG and the time cells are exposed to it, we may
be able to isolate mutants in which the response to IFN-a is
reduced but not eliminated completely. It may also be
possible to use cell sorting rather than selection (for exam-
ple, see reference 38), thus avoiding a requirement for
complete off-regulation of the indicator gene in the absence
of inducer.
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The defect in mutant 11,1. Since the 2fTGH cells were
mutagenized with ICR 191, a frameshift mutagen (7, 14), the
product of the affected gene is likely to be completely absent
or severely truncated. Loss of an early function, such as the
receptor, would be consistent with the total unresponsive-
ness of 11,1 cells to IFN-a.

There is a correlation between IFN binding to a high-
affinity class of receptors and biological response (2, 4, 24).
For a number of cell lines, resistance to IFN correlates with
loss of high-affinity binding sites and retention of low-affinity
sites (2, 23, 54). In contrast, in other cases, IFN-resistant
mutants have been found to retain their high-affinity sites (2,
28, 35, 53). Binding studies suggest that 11,1 cells do not
have high-affinity receptors for IFN-a. The most straightfor-
ward explanation is that the 11,1 mutation affects the IFN-a
receptor, directly or indirectly. The gene for this receptor
has not yet been cloned and its subunit structure has not yet
been defined. Since the 11,1 mutation can be complemented
by DNA, it should be straightforward to clone the affected
gene. The combination of a defective mutant and a cloned
functional gene should be powerful in elucidating function.

Although previous binding studies indicated that IFN-a
and -B share a common receptor (34, 40), the differential
antiviral effects of various subtypes of IFN-a (55) indicated
that their interactions with cells could be distinguished
functionally. Also, differential binding of IFN-a subtypes
has been seen in competition assays (22). Our unexpected
finding that IFN-B induces expression of IFN-responsive
genes in mutant 11,1, albeit relatively poorly, suggests either
that IFN-a and -B interact differently with a single type of
receptor to permit a partial response to IFN-B, or that there
is an additional receptor specific for IFN-B which functions
relatively inefficiently.

Constitutive mutants. In the B-HAT mutant, expression of
both 6-16 and 9-27 is constitutive. Loss of one allele encod-
ing a repressor, resulting in decreased expression, might be
responsible if the concentration of repressor is crucial.
Alternatively, the B-HAT mutation might affect an activator,
causing it to induce expression of these genes in the absence
of IFN. In more recent work (R. McKendry, unpublished
data) it has proved possible to isolate two classes of stable
constitutive mutants. Culture medium conditioned by one
class does not stimulate expression of 6-16 mRNA in 2fTGH-
1 cells. In contrast, mutants in the other class produce an
extracellular factor that induces 6-16 mRNA. Both classes
are protected from virus infection in the absence of exoge-
nously added IFN. Further characterization of these consti-
tutive mutants should reveal the functions involved. By
continuing and extending the approaches described here, we
hope to define additional major elements of the signaling
pathway for IFN-a.
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