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ABSTRACT
The thesis describes the successful use of a genetic system 

set up to analyse early steps in the cellular response to interferon 
(IFN)-a/p. The human cell line 2fTGH is an HPRT" cell line containing 
the selectable marker guanine phosphoribosyltransferase regulated 
by IFN-a. Mutagenised 2fTGH cells were selected in 6-thioguanine 
plus IFN -a to yield cell lines unresponsive to IF N -a , or in 
hypoxanthine, aminopterin, thymidine (HAT) medium minus IFN-a to 
yield cell lines expressing IFN-a-inducible genes constitutively. 
Mutant cell lines defining four complementation groups of 
unresponsive mutants have been selected (U1-U4). Complementation 
group U1 has already been described. Cell lines from 
complementation group U2 show no response to IFN-a/p and some 
genes have lost their response to IFN-y, i.e. 6-16, 9-27, and 1-8U. 
This indicates that there is a connection between the IFN-y 
response of these genes and the IFN-a/p response. A major defect 
appears to be in the synthesis or activation of E, the transcription 
factor mediating the primary response to IFN -a/p . Band shift 
complementation assays reveal that IFN-a-treated U2 cells contain 
the functional Ea subunit of E but that untreated or IFN-y-treated  
U2 cells lack the functional Ey subunit. Complementation groups U3 
and U4 have no response to IFNs-a/p, or -y, and are partially 
defective in their response to double-stranded RNA. This indicates 
that the response pathways to these three effectors are likely to 
share two common components or their function is dependent on a 
common enzyme or transcription factor. A major defect appears to 
be in the synthesis or activation of the Ea subunit of E.

Three cell lines which define three complementation groups 
of constitutive mutants have been selected (C1-C3). All three 
express IFN constitutively. C1 is a recessive mutant which produces 
IFN-p indicating the presence of a trans-acting negative regulator 
of IFN-p expression. C2 is a dominant mutant which produces at 
least two sub-types of IFN-a indicating the presence of a trans
acting positive regulator of IFN-a expression. C3 is a dominant 
mutant which produces predominantly IFN-p indicating the presence 
of a trans-acting positive regulator of IFN-p expression.
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CHAPTER 1 - INTRODUCTION



Interferon (IFN) was first described in 1957 by Isaacs and 

Lindenmann, who found that infection of cells with an avirulent or 

inactivated virus protected the cells from challenge with another 

virus (Isaacs and Lindenmann, 1957). Subsequently this effect was 

shown to result from macromolecular synthesis in the host cell 

(Taylor, 1964), and not from interference with virus absorption at 

the cell surface (Rubin, 1961). IFNs are now known to be a 

heterogeneous family of proteins defined by their ability to 

inhibit viral replication. The type I IFNs provide one of the first 

lines of defense for the body against viruses, while the type II 

IFNs have profound regulatory effects on the immune system. Both 

type I and II IFNs inhibit cell growth and differentiation.

1) THE INTERFERON FAMILY

The IFNs are divided into IFN-a, -p and -y on the basis of 

their antigenic specificity. IFN-a and IFN-p share many structural 

and functional properties and together constitute the type I IFNs, 

leaving IFN-y as the only type II IFN.

There are more than 20 human IFN-a nonallelic genes or 

pseudogenes which are all intronless and map to the short arm of 

chromosome 9 where they are located in a cluster (reviewed by 

Weissmann and Weber, 1986). On the basis of their homology they 

are divided into subfamily IFN-ai which comprises 18 genes of 

which four are pseudogenes, and subfamily IFN-au with at least 6 

loci, of which all but one are pseudogenes. The coding sequences of 

the IFN-ai genes diverge by an average of only 8% in the 

replacement sites (changes which affect amino acid sequence) and 

an average of 24% in the silent sites (changes which do not affect



amino acid sequence). By contrast, the coding sequences of the ai 

and an subfamilies diverge by around 30% in the replacement sites 

and 67% in the silent sites. All the functional IFN-ai genes encode 

a 189 amino acid protein which is cleaved to give a 166 amino 

acid mature protein (except for IFN -a2 which has 165 amino 

acids). The only IFN-an protein is 172 amino acids long. Polyclonal 

and monoclonal antibodies raised against against recombinant 

IFN-a1 and IFN-a2c (members of the ai family) failed to cross- 

react with IFN-an highlighting antigenic differences between the 

two subfamilies (Adolf, 1987). It has been proposed that IFN-au 

should be considered a separate species, IFN-co (Capon et al., 1985; 

Adolf, 1987). Comparison of the IFN-a sequences (including IFN-co) 

reveals four highly conserved cysteine (Cys) residues at positions 

1, 29, 99 and139: Cys1 is bonded to Cys99, and Cys29 is bonded to 

Cys139 (Wetzel, 1981). The human IFNs-a have no N-glycosylation 

sites and in humans are usually not glycosylated (Pestka, 1983), 

although recent results provide evidence for O-linked 

glycosylation of IFN-a2 at threonine-106 (Adolf et al., 1991). The 

various IFN-a subtypes have differing specific activities and this 

may be the reason why so many different subtypes exist (Uze et 

al., 1985).

IFN-p is encoded by a single gene in humans which, like the 

IFN -a genes, contains no introns and maps to the same region of 

chromosome 9. The mature protein is 166 amino acids long and is 

synthesized with a 21-amino acid signal sequence. It has an N- 

glycosylation site at position 180. There are three Cys residues at 

positions 17, 31 and 141, the latter two forming a disulphide 

bridge. Human IFN-p shares 45% nucleotide homology with the



IF N s -a  within the coding sequence, and the proteins are 

approximately 30% homologous.

Human IFN-y is encoded by a single gene which has three 

introns and no significant homology to either IFN-a or IFN-p. It 

maps to the long arm of chromosome 12 and encodes a protein of 

166 amino acids, 20 of which constitute a signal sequence. There 

are two potential N-glycosylation sites at positions 28 and 100 

which may explain the existence of species of two different 

molecular weights, 20 and 25 kDa. IFN-y readily aggregates to 

form dimers which are probably the biologically active form 

(reviewed by Gray and Goeddel, 1987).

2) EXPRESSION OF IFN GENES

Expression of all cytokine genes is strongly regulated. For 

example, in the case of IFN-p, <0.5 IFN-p mRNA molecules per cell 

are detected in uninduced MG63 osteosarcoma cells, whereas, 

after treatment with inducer the level rises to at least 5000 IFN- 

P mRNA molecules per cell (Content et al., 1983; Zinn and 

Maniatis, 1986). IFNs are effective in inhibiting viral replication, 

and so, not surprisingly, IFN-a/p gene expression is induced by 

virus infection of cells in all cell types. IFN-y, on the other hand, 

is produced mainly by T cells after they have been activated by 

contact with an MHC-restricted antigen.

i) Regulation of IFN-a/p expression

In the study of IFN-a/p gene regulation viruses and double

stranded RNA (dsRNA) are the most commonly used inducers. All 

animal viruses tested can induce IFN despite their differences in



structure and mode of replication (reviewed by Ho, 1984; 

Demaeyer and Demaeyer-Guignard, 1988). Many viruses produce 

dsRNA during their life-cycle and it has been proposed that this is 

the proximal inducer for IFN-a/p gene activation (reviewed by 

Marcus, 1984). While this may be true in many situations, it is 

probably not universal as not only do the mechanisms of induction 

by virus and dsRNA appear to differ in some circumstances, e.g. 

primary human fibroblasts produce a mixture of IFNs-a and IFN-p 

upon induction by virus, but only IFN-p after induction by dsRNA 

(Cavalieri et al., 1977; Havell et al., 1978), but also it is not clear 

that all viruses produce dsRNA during their life-cycle. Induction 

by dsRNA may represent one mechanism through which viruses can 

induce IFN-a/p. Induction of IFN-a/p by microorganisms other than 

viruses, and by cytokines and other growth factors has been 

reported (Gessani et al., 1989; Jacobsen et al., 1989; reviewed by 

Demaeyer and Demaeyer-Guignard, 1988). Incubation at high cell 

densities has been reported to induce IFN-a/p in lymphoblastoid 

cell lines (Adams et al., 1975; Hiscott et al., 1984). In each of 

these cases the degree of induction is small and no mechanistic 

studies have been carried out. The proceeding discussion therefore 

concentrates on induction by virus and dsRNA.

Regulation of the IFN-p gene has been studied in much 

greater detail than that of the IFN-a genes reflecting the fact that 

IFN-p is encoded by only one gene in both humans and mice, making 

a study of its regulation more tractable than that of the IFNs-a. 

Treatment of cells with dsRNA leads to a rapid increase in the 

levels of specific IFN-p mRNA which is detectable within 2 hr and 

reaches a peak by 4 to 6 hr, after which it declines despite the



continued presence of the inducer (Cavalieri et al., 1977; Sehgal et 

al., 1977; Raj and Pitha, 1981). The increase in mRNA has been 

shown to be due to transcriptional activation (Ohno and Taniguchi, 

1983; Raj and Pitha, 1983) and can occur in the presence of 

protein synthesis inhibitors, indicating that preexisting factors 

are modified upon IFN treatment leading to transcriptional 

induction. In some circumstances cycloheximide alone can induce 

transcription of the IFN-p gene, suggesting a role for a labile 

repressor of transcription in uninduced cells (Ringold et al., 1984; 

Enoch et al., 1986). IFN-p expression can be super-induced and its 

shut-off delayed in the presence of protein synthesis inhibitors. 

Protein synthesis-dependent mechanisms of both mRNA 

degradation and transcriptional repression appear to contribute to 

this effect (Cavalieri et al., 1977; Whittemore and Maniatis, 

1990). In some cell lines IFN-p can not be induced until the cells 

have been pretreated with IFN-a or -p. This process of "priming" 

appears to require protein synthesis suggesting that the effect is 

to provide a factor required for the induction response (Enoch et 

al., 1986). The effect of "priming" is at the level of transcription 

(Nir et al., 1985).

The region of DNA controlling transcriptional induction of 

IFN-p lies upstream of the gene and sequence requirements have 

been mapped by analysing the phenotypes of genes bearing 

mutations in these regions. This analysis has revealed multiple 

positive and negative regulatory elements, with the exact 

boundaries of the elements varying depending on the cell line used 

in the study (Fig. 1a). In mouse C127 fibroblasts, sequences 

between -77 and -36 (the IFN gene regulatory gjement; IRE) are



Figure 1. DNA elements involved in the regulation of IFN gene 

expression

(a) Comparison of the IFN-a 1 and IFN-p promoter regions. 

Numbering is from the cap site of the human IFN-p (Goodbourn et 

al., 1985) and IFN-a1 (Ryals et al., 1985) genes. The IFN-p gene 

regulatory elements defined by Goodbourn et al. are indicated, as 

are regions of homology in the IFN-a1 promoter.

(b) Homologies between PDRI, the multimerised hexamer 

(AAGTGA)n and a consensus ISRE.





sufficient to confer inducibility to a heterologous promoter 

(G oodbourn  et al., 1985). Two essential elements, positive 

regulatory domain I (PRDI), between -77 and -64, and PRD II, 

between -66 and -55, have been identified within the IRE. One 

copy of each element or multiple copies of either can function as 

virus-inducible enhancers (Fujita et al., 1987; Goodbourn and 

Maniatis, 1988; Fan and Maniatis, 1989; Visvanathan and 

Goodbourn, 1989). While -77 is the boundary of sequences required 

for substantial induction of the gene, extending the promoter 

further modestly increases inducibility. The region from -77 to - 

90 has strong homology to PRD I (PRD F) and extending the 

promoter to -91 causes a further 2-fold increase in induction 

(Zinn et al., 1983).

Negatively-acting sequence elements have also been found, 

consistent with the results of experiments with cycloheximide 

already mentioned. When the sequences between -105 and -210 

are deleted from the promoter the consitutive level of IFN gene 

expression is increased 5- to 10-fold while induced expression is 

unaffected (Zinn et al., 1983). Deletion of the 3' end of the IRE 

causes an increase in basal expression and. these mutated 

promoters could not repress the activity of a heterologous 

promoter (NRDI) (Goodbourn et al., 1986). In vivo footprinting 

experiments indicated that factors bind to both of the identified 

negative elements in uninduced cells (-94 to -167 and -68 to -38) 

and dissociate after induction (Zinn and Maniatis, 1986). More 

recent results have implied that the postively-acting elements, 

PRDI and PRDII, are also involved in negative regulation. A number 

of single base substitutions within PRDII caused an elevated basal



expression of IFN-p without affecting induced expression 

(Goodbourn and Maniatis, 1988). Also, virus induction of synthetic 

promoters containing multiple PRDI or PRDII sites occurs with the 

same kinetics as the intact IFN-p promoter, implying that 

reiterations of these sequences can mediate not only induction but 

also post-induction repression of IFN-p expression (Whittemore 

and Maniatis, 1990). NRDI does not appear to be required for post

induction repression.

Taniguchi and coworkers have taken a slightly different 

approach to analysing the regulation of the IFN-p gene. In their 

work with mouse L929 cells they found that the 5' boundary of 

sequences required for maximal inducibility of the IFN-p gene lies 

between -117 and -105 (with respect to the cap site), correlating 

well with the findings in C127 cells (Fujita et al., 1985). They 

found that maximal inducibility diminished in a step-wise fashion 

as 5' deletions were extended downstream from -117, and that the 

entire essential region consists of repeated hexanucleotide 

sequences that are almost contiguous between -109 and -65. 

Repeats of these different hexanucleotide sequences placed 5' of a 

minimal IFN-p promoter (which cannot itself confer inducibility 

by virus) linked to a CAT gene were sufficient to confer virus- 

inducibility. The most efficient hexamer was AAGTGA and this 

was used to extend the study. Two hexamers are not enough to 

confer inducibility but between 3 and 8 increased inducibility in a 

step-wise fashion, no further increase being observed with more 

than 8 (Fujita et al., 1987). The blocks of hexamers also operated 

in the opposite orientation and at a distance, although not as 

efficiently, thus displaying the properties of an inducible



enhancer. The sequence created by the joins between hexamers is 

very similar to that of PRDI (Fig.1b) and has been used by many 

groups in studying the regulation of type I IFN genes. While the 

multimerised hexamers are certainly effective in conferring virus 

inducibility their precise sequence does not exist in the intact 

IFN-p promoter.

The regulation of IFN-p is tightly controlled and proteins 

whose activities need to be tightly regulated, e.g. c-fos and c-

myc, are often translated from relatively unstable mRNAs

(Brawerman, 1989; Cleveland and Yen, 1989). Two destabilizing 

elements within the IFN-p transcript have been identified 

(Whittemore and Maniatis, 1990). One is a characteristic AU-rich
(S\s\CA^) cAA^ch , I <?1 ^ t-J

region found in the 3' untranslated region. The other is 5' of the
A

translation stop codon.

Cellular factors interacting with the positive regulatory 

domains of the IFN-p promoter have been identified. In a bandshift

assay with cellular extracts PRDI is recognised by PRDI-BFc

(Positive R_egulatory D_omain IB jn d in g  Factor constitu tive) in 

uninduced cells and PRDI-BFi (PRDI-BF inducible) after treatment 

with inducer (Keller and Maniatis, 1988). PRDII is recognised by a 

factor, PRDII-BF, which is present in uninduced cells. Point 

mutations that decrease IFN-p transcription in vivo prevent in  

vitro binding of PRDI-BFc, PRDI-BFi and PRDII-BF, suggesting a 

possible positive regulatory role for these proteins. An additional 

factor PRDI-BF1, cloned by screening a Xgt11 cDNA expression 

library with PRDI sequences, can block virus induced transcription 

from a reporter gene containing an IFN-p promoter. Its 

accumulation is virus-inducible and Keller et al. (1991) have



proposed that PRDI-BF1 is a post-induction repressor of IFN-p 

transcription.

cDNAs encoding proteins, IRF-1 and IRF-2, capable of binding 

the tetrameric repeat of AAGTGA, have been cloned (Miyamoto et 

a l ., 1988; Harada et al., 1989). These proteins are highly 

homologous in their N-terminal DNA-binding domains and have the 

same sequence requirements for binding (Harada et al., 1989). 

Overexpression of IRF-1 in transfected COS cells causes a small 

induction of the endogenous IFN-a and IFN-p genes (Fujita et al., 

1989). It activates transcription from a promoter containing the 

multimerised hexamer sequence and this activation can be 

suppressed by cotransfection of IRF-2 (Harada et al., 1989). IRF-1 

and IRF-2 may compete for binding sites in the IFN-p promoter, 

with IRF-2 occupying the sites in the resting state. After 

treatment with inducer a post-translational modification of IRF-1 

may enable it to displace IRF-2 and activate transcription 

(Watanabe et al., 1991).

Several recent reports show that a factor binding to PRDII is 

indistinguishable from NF-k B and is specific to induced cells 

(Fujita et al., 1989; Hiscott et al., 1989; Lenardo et al., 1989; 

Visvanathan and Goodbourn, 1989). NF-kB was originally identified 

in B cells and was thought to be an immunoglobulin-specific 

transcription factor (reviewed by Lenardo and Baltimore, 1989). 

Subsequent work has shown that it is present in many cell lines 

but is complexed with its inhibitor I-k B in the cytoplasm. 

Appropriate stimulation releases NF-k B from this complex, 

allowing it to migrate to the nucleus and participate in activation 

of transcription of IFN-p and other cytokines. A variety of



inducers are effective in stimulating this release, including 

dsRNA, viruses, and activators of T cells. The fact that other 

signals can activate NF-kB without stimulating transcription of 

IFN-p indicates that NF-kB may be required for induction of IFN-p 

but is not sufficient.

PRDI is very similar in sequence to the IFN-stimulated 

response element (ISRE) which is found upstream of IFN-a/p- 

inducible genes and is the sequence element responsible for 

mediating transcriptional induction of these genes (Fig.1b; Levy et 

al., 1988; Fan and Maniatis, 1989). Factors that bind to PRDI 

almost all bind to the ISRE (Pine et al.t 1990), with the exception 

of PRDI-BF1 which has a strong preference for binding to PRDI 

(Keller and Manaitis, 1991).

Less work has been carried out on regulation of IFN-a gene 

expression. The promoters show significant homology to that of 

the IFN-p gene (Weissmann and Weber, 1986) and are generally 

induced in response to the same stimuli that activate IFN-p. 

However, there are almost certainly differences in their 

regulation. Some cell types express predominantly IFN-p in 

response to inducer, whereas others express predominantly IFN-a.

Induced expression of human IFN-a1 is due to transcription, 

which is mediated by 117 bp of 5'-flanking sequence (Ragg and 

Weissmann, 1983; Weidle and Weissmann, 1983), and proteins 

have been detected that bind to this region in vivo (Palmieri and 

Tovey, 1990). A homology search of the upstream regions of the 

IFN -a genes reveals a highly conserved 42 bp purine-rich region 

immediately downstream of position -117. This coincides with a 

46 bp segment, the virus responsive element (VRE) of the human



IFN -a1 , gene extending from -109 to -64, which is sufficient to 

confer virus-inducibiiity on a heterologous rabbit p -g lob in  

promoter. This region of DNA does not affect the basal activity of 

the globin gene promoter and so induction was attributed to 

positive rather than negative control (Ryals et al., 1985). A 35 bp 

region of the murine IFN-a4 gene, -109 to -75, is sufficient to 

confer virus-inducibility upon a heterologous promoter (Raj et al., 

1989). These results are similar to those obtained with IFN-P; the 

corresponding region of IFN-p extends from -77 to -36 (Goodbourn 

et al., 1985). Weissmann noticed that the VRE of human IFN-

a 1 is composed of two imperfect direct repeats with the general 

structure R 1-a-R 2/R 1-b -R 2 (repA/repB), where R1 is 

ANGGAAAGPy and R2 is CAGAA (Kuhl et al., 1987). Both repA and 

repB contain the sequence GAAAGPy (GAAAGC in repA and GAAAGT 

in repB). Tetramerised repA confers inducibility on a heterologous 

promoter, as does a tetramer of the hexanucleotide GAAAGT, 

which is found in repB (Kuf)l et al., 1987). GAAAGT is a 

permutation of the AAGTGA sequence used in studies of the IFN-p 

promoter, and tetramerising either of these hexanucleotides will 

create multiple copies of the other. Alignment of the promoters of 

IFN -a1 and IFN-p (Fig.1a) shows that IFN-a1 has a PRDI-like 

element in a position similar to that in the IFN-p promoter, 

relative to the CAP site, and indeed there is evidence that IRF-1 

and IRF-2 (PRDI binding factors detected in studies of the IFN-p 

promoter) bind to this promoter (Harada et al., 1989). However, 

there is no PRDII element, i.e. no NFkB binding site, suggesting 

that NFkB is not involved in the induction of the IFN-a genes.



The IFN-a genes also appear to be under negative control. 

Induction mediated by tetra-repA, VRE and the tetrahexamer was 

strongly stimulated by the enhancer of SV40 or cytomegalovirus, 

but only when it was close to and 5' of any of these elements. 

Tetra-repA and tetrameric GAAAGT and AAGTGA, when placed 

between enhancer and TATA box, almost completely suppressed 

the constitutive stimulatory effect of the SV40 or CMV enhancer 

on a truncated p-globin promoter. This suppression was fully 

abrogated by virus induction (Kuhl et al., 1987). The silencing 

effect suggests the presence of a negatively acting element; 

however the effect was not seen with the intact VRE sequence. 

Other evidence supports the hypothesis that IFN-a transcription is 

under negative control. Deletion of sequences upstream from 

position -109 increased inducib ility three-fold (Ryals et al.,

1985). Deletion of sequences between -109 and -96 of the murine 

IFN -a4 gene increased the basal level of expression (Raj et al., 

1989).

IFN -a mRNAs have destabilising features, in common with 

IFN-p mRNA and other mRNAs that encode activities which need to 

be tightly regulated. All these mRNAs have an AU-rich region in
m cAnr^

their 3' noncoding regions. When the 3' noncoding regions of the ^Au) 

IFN-a2 and Mu IFN-a4 genes are replaced with the corresponding 

region of the rabbit globin gene (which encodes a stable mRNA) 

under the control of the SV40 promoter, the production of IFN in 

monkey COS cells is four-fold higher (van Heuvel et al., 1986).

The modes of induction of the different IFN-a genes almost 

certainly share significant features. However, there is a striking 

difference in the level of the individual mRNA species induced in



different cell types, indicating differences in the mechanisms 

regulating their expression (Hiscott et al., 1984). This differential 

and cell-type-specific expression is regulated at the 

transcriptional level (Bisat et al., 1988).

Other cytokine genes, such as those encoding tumour 

necrosis factor (TNF) (Wong and Goeddel, 1986; Goldfeld and 

Maniatis, 1989) and IL-6 (Content et al., 1982; Yasukawa et al., 

1987; Chang et al., 1989) are induced by the same agents that 

induce type I IFNs. Sequences similar to the hexamer motifs 

within the IFN-p gene are also found in the IFN-a, TNF (Goldfeld et 

al., 1990) and IL-6 genes, suggesting that they have a common role 

in inducing these genes.

ii) Regulation of IFN-y expression

The mode of regulation of IFN-y is very different from that 

of IFN-a/p. In contrast to IFN-a/p, which is produced by all cell 

types in response to virus infection, IFN-y is produced mainly by T 

cells after activation by exposure to antigen in association with a 

major histocompatibility antigen. Antigen recognition was clearly 

shown to be involved in IFN-y production in experiments in which 

bacterial antigens such as PPD (purified protein derivative of 

tubercle bacilli), diphtheria, or pertussis toxoid were added to 

human lymphocyte suspensions. IFN-y only appeared in the 

supernatant media of cultures derived from individuals who had 

previously been immunised with the corresponding antigen, 

indicating the importance of the immune status of the donor in the 

production of IFN-y (Green et al., 1969). Subsequent experiments 

have substantiated this observation (reviewed by Demaeyer and



Demaeyer-Guignard, 1988). Alternatively, T cells activated by 

exposure to mitogen produce IFN-y. All IFN-y inducers activate T 

cells in either a polyclonal (mitogens or antibodies) or a clonally 

restricted (antigen-specific recognition) manner.

All the different T cell subsets: cytotoxic, suppressor, 

helper, and Td (delayed hypersensitivity), can produce IFN-y. The 

type of inducing stimulus appears to govern which ones make IFN-y 

at any particular time, indicating a role for cell specific 

determinants in the regulation of IFN-y production (Farrar et al., 

1981; Biondi et al., 1984; Trinchieri et al., 1984).

The signalling pathway(s) involved in inducing expression of 

IFN -y  is unclear. T cell activation involves the recognition of 

antigen/MHC by the T cell antigen receptor/CD3 complex (CD3/Ti 

complex) whose triggering results in a cascade of biochemical 

events such as membrane phosphatidyl inositol turnover, calcium 

mobilization, and activation of protein kinase C (Weiss et al., 

1986). IL-1 is also produced, which induces IL-2, and IL-2 in turn 

is involved in inducing IFN-y. IFN-y can then enhance IL-1 

production and so a positive feedback loop is established 

(reviewed by Demaeyer and Demaeyer-Guignard, 1988). Interaction 

of other T cell antigens, such as CD2, CD28, and CD5, with their 

ligands also appears to deliver activation signals. In vitro, none of 

these stimuli alone is able to maximally induce cytokine genes, a 

combination of the various signals being required for optimal 

induction. Lectins and calcium ionophores can substitute for the 

signal(s) normally provided by antigen, while TPA, an activator of 

protein kinase C, can further increase the level of induction.



Expression of a given cytokine may also be regulated by 

other cytokines (Grabstein et al., 1986). It is not known whether 

the mechanism of IFN-y induction in this case is the same as that 

operating in activated T cells.

Experiments with antigen-specific T-cell clones have 

clearly demonstrated independent regulation of the IFN-y gene and 

of the IFN-a/p complex. These T-cell clones directly produce IFN-y 

in response to either specific antigen or mitogens, but can also 

produce IFN-a in response to viral infection (Pasternack et al., 

1984).

In line with their very different modes of induction the 

promoter elements of IFN-a/p and IFN-y share no homology except 

for the TATA box (Gray and Goeddel, 1982). Induction of IFN-y 

appears to be primarily transcriptional and, at least in normal 

peripheral blood lymphocytes, does not require de novo protein 

systhesis, as activation can occur in the presence of 

cycloheximide (Kronke et al., 1985). The 5' flanking region of the 

IFN-y gene contains nucleotide sequences found in the 5' flanking 

regions of other genes specifically expressed in T cells, such as 

the gene for IL-2 and the gene encoding the Tac component of the 

IL-2 receptor. This sequence is about 200 bp long and seems to 

function as an inducible transcriptional enhancer controlling T- 

cell-specific gene expression (Fujita et al., 1983; Fujita et al.,

1986). Comparison of the sensitivity of the human IFN-y gene to 

DNAse I in various T and non-T cell lines has revealed a number of 

hypersensitive sites located either 5' of the gene or in the first 

intron. Some of these sites are present in both T and non-T cell 

lines; however, a prominent site is present approximately 3 kb



upstream of the cap site only in T cells that are committed to 

producing IFN-y (Hardy et al., 1985; Hardy et al., 1987). One of the 

DNAse l-sensitive sites in the first intron of the IFN-y gene, 

AAGTGTAATTTTTTGAGTTTCTTTT, is 83% homologous to a 

sequence in the 5' flanking region of the IL-2 gene. In the latter 

this sequence is about 300 bp upstream of the cap site (Hardy et 

al., 1985).

3) BIOLOGICAL RESPONSES TO IFN

Treatment of cells with IFNs-a/p and IFN-y leads to the 

induction of many proteins (reviewed by Pestka et al., 1987), and 

all the biological activities of the IFNs are thought to be mediated 

by these IFN-regulated proteins. In some cases the role of a 

particular protein in the biological response is relatively well 

understood while for others no functional information is available,

i) Antiviral activity

IF N s -a ,-p , and -yean all render cells resistant to viral 

infection by inducing an antiviral state but the roles of the two 

types of IFN are distinct. It is quite well established that IFNs-a/p 

play an important role in host resistance to at least some viral 

infections. They are directly induced by animal viruses and provide 

the first line of defense before antibodies or cell-mediated 

immunity come into play. IFN-y on the other hand is only produced 

after T cells have been sensitised to viral antigens and is probably 

more important in activating immune reactions than on the basis 

of its direct antiviral effect (Demaeyer and Demaeyer-Guignard,

1988).



Most viruses in spite of their widely divergent lifestyles are 

to a greater or lesser extent sensitive to IFNs (Demaeyer and 

Demaeyer-Guignard, 1988), suggesting that the effects of IFNs on 

viral replication are pleiotropic. Theoretically IFN can attack any 

stage in the virus life-cycle - attachment, penetration, uncoating, 

transcription, translation, virus assembly, maturation, or egress. 

There are examples of IFN affecting each of these stages except 

attachment (reviewed by Demaeyer and Demaeyer-Guignard, 1988); 

however by far the most marked effect is on translation.

Two pathways responsible for inhibiting translation have 

been described and it is likely that other pathways as yet 

undescribed are involved. Both IFNs-a/p and IFN-y induce the 

synthesis of dsRNA-dependent 2',5'-oligoadenylate synthetases 

which synthesise 2',5' A oligomers. In the presence of dsRNA these 

oligomers activate RNAse L which degrades cellular and viral RNA, 

the degradation of mRNA, of course, inhibiting translation (Nilsen 

et al., 1981; Wreschner et al., 1981; Silverman et al., 1983). The 

2',5' A oligomers can then be broken down by a 2',5'- 

phosphodiesterase yielding AMP and ATP (Pestka et al., 1987). The 

antiviral potential of 2’,5' A oligomers is directly demonstrated 

by adding them to intact cells: endonuclease activity is stimulated 

and virus production is decreased (Williams and Kerr, 1978; 

Hovanessian et al., 1979; Bayard et al., 1985). The endonuclease 

does not have to be induced by IFN but is directly activated by 2',5' 

A oligomers.

A second pathway for inhibiting translation is through the 

activity of a protein kinase which is induced by treatment with 

IFN -a/p  or IFN-y and is activated by low levels of dsRNA (high



levels inhibit activation). In cell-free systems the dsRNA- 

dependent protein kinase phosphorylates the a subunit of elF2, a 

eukaryotic protein synthesis initiation factor, causing it to be 

irreversibly bound to the guanine nucleotide recycling factor 

required for continued initiation of translation. In addition to 

being required for activity of the kinase, dsRNA may also inhibit 

an elF2a protein phosphatase (reviewed by Hovanessian, 1989). 

The gene encoding the kinase has recently been cloned (Meurs et 

al., 1990).

The protein kinase pathway is effective in inhibiting the 

replication of a broad spectrum of viruses. The 2’,5' oligoadenylate 

system appears to have more restricted antiviral activity with a 

high specificity for picornaviruses. Both these pathways have been 

elucidated using biochemical techniques.

Another antiviral mechanism was originally identified 

through genetic studies. Like the 2’,5' oligoadenylate system the 

Mx system is relatively restricted in its antiviral activity 

(reviewed by Staeheli, 1990). The first evidence of the Mx system 

came from the observation that an inbred mouse strain was 

resistant to doses of influenza virus that were typically lethal to 

other inbred mouse strains (Lindenmann, 1962). This led to the 

identification of Mx1, a trait encoded by a single dominant allele 

which is responsible for specific resistance to a single family of 

viruses, the orthomyxoviruses. Mx1+ murine cells produce a 72 kDa 

(631 amino acids) protein, Mx1, which accumulates in the nuclei 

of IFN-a/p treated cells (IFN-y is a poor inducer of Mx1). Several 

lines of evidence indicate that expression of the mouse Mx1 

protein in murine cells is sufficient to establish an antiviral



state which selectively targets influenza virus. Constitutive 

expression in transfected M x1’ mouse 3T3 cells of a full-length 

cDNA encoding murine Mx1 protein leads to inhibition of influenza 

virus replication, but does not affect VSV replication (Staeheli et 

al., 1986). Microinjection of anti-Mx1 antibodies into IFN-treated 

M x1+  cells specifically rescues influenza virus replication from 

the inhibitory effect of IFN, while VSV replication remains 

inhibited (Arnheiter and Haller, 1988). Transgenic mice that 

express the murine Mx1 protein under the control of an IFN- 

reponsive promoter are resistant to infection with high doses of 

influenza virus (Arnheiter et al., 1990).

Homologues of the murine Mx1 protein have been found in 

every mammalian species examined (Horisberger and Gunst, 1991). 

However, these species are susceptible to influenza virus 

infection even though they produce Mx-related proteins in 

response to type I IFN treatment. In humans the MxA and MxB 

proteins are produced in response to IFN-a/p treatment. MxA is 76 

kDa (662 amino acids) and MxB is 73 kDa (633 amino acids) in size 

(Aebi et al., 1989; Horisberger et al., 1990). In contrast to the 

murine Mx1 protein which is localized to the nucleus (Dreiding et 

al., 1985; Noteborn et al., 1987), the human Mx proteins are in the 

cytoplasm (Horisberger and Hochkeppel, 1987; Aebi et al., 1989; 

Pavlovic et al., 1990), as is the case with all species except some 

rodents (Horisberger and Gunst, 1991). Stable transformants of 

mouse Mx- 3T3 cells that constitutively express the human MxA 

protein show resistance to influenza virus infection and also, 

surprisingly, to VSV infection but not to other viruses tried 

(Pavlovic et al., 1990). The human MxA protein is cytoplasmic in



these mouse cells. It is likely that the mechanisms of inhibition 

for the human and mouse Mx proteins differ due to their different 

subcellular localization and the different virus sensitivities 

displayed by stable cell transformants expressing them. Mx 

proteins of other species also display antiviral activities 

different from that of mouse Mx1 (Staeheli, 1990).

Although the molecular basis for its antiviral activity 

remains to be resolved, some interesting biochemical activities of 

Mx proteins are beginning to be elucidated. An Mx-like protein, 

Vpslp, has been identified in yeast (Rothman et al., 1990). Genetic 

evidence suggests that Vpslp is essential for vacuolar protein 

sorting. Other reports provide evidence that Mx1 is a minor 

histocom patibility antigen (Speiser et al., 1990). The 

microtubule-associated mechanochemical enzyme D100 dynamin 

shares substantial homology with the Mx proteins (Obar et al.,

1990). All these Mx-like proteins have three consensus GTP 

binding motifs, suggesting that GTP binding may be important for 

their function (Horisberger et al., 1990; Meier et al., 1990; Obar et 

al., 1990; Rothman et al., 1990).

The protein kinase, 2\5'-oligoadenylate, and Mx systems are 

all effective in inhibiting viral replication. However, not 

surprisingly, some viruses have developed ways to escape these 

systems. Influenza and vaccinia virus encode factors that inhibit 

the dsRNA-dependent protein kinase (Whitaker-Dowling and 

Younger, 1984; Katze et al., 1988). Adenovirus VAI RNA, Epstein- 

Barr virus EBER RNAs and reovirus sigma 3 protein interfere with 

activation of the kinase (Kitajewski et al., 1986; Imani and 

Jacobs, 1988; Clarke et al., 1991). The adenovirus E1A protein also



has an inhibitory effect on the IFN response and this activity is 

dependent on the CR1 domain of the protein (Anderson and Fennie, 

1987; Reich et al., 1988; Ackrill et al., 1991). This domain appears 

to inhibit either production or activation of the Ey component of 

the complex transcription factor, E, which is responsible for the 

primary transcriptional response of the cell to IFN-a/p (see below, 

A ck rill et al., 1991). The terminal protein domain of the DNA 

polymerase of hepatitis B virus inhibits the cellular response to 

IFNs and in this case the defect appears to lie in the production or 

activation of the Ea subunit of transcription factor E (Foster et 

al., 1991).

ii) Antigrowth effects

Most of the data suggesting a role for IFNs in the autocrine 

regulation of normal cell growth comes from work with IFN-a/p 

and there is little evidence that IFN-y plays a role. However, all 

types of IFN are known to inhibit the growth of tumour cell lines.

IF N -a /p  can affect all phases of the cell cycle in normal 

cells (Sokawa et al., 1977; Balkwill and Taylor-Papadim itriou, 

1978; Sreevalsan and Taylor-Papadimitriou, 1979). Exposure of
V\u\vvi c \

human diploid fibroblasts to^Hu) IFN-p prolongs all phases

of the cell cycle, with an increase in doubling time that can be as 

much as three times that of the control value. The rates of RNA, 

DNA and protein synthesis are only marginally affected in these

cells, with the result that DNA and proteins accumulate and the

cells become enlarged (Pfeffer et al., 1979). The primary event, 

therefore, is the inhibition of cell replication and not of cell

growth. Prolongation of the cell cycle in response to IFN-a/p is a



general phenomenon, but the cumulative effects over several cell 

generations are cytostatic and can become cytocidal (Gewert et al., 

1984). Similarly, in tumour cell lines IFNs (both types I and II) 

slow down the growth and proliferation of normal cells by causing 

a prolongation of the cell cycle.

It is clear that, at least in cultured fibroblasts, IFNs-a/p on 

the one hand, and growth factors and other mitogenic agents on 

the other, can act as mutual antagonists. Moreover, several growth 

factors induce the formation of IFN in the cells they stimulate, 

suggesting a role for IFN in the down-regulation of growth factor 

activity. If IFNs are natural regulators of the cell cycle one would 

expect to find evidence of their presence in the absence of virus 

infection and this is not routinely the case. However, the level 

required for autoregulation of the cell may be very small and there 

is growing evidence that a very low level of expression of type I 

IFN may occur under physiological conditions (Lebon et al., 1982; 

Bocci et al., 1984; Duc-Goiran et al., 1985; Galabru et al., 1985; 

Tovey et al., 1987).

The molecular mechanisms underlying inhibition of cell 

growth are not understood. However, recently an interesting 

approach has been taken to study this problem. A HeLa cell line 

whose growth is normally arrested by IFN-y was transfected with 

an antisense cDNA library. Sequencing of an antisense cDNA 

rescued from cells that were able to grow in the presence of IFN-y 

has implicated the protein thioredoxin in the IFN-y-m ediated  

growth arrest of these cells (Deiss and Kimchi, 1991).

iii) Immunomodulatory activity



The IFNs have a significant role in modulating various 

elements of the immune system, such as regulating the expression 

of both the class I and class II major histocompatibility antigens 

and of the proteins involved in antigen processing.

Genes of the class I and class II major histocompatibility 

complexes (MHC) encode highly polymorphic cell-surface antigens. 

The class I antigens are 45-kDa proteins encoded by genes of the 

human leukocyte antigen (HLA)-A, -B, and -C loci in humans. At the 

cell surface they are associated noncovalently with a second 

11.6-kDa polypeptide chain, B2-microglobulin, necessary for 

processing and expression of class I molecules. Cells congenitally 

lacking B2-microglobulin cannot express class I molecules. When 

these molecules are associated with foreign antigens, they are 

recognised by CD8+ (usually cytotoxic, sometimes suppressor) T 

cells. Class I antigens and B2-microglobulin are normally 

expressed at low levels by most cell types and are strongly 

induced by both type I and type IIJFNs.

Class II antigens are formed by association of two 

polypeptide chains, the a and the B chain, encoded by genes of the 

HLA-DP, -DQ, and -DR regions in humans. They associate with 

another polypeptide, the invariant chain, during transport to the 

cell surface, but are no longer associated after transit through the 

golgi apparatus. CD4+ (usually helper) T cells recognise foreign 

antigen associated with MHC class II molecules. Class II antigens 

and the invariant chain are expressed constitutively by antigen- 

presenting cells, i.e. macrophages and B cells, and by activated T 

cells. In most other cell lines their expression can be induced by 

IFNs, predominantly IFN-y (reviewed by Demaeyer and Demaeyer-



Guignard, 1988). Modulation of cell surface expression of MHC 

antigens plays a major role in regulating the immune system and 

increases the sensitivity of the defence systems during viral 

infection (Janeway et al., 1984; Kaufman et al., 1984).

Foreign antigens are processed to generate peptides which 

are then transported into the endoplasmic reticulum where they 

associate with MHC molecules before presentation on the cell 

surface (Yewdell and Bennink, 1990). The proteasome is a large 

cytoplasmic complex likely to be involved in generating peptides 

from foreign proteins. A cluster of genes in the MHC class II 

region of chromosome 6, the RING genes, has recently been 

identified. RING10 and RING12 are now thought to encode 

components of the proteasome and so are presumably involved in 

antigen processing (Glynne et al., 1991; Kelly et al., 1991). RING4 

and RING11 are believed to encode peptide transport proteins 

(Deverson et al., 1990; Monaco et al., 1990; Spies et al., 1990; 

Trowsdale et al., 1990; Spies and DeMars, 1991). All of these 

genes are induced by IFNs, implicating the IFNs not only in 

induction of MHC proteins but also in the processing and transport 

of foreign antigens in preparation for their presentation on the 

cell surface.

IFN-y produced by T cells and natural killer (NK) cells may 

have additional influences on the immune system. It may be 

important for the proliferation of NK cells and also in enhancing 

their cytotoxic activity. Production of IFN-y by activated T cells 

may be required for maturation of antigen-specific T-cell clones 

(reviewed by Trinchieri and Perussia, 1985). IFN-y is the primary 

factor involved in activating macrophages.



4) MOLECULAR RESPONSES TO IFN

i) IFN receptors

It is now well accepted that the effects of IFN are mediated 

through interactions with specific receptors present at the cell 

surface (Aguet, 1980; Mogensen and Bandu, 1983; Hannigan and 

Williams, 1986). Competitive binding studies with human 

interferons have indicated that all the human IFNs-a and IFN-p 

compete with each other for binding while IFN-y does not (Branca 

and Baglioni, 1981; Aguet et al., 1984; Merlin et al., 1985). These 

results have been interpreted to mean that IFN-a and IFN-p share a 

common receptor while IFN-y is recognised by a distinct receptor. 

However, the simplicity of this model has recently been 

challenged with the isolation and characterisation of a mutant 

cell line which is completely unresponsive to IFN-a and yet 

retains a partial response to IFN-p (Pellegrini et al., 1989). Also, 

nonproliferating human lymphoid cells display only one high 

affinity binding component, whereas proliferating cells have in 

addition a lower affinity component, which is expressed to at 

least ten times the copy number per cell of the high affinity 

component (Hannigan et al., 1986). Different IFN-a subtypes bind 

the receptor with different affinities (Aguet et al., 1984), and 

these differences correlate well with the differences in specific 

activity of the different subtypes (Uze et al., 1985).

Chromosomal localisation of the IFN receptors has been 

determined using mouse-human somatic cell hybrids. Mouse cells 

are not sensitive to human IFNs and vice-versa, but mouse-human 

hybrids containing chromosome 21 as the only human chromosome 

are sensitive to human IFN-a and have high affinity binding sites 

for human IFN-a and IFN-p (but not Hu IFN-y) (Tan et al., 1973). The



same type of analysis has allowed the gene for the murine IFN-a/p 

receptor to be localised to chromosome 16 (Cox et al., 1980).

The IFN-y receptor has also been localised by using human- 

mouse and human-hamster somatic cell hybrids. Radiolabelled 

recombinant IFN-y can be crosslinked to its receptor and an IFN- 

receptor complex of molecular weight 117 kDa has been isolated. 

Using this assay for the presence of receptor, the human IFN-y 

receptor has been localized to chromosome 6 and the mouse 

receptor to chromosome 10 (Rashidbaigi et al., 1986; Mariano et 

al., 1987). It is interesting that, although the binding of IFN-y 

correlates with the presence of chromosome 6, biological activity 

does not. It is possible that the gene on chromosome 6 encodes the 

binding component of a complex receptor, and that other subunits 

are required for full receptor function. Alternatively, another 

species-specific protein may be required at some other point in 

the signal transduction pathway. A gene on chromosome 21 in 

humans appears to be involved as the presence of this chromosome 

along with chromosome 6 in the human-mouse somatic cell 

hybrids is sufficient to confer a response to human IFN-y (Jung et 

al., 1987).

After IFN-a binding, the IFN-a-receptor complex is 

internalised by receptor-mediated endocytosis and the IFN is 

degraded in lysosomes (Branca et al., 1982; Zoon et al., 1983). 

Although there is no formal proof that receptor internalisation is 

not necessary for IFN action (reviewed by Demaeyer and 

Demaeyer-Guignard, 1988), the kinetics of the IFN-a response 

make it highly unlikely (see below). It seems likely that the 

receptors are down-regulated by means of degradation (Branca et 

al., 1982; Evans and Secher, 1984; Lau et al., 1986).



Human IFN-a receptors from several different cell lines 

have been characterised in some detail. Receptor-bound Hu IFN-a2 

can be covalently crosslinked to the binding part of the receptor 

and the ligand-receptor complex can then be isolated for further 

characterisation. The molecular weight of the binding subunit of 

the receptor can be estimated by running the cross-linked complex 

in an SDS polyacrylamide gel. These vary from ca. 100 kDa to 125 

kDa (Joshi et al., 1982; Faltynek et al., 1983; Mogensen et al., 

1989). Recently a Hu cDNA clone was isolated which, when 

transfected into mouse cells, confers upon these cells sensitivity 

to some subtypes of IFN-a (Uze et al., 1990). This cDNA hybridises 

to chromosome 21 as expected from previous localisation 

experiments. The predicted molecular weight of this component of 

the receptor is 63 kD before modification. None of the 

transfectants are sensitive to IFN-p, suggesting that additional 

species-specific components are required for full sensitivity to 

IF N -a /p . This observation is consistent with the previously 

mentioned results that a mutant human cell line isolated on the 

basis of its loss of response to IFNs-a, retains a partial response 

to IFN-p (Pellegrini et al., 1989).

Crosslinking of recombinant Mu IFN-y to its receptor on 

mouse L1210 lymphoid cells yields a complex with a molecular 

weight of approximately 110 kDa. The molecular weight of the 

binding subunit is therefore ca. 95 kDa, assuming that one 

molecule of IFN-y is bound per receptor (Wietzerbin et al., 1986). 

Other estimations are ca. 75 to 85 kDa (Langer et al., 1986). Most 

estimations of the size of the human IFN-y receptor range from 

105 to 130 kDa (reviewed by Langer and Pestka, 1988). Recently a 

Hu cDNA clone was isolated which, when transfected into mouse 

cells, confers on them the same Hu IFN-y-binding characteristics



as human cells (Aguet et al., 1988). The transfected cells were not 

sensitive to human IFN-y, suggesting the need for species-specific 

cofactors for function. This result correlates well with 

information obtained in gene localisation experiments, i.e. 

chromosome 6 is required for IFN-y-binding (the cDNA maps to 

chromosome 6), but the product of another gene on chromosome 21 

is required for function.

Neither the IFN-a/p nor IFN-y receptor belong to any known 

families. Alignment of the sequences corresponding to their 

extracellular domains suggests an evolutionary resemblance, but 

obviously the ligand binding domains have diverged to become 

highly specific for IFN-a/p or IFN-y (Bazan, 1990).

ii) Second messenger pathways

Elucidation of the sequences for the IFN receptors has 

yielded little information about possible signal transduction 

mechanisms. In the case of IFN-a a large number of possibilities 

have been investigated and effects on the levels of cAMP, 

intracellular Ca2+, and diacylglycerol and on the activity of 

protein kinase (PK) C have all been described in different cell 

lines (Williams, 1991). Probably most attention has focussed on 

PKC. Classically this pathway involves activation of membrane- 

associated phospholipases which break down phosphatidylinositol 

to diacylglycerol (DAG) and inositol triphosphate. Inositol 

triphosphate mediates release of Ca2+ from intracellular Ca2 + 

stores which, along with DAG, activates the Ca2+- and 

phospholipid-dependent protein kinase, PKC. There are reports of 

activation of phospholipase activity (Premecz et al., 1989) and of 

rapid increases in diacylglycerol and/or phosphatidic acid in 

several human cell lines treated with either IFN-a or -p (Yap et



al., 1986; Yap et al., 1986; Pfeffer et al., 1990), and the magnitude 

of these increases correlates well with the magnitude of the IFN- 

induced inhibition of Daudi cell proliferation and of acquisition of 

the IFN-induced antiviral state in human fibroblasts. Selective 

inhibitors of PKC (H7 and staurosporine) or chronic exposure to 

phorbol esters (which downregulate PKC) can inhibit the action of 

IF N -a . IFN-a was found to stimulate the binding of 3H-phorbol 

dibutyrate (a measure of PKC translocation) to HeLa cells within 

minutes of IFN-a treatment (Faltynek et al., 1989; Pfeffer et al., 

1990; Reich and Pfeffer, 1990). However, agonists of PKC activity 

alone do not turn on expression of IFN-inducible genes. PKC 

activation may be necessary but not sufficient for IFN activity. 

The lack of evidence for a rise in intracellular Ca2+ levels is hard 

to reconcile with the involvement of PKC as PKC is generally 

thought to be Ca2+ dependent. However, IFN-a rapidly induced the 

selective translocation of the p isoform of PKC from the cytosol 

to the particulate fraction of He(_a cells (Pfeffer et al., 1990), and 

also selectively activates the e isoform in IFN-sensitive but not 

IFN-resistant Daudi cells (Pfeffer and Tan, 1991). PKC-p requires 

little Ca2+, and PKC-e requires no Ca2+ for activity. So IFN-a 

action may involve the activation of specific isoforms which vary 

between cell types contributing to the specificity of IFN action.

Recently another possible pathway has been explored by 

Williams and coworkers (Hannigan and Williams, 1991). IFN-a 

treatment of BALBc/3T3 fibroblasts leads to rapid and transient 

stimulation of phospholipase A2 activity, and inhibition of this 

activity with p-bromophenacyl bromide specifically blocks the 

binding of nuclear factors to the ISRE of the ^.S'-oligoadenylate 

synthetase gene. Phospholipase A2 releases arachadonic acid from 

membrane phospholipids and free arachadonic acid is then



available as a substrate for conversions mediated by the 

cyclooxygenase, lipooxygenase, or epoxygenase pathways. Addition 

of exogenous arachadonic acid does not affect the transcription of 

IFN-stimulated genes but arachadonic acid is released rapidly 

from IFN-a treated cells and inhibitors of lipoxygenase or 

cyclooxygenase can have a dramatic effect on the IFN-a  

stimulation of factor binding to the ISRE, potentiating the IFN-a 

response. Arachadonic acid is not likely to be the second 

messenger as adding it to cells does not stimulate an IFN-a 

response and no specific eicosanoid (eicosanoids are products of 

arachadonic acid metabolism) has been identified as the second 

messenger. Inhibition of the lipooxygenase and cyclooxygenase 

pathways may force arachadonic acid to be metabolised by the 

epoxygenase pathway and so the second messenger could be an 

eicosanoid produced by this pathway. This would explain the 

potentiation of the IFN response seen in the presence of these 

inhibitors. No specific inhibitor of the epoxygenase pathway 

exists to test this theory. While there is evidence to support the 

involvement of PKC and/or arachadonic acid metabolism in the 

IFN-a/p response pathway none of the data are conclusive, and the 

question of how the IFN signal is passed on from the membrane is 

still open.

The mechanism of signal transduction by IFN-y is similarly 

unclear. Ca2+ fluxes in response to IFN-y have been reported by 

several groups (Hamilton et a l, 1985; Klein et al., 1987; Koide et 

al., 1988; Klein et al., 1990) but it is less clear what happens 

after this. Some groups have reported the involvement of PKC (Fan 

et al., 1988; Mattila et al., 1989), while others contradict these 

results with evidence to support the involvement of calcium- 

calmodulin-dependent pathways (Koide et al., 1988). IFN-y is only



induced in activated T cells, and so the IFN-y response may also be 

cell-type specific.

iii) Transcriptional induction

IFN induces expression of many different mRNAs and 

proteins (reviewed by Pestka et al., 1987). Some genes respond 

predominantly to IFN-a (Reich et al., 1987; Hug et al., 1988; Levy 

et al., 1988; Porter et al., 1988), and others predominantly to IFN- 

y (Boss and Strominger, 1986; Luster and Ravetch, 1987). To 

analyse the basis of the induction, cDNAs encoding IFN-inducible 

genes were isolated by differential screening (Friedman et al., 

1984; Lamer et al., 1984; Luster et al., 1985; Cheng et al., 1986; 

Chebath et al., 1987; Caplan and Gupta, 1988; Luster et al., 1988; 

Reid et al., 1989).

a) induction by IFN-a/p

Induction of gene expression in response to IFN-a is 

mediated at the transcriptional level (Friedman et al., 1984). The 

response is rapid and cycloheximide-insensitive, indicating that it 

is independent of protein synthesis (Friedman et al., 1984; Larner 

et al., 1984; Larner et al., 1986). Transcription can be extended in 

the presence of cycloheximide, suggesting a role for a labile 

repressor of the transcriptional response (Friedman and Stark, 

1985; Larner et al., 1986). Elements controlling positive 

regulation have been analysed in some detail, whereas very little 

is known about negative regulation (Levy et al., 1986; Benech et 

al., 1987).

DNA elements mediating the transcriptional response to IFN- 

a/p have been characterised by classical deletion studies of the 

regions upstream of IFN-a responsive genes. These studies have



revealed a highly homologous sequence, the interferon stimulated 

response element (ISRE, GGGAAAATGAAACT in 6-16 and 

AGGAAATAGAAACT in 9-27), present in the 5'-flanking region of 

all of these genes and necessary and sufficient for their 

inducibility by IFNs-a/p (Cohen et al., 1988; Levy et al., 1988; 

Porter et al., 1988; Rutherford et al., 1988).

The binding of trans-acting factors to ISREs was shown to 

be important by experiments in which an excess of competitive 

olignucleotide containing an ISRE sequence was co-transfected 

into cells with an ISRE-containing reporter construct. In the 

presence of competitive oligonucleotide a decreased response of 

the reporter construct to IFN was observed indicating that

the ISRE oligonucleotides titrate some factor(s) required for the 

response (Rutherford et al., 1988; Dale et al., 1989a). When an 

ISRE-containing sequence is used as probe in a bandshift assay a 

number of protein-DNA complexes can be detected (Levy et al., 

1988; Porter et al., 1988; Rutherford et al., 1988; Levy et al., 

1989). At least two specific complexes are induced by IFNs-a/p, E 

and M, and one specific constitutive complex, C, is detected. 

(These are likely to be the same as complexes ISGF3, ISGF2, and 

ISGF1, respectively, Levy et al., 1988.) E is induced rapidly and 

independently of protein synthesis. It can be detected in the 

cytoplasm within 30 sec after adding IFN-a/p and subsequently 

moves to the nucleus where it binds to the ISRE sequences (Dale et 

al., 1989b). The kinetics of induction vary slightly between 

different cell lines but in general E is not present in a functional 

form 6-8 hr after IFN-treatment. Induction of M is slower and 

depends on new protein synthesis. Mutations within the ISRE and 

surrounding region that abolish binding of the inducible factors 

without affecting the constitutive factor also abolish function as



an inducible enhancer with the thymidine kinase promoter (Dale et 

al., 1989a). The inducible factors are therefore likely to be 

responsible for induction of transcription. Transcription is 

activated rapidly in response to IFN and is independent of new 

protein synthesis. These properties of E activation are consistent 

with its role as a primary activator of transcription.

E is composed of two subunits distinguishable on the basis 

of their differential sensitivity to N-ethylmaleimide (Levy et al.,

1989). The Ey subunit is present in the cytoplasm of untreated 

cells and can be induced in some cell lines by treatment with IFN- 

y. Ea is present in an inactive form outside the nucleus of 

untreated cells. Treatment with IFN-a activates Ea, allowing it to 

associate with Ey. Active E then translocates to the nucleus where 

it is responsible for initiating transcription. This complex protein 

has recently been purified and shown to consist of four subunits

of molecular weight 48, 84, 91 and 113 kDa (Fu et al., 1990;

Kessler et al., 1990). The three largest are likely to form the Ea 

subunit of E. They are unable to bind DNA on their own but do so in 

association with the 48 kDa Ey subunit. The Ey subunit does bind 

DNA on its own but its afinity is increased ca. 25-fold after

association with Ea.

M consists of at least two co-migrating complexes (Neil 

Rogers and John Parrington; personal communication) and the role 

of these complexes in the IFN response is less clear. Their slower 

induction kinetics and sensitivity to cycloheximide preclude a role 

in the primary transcriptional response. Transcription can be 

extended in the presence of cycloheximide, indicating that a

protein synthesis-dependent factor is involved in transcriptional 

repression; M or a component of M would be a candidate for such a 

repressor. However, in many cell lines the kinetics of M induction



do not correlate well with a role as negative regulator of 

transcription as appearance of M is seen long before transcription 

declines. Induction kinetics suggest that M may function to 

maintain transcription after the level of E has declined (Imam et 

al., 1990). M and ISGF2 are induced with similar kinetics and have 

similar apparent electrophoretic mobilities in bandshift assays 

(Levy et al., 1988), and so may be the same. Only the central 9 bp 

of the ISRE are required for M and ISGF2 to bind and these 9 bp are 

homologous to a region in the IFN-p promoter, PRDI (see above) 

(Kessler et al., 1988; Reich and Darnell, 1989). A component of the 

ISGF2 complex has recently been cloned and sequence analysis has 

revealed that it is the same as DNA-binding factor, IRF-1 (Pine et 

al., 1990). The precise role of IRF-1 (see before) is not yet clear. 

Some evidence suggests that it may have a positive role in 

regulating IFN-p expression but no good evidence for such a role in 

regulating IFN-inducible genes has been obtained. IRF-1 induction 

is dependent on new protein synthesis and so it is certainly not a 

primary transcriptional activator.

Indications that there is more than one pathway leading to 

transcriptional induction in response to IFN-a/p have come from 

work with mutant cell lines in which only a subset of genes are 

activated in partially responsive cell lines (McMahon et al., 1986; 

Lewis et al., 1989). A more recent report has attempted to define 

a possible alternative pathway in more detail. The promoter region 

of the gene encoding a guanylate-binding protein (GBP) contains 

two overlapping sequence elements which bind factors induced by 

IFNs-a/p (Decker et al., 1991). The ISRE binds E and the other site, 

which coincides with the IFN-y activation site (GAS, see below), 

binds the IFN-a activation factor (AAF, which has properties very 

similar to the IFN-y activation factor GAF, see below). Induced



binding of both E and AAF is independent of protein synthesis and 

both may contribute to IFN-a stimulation of GBP (Decker et al.,

1991).

b) induction by IFN-y

There appears to be more variability in the response of 

different genes to IFN-y and the factors responsible for induction 

have been less well defined. Many of these genes can be induced 

independently of protein synthesis, e.g. those encoding guanylate- 

binding protein (GBP, Decker et al., 1989; Lew et al., 1989), IP-30 

(Luster et al., 1988), IP-10 (Luster et al., 1985), and 9-27. All of 

these genes are also inducible by IFN-a/p, and have an ISRE 

sequence in their promoter regions. Studies on the ISRE of 9-27 

showed that it was sufficient to confer inducibility by IFN-y as 

well as by IFN-a/p upon a heterologous promoter (Reid et al., 1989) 

so this element may be responsible for induction of these genes by 

IFN-y. An ISRE probe reveals an IFN-y-inducible complex in a 

bandshift assay (Imam et al., 1990), providing further evidence 

that the ISRE may be required for the cellular response of at least 

some genes to IFN-y. Many genes responsive to IFN-y have an ISRE 

sequence in their promoter.

Analysis of the mouse class I gene H-2K localised the 

sequences required for IFN-y inducibility to an ISRE-containing 

element (Israel et al., 1986). A cycloheximide-sensitive IFN-y- 

inducible bandshift complex has been detected using this element 

as probe (Blanar et al., 1988; Blanar et al., 1989). The binding site 

is PRDI-like and the electrophoretic mobility of the complex is 

similar to that formed by IRF-1 (Blanar et al., 1989), suggesting 

that the complex represents IRF-1.



A detailed analysis of the GBP gene has revealed a further 

sequence e lem ent im portan t fo r IFN-y stim ula tion of 

transcription. This gene is induced in fibroblasts 15 minutes after 

treatm ent with IFN-y with no requirement for new protein 

synthesis (Decker et al., 1989). Deletion analysis of the GBP 

promoter has revealed an essential IFN-y activation site (GAS, 

Lew et al., 1991). An IFN-y-activated factor (GAF) specifically 

binds to these sequences after treatment of cells with IFN-y 

(D ecker et al., 1991). Like E, GAF exists in a latent cytoplasmic 

form which is rapidly activated upon treatment with IFN-y. The 

formation of GAF correlates w e ll, the kinetics of GBP induction 

( D e c k e r  et al., 1991). GAF may represent the primary 

transcriptional activator of the GBP gene. Binding of GAF has not 

been demonstrated for other IFN-y-inducible genes, nor have GAS 

sequences been detected so it is not clear whether this factor is 

of widespread significance.

Expression of class II genes of the major histocompatibility 

complex is dependent on new protein synthesis in most cell lines 

(Maffei et al., 1989; Woodward et al., 1989). The response is slow 

and is transcriptional (Blanar et al., 1988; Fertsch-Ruggio et al., 

1988; Amaldi et al., 1989; Fan et al., 1989). Mutational analysis of 

the HLA-DRa promoter has defined the sequence between -136 and 

+10 as minimal for IFN-y responsiveness. This region is sufficient 

for both induction by IFN-y and basal expression in a transient 

assay (Basta et al., 1988; Tsang et al., 1988). Class II genes are in 

general highly polymorphic but analysis of class II promoters of 

d ifferent genes in d ifferent species revealed several highly 

conserved regions, called the X, Y, and S boxes all of which lie 

within the essential 146 bp element (reviewed by Benoist and 

Mathis, 1990). Deletion or mutation of any of these elements



results in loss of both constitutive and IFN-y induced expression 

from the HLA-DRa promoter (Basta et al., 1988; Tsang et al., 1988; 

Tsang et al., 1990). There is also a CRE/TRE-like element called X2 

that overlaps the 3' end of the X box and may be important for 

class II transcription (Liou et al., 1990; Tsang et al., 1990). 

Several DNA-binding proteins that interact with these elements 

have been characterised and some have been cloned (reviewed by 

Kara and Glimcher, 1991). At least one factor is implicated in 

IFN-y-induced expression of the DRa gene (Reith et al., 1989; Reith 

et al., 1990). This factor RF-X binds the DRa promoter 

preferentially (Kobr et al., 1990) and expression of antisense RNA 

for this protein in a fibroblast line inhibits IF N -y -m ed ia ted  

induction of DRa (Reith et al., 1990). No IFN-y induced factors have 

been reported to bind to any human class II promoters. However, an 

IFN-y induced factor has been reported to bind to the murine Ep 

promoter (Finn et al., 1990; Finn et al., 1990).

5) STUDIES OF MAMMALIAN SIGNAL TRANSDUCTION

The ability of an organism to grow and survive depends upon 

its capacity to respond appropriately to changes in its external 

and internal environments. For prokaryotes and unicellular 

eukaryotes the necessity to recognise changes in the levels of 

metabolites in the extracellular environment and to respond 

accordingly is essential. Other changes may lead to the 

differentiation of the cell into another form (spore) that is much 

less susceptible to damage. Multicellular organisms have 

developed the capacity to generate many different internal 

signals, such as hormones, growth factors and cytokines. 

Appropriate responses to these signals are necessary to maintain 

homeostasis, to adapt to new nutritional situations and to control



cell differentiation and proliferation. The considerable interest in 

elucidating these pathways has been heightened by an expanding 

body of evidence indicating that mutations in genes encoding 

proteins in signalling pathways that regulate growth are

oncogenic.

Mammalian signal transduction pathways have been

analysed mainly by using biochemical techniques. A common

approach is to isolate genes that are transcriptionally induced in 

response to the ligand, identify DNA elements involved in

mediating transcriptional control, and purify regulatory proteins 

that bind to these elements. The mechanisms controlling the 

activity of the transcriptional activators can then be studied. For 

example, the transcriptional response to serum has now been 

studied in some detail. Serum stimulation of cells transiently 

activates transcription of a set of genes, the immediate early 

genes, many of which encode transcription factors, e.g. c-fos. An 

element within the promoter of c-fos, defined by deletion studies, 

confers transcriptional inducibility in response to serum. Three 

proteins have been identified which bind to the SRE, the serum 

response factor (SRF), p62, and p62TCF (Xernary £.omplex Factor), 

and work is now progressing to determine the role of each of 

these proteins in the serum response (reviewed by Treisman,

1990).

Alternative approaches are to identify the cell surface 

receptor which recognises a particular ligand. Sequence analysis 

of the cytoplasmic domain often sheds light on the next step in 

the pathway. For example, the EGF, FGF, and PDGF receptors have 

tyrosine kinase domains. Binding of any of these molecules 

activates the receptor by a process involving dimerisation. Many 

substrates for tyrosine kinases have been identified through their



association with activated receptors. It is now known that these 

substrates all appear to have a domain, SH2, which has homology 

to c-src. Other proteins with SH2 domains have been isolated on 

the basis of this homology, and some are known, such as 

phospholipase C-y and phosphatidylinositol 3' kinase (reviewed by 

Ullrich and Schlessinger, 1990; Heldin, 1991).

Biochemical techniques have been powerful in analysing

signal transduction pathways, but having identified proteins 

potentially involved in signalling pathways, it is often difficult to 

precisely establish their roles. The presence of mutated or high 

levels of proto-oncogene products, such as c-fos, in cancers has 

implicated them in the regulation of normal cell growth. However, 

it is often difficult to determine their function more precisely. 

For other gene products functional information is even more 

scarce. For example, the function of a particular cytokine is often 

very imprecisely understood, and the precise role of cytokine- 

induced genes remains undetermined.

A number of strategies have been adopted to tackle the

problem of assigning functions to proteins. Expression of specific

antisense RNAs has had notable successes, e.g the injection of 

antisense Kruppel RNA into Drosophila  embryos effectively 

created a Kruppel-negative mutant (Rosenberg et al., 1985).

Antisense c-fos  can inhibit platelet-derived growth factor 

(PDGF)-induced growth of mouse 3T3 cells (Nishikura and Murray,

1987). However, expression of antisense RNA is often 

unsuccessful in ablating the expression of a particular protein. 

Another approach is to use antibodies against the protein being 

studied. For example, antibodies against microtubule components 

can alter the morphology of intermediate filiaments (Wehland and 

Willingham, 1983; Blose et al., 1984). Antibodies against ras can



transiently reverse the transformed phenotype of ras-transformed 

cells (Feramisco et al., 1985). This method is limited to transient 

reversions of phenotype because antibodies are diluted and 

degraded. Alternatively, it is now possible to introduce by 

homologous recombination a mutant gene to replace the wild-type 

version. This technique is successful in organisms such as yeast 

and is gradually achieving more successes in mammalian systems, 

e.g. the disruption of the int-2 gene (Mansour et al., 1988).

6) CLASSICAL GENETIC STUDIES OF SIGNAL TRANSDUCTION

A classical genetic approach is to generate mutant 

organisms in which a pathway is not functioning normally. It 

should then be possible to directly study the effect of mutating 

particular genes and so obtain functional information about the 

protein product of the gene in vivo. Mutations introduced into the 

genome of haploid gametes will be phenotypically expressed in all 

of the Fi progeny if dominant, or in one quarter of the F2 progeny 

if recessive. The number of genes in a pathway can then be 

analysed by crossing recessive mutants to determine 

complementation groups, i.e. the F1 progeny of two mutants with 

mutations in the same gene will all retain the mutant phenotype; 

the F1 progeny of two mutants with mutations in different genes 

will all have the wild-type phenotype.

Spontaneous mutations arise very infrequently and so it is 

important to develop methods for inducing and selecting 

mutations. Mutants are generated by exposing large numbers of a 

particular organism to an agent that alters DNA. This agent may be 

chemical, e.g. EMS or MNNG, or physical, e.g. X-rays. Flaving 

introduced mutations it is necessary to select mutations in genes 

encoding a particular function and it is possible to select for any



phenotype for which an appropriate assay can be devised. To carry 

out a genetic screen no prior information about the biochemical 

nature of the process under study is required. Thus even extremely 

complex processes can be genetically dissected into identifiable 

components that can be individually approached. Biochemical
ou t

characterisation of the phenotype can then be carried  ̂ the level of 

biochemical characterisation possible depending on the organism 

being used in the study.

Studies using the yeast Saccharomyces cerevisiae have been 

invaluable. Genetic analyses of both c/s- and tran s -ac tin g  

elements regulating transcription have been carried out largely in 

yeast (Struhl, 1983; Struhl, 1987). For example, the GAL4 gene 

product regulates expression of genes whose products are required 

for galactose metabolism. G CN4  is required for derepression of 

amino acid biosynthetic genes when cells are starved for amino 

acids. H A P1 , HAP2, and HAP3 activate transcription of CYC1, a 

cytochrome-encoding gene, in response to different stimuli. These 

loci were originally identified by regulatory mutations. 

Subsequent biochemical studies have revealed sequence 

requirements for DNA binding, functional domains of the proteins, 

and modes of regulation.

The pheromone-response pathway is one of the most studied 

signal transduction pathways in yeast. Mating between haploid 

yeast cells, a or a cells, occurs when each cell type secretes a 

different signalling molecule, a-factor or a-factor. The yeast 

cells have receptors for the pheromone secreted by the other cell 

type and respond by changes in gene transcription which lead to 

differentiation and ultimately to cell fusion forming an a /a  

diploid. The pathway was elucidated from an analysis of two 

classes of mutants. Unresponsive mutants fail to respond to



pheromone and so fail to mate, whereas in constitutive mutants 

the pathway is activated even in the absence of ligand. Analysis of 

these mutants has led to a description of the pathway from 

receptor through G proteins and protein kinases up to 

transcriptional activators (reviewed by Sprague, 1991).

Studies of intercellular communication in yeast are very 

limited, because the pheromone response pathway is the only case 

known where such communication occurs. Multicellular organisms 

such as Drosophila melanogaster and Caenorhabditis elegans are 

amenable to genetic analyses that have led to elucidation of a 

number of pathways. One of the most studied in C. elegans is the 

pathway leading to vulval induction (reviewed by Sternberg and 

Horvitz, 1991). Mutations that lead to defects in cell lineages of 

the vulva have directed attention to the product of the lin -1 2  

locus which appears to be necessary for cell-cell signalling. 

Similarly the pathway leading to proliferation of the germline has 

been analysed using mutants from a genetic screen (reviewed by 

Austin eta!., 1989). The signal that causes germline precursor 

cells to proliferate mitotically to give approximately 2000 germ 

cells in the adult is delivered by the somatic distal tip cell. In the 

absence of this signal only 4 to 8 germ cells are produced. The 

results of a screen for mutations affecting germline development 

have directed attention towards the glp-1 locus which is required 

for normal mitotic division of the germ cells. Gene products which 

interact in a pathway can be identified by screening for 

suppressor mutations, isolated by mutagenising a mutant strain 

and screening for the wild-type phenotype among the Fi (dominant 

suppressors) or F2 progeny (recessive suppressors). Recessive 

suppressors of the glp-1 phenotype have been isolated.



Genetic studies in C. elegans are facilitated by a number of 

features. Its short life-cycle (about 3 days are needed to do a 

genetic cross), it reproduces by self-fertilisation allowing new 

mutations to become homozygous automatically, strains can be 

frozen for storage, and genes defined by mutation can be easily 

cloned by transposon tagging or by injecting cloned DNA sequences 

from the genetic region of interest. Cosmids representing 95% of 

the genome have now been characterised, so once a gene has been 

mapped cosmids from the appropriate region can be used for 

complementation (reviewed by Kenyon, 1988).

The organism that has been most used for genetic studies is 

Drosophila melanogaster and over 3000 genes have now been 

analysed. One of the first groups of mutations to be studied are 

the homeotic mutations which affect the insect segmental body 

plan. They transform certain parts or an entire body segment into 

the corresponding parts of another body segment. Structural 

analysis of the homeotic genes led to the discovery of the homeo 

box which is conserved between different genes. The significance 

of the homeo box was demonstrated by isolating previously 

unknown homeotic genes using the homeo box as a probe. The 

homeotic genes encode proteins that direct cells into different 

developmental pathways. They are sequence-specific DNA-binding 

proteins that control development by controlling the expression of 

other genes. Sequences homologous to the homeo box have been 

isolated from higher organisms including humans (reviewed by 

Gehring, 1987; Rubin, 1988).

Genetic studies in Drosophila are facilitated partly by its 

short life cycle and its relatively small genome (1/20 the size of 

a typical mammalian genome) but more importantly by the many 

genetic tools which have been developed during the history of



studies using this organism. For example, the use of transposon 

tagging and microdissection of polytene chromosomes has 

facilitated the cloning of genes from mutants (reviewed by Rubin,

1988).

7) SOMATIC CELL GENETICS

The study of mammalian cells by genetic methods has been 

more difficult. For example, in humans, limitations are imposed by 

the complexity of the genome, the long generation time and the 

inability to carry out specific matings. Before the 1950's mutants 

already present in human populations had been identified, e.g. 

mutations in genes encoding haemoglobin, but there was no way to 

introduce new mutations. Many of these limitations were 

overcome with the development of the idea of studying somatic 

cells instead of germ cells (reviewed by Puck and Kao, 1982). The 

concurrent development of appropriate technology for 

manipulating somatic cells allowed great advances in human 

genetics to be made. In particular, new cell culture techniques 

meant that large and relatively stable populations of cells could 

be grown, that somatic cells from any person could be cultured, 

and that single cells could be expanded into clonal populations, 

permitting selection and isolation of mutant forms. For the first 

time it became possible to reliably karyotype cells, allowing 

accurate determination of the number of chromosomes in the 

human genome (46) and the aneuploid basis of genetic diseases 

such as Down's syndrome to be discovered. The technique of 

somatic cell fusion made it possible to simulate genetic crosses 

by fusing two different cells and studying the phenotype of the 

resultant hybrid. Classical genetic complementation studies could 

then be carried out, allowing mutations to be assigned to



com plem entation  groups and the an a lys is  of 

dominance/recessivity relationships between allelic genes. 

In terspecies cell fusions were possible, allowing  

complementation studies between different species to be carried 

out. The observation that mouse-human or hamster-human hybrids 

quickly eject human chromosomes allowed interspecies hybrids 

containing only one human chromosome to be constructed, 

facilitating the chromosomal localisation of a number of genes 

(see above for a description of how the genes encoding the IFN-a 

and IFN-y receptors were localised).

One of the first groups of mammalian cell mutations to be 

studied were those affecting nucleotide biosynthesis. The 

enzymes hypoxanthine phosphoribosyltransferase (HPRT) and 

thymidine kinase (TK) are involved in the utilisation of 

nucleosides and free bases for nucleotide synthesis (reviewed by 

Caskey and Kruh, 1979). Nucleosides and free bases are products 

of nucleic acid degradation and HPRT and TK are therefore termed 

"salvage" enzymes as they are able to recycle these constituents 

(Fig. 2). In particular HPRT converts free guanine and free 

hypoxanthine to guanylic and inosinic acid, respectively (the 

latter being the immediate precursor of adenylic acid) while TK 

converts thymidine to thymidylic acid. Analogues of these bases, 

such as 6-thioguanine and bromodeoxyuridine, were developed 

which are converted to toxic nucleotides in the presence of 

functional HPRT and TK, respectively. Therefore, it is possible to 

select for HPRT’ cells in the presence of 6-thioguanine and TK’ 

cells in the presence of bromodeoxyuridine. Subsequently, a 

medium was developed in which HPRT and TK functions are 

essential for growth. Nucleotides can be synthesised through the 

salvage or de novo pathways. HAT medium contains aminopterin,



which blocks the de novo synthesis of both thymidylic acid and 

purines, but provides thymidine and hypoxanthine as substrates 

for the salvage pathways. In HAT medium only the salvage 

pathways function for synthesis of thymidylic acid and purines, 

and so, this medium selects for HPRT+, TK+ cells. Expression of 

the bacterial enzyme guanine phosphoribosyltransferase (gpt) in 

mammalian cells can substitute for HPRT and so it is possible to 

select for gpt expression in an HPRT- cell line. It catalyses the 

same reactions as HPRT although it is also able to use xanthine 

for guanine nucleotide synthesis (Mulligan and Berg, 1980; 

Mulligan and Berg, 1981; Mulligan and Berg, 1981). The ability to 

select both for and against a particular phenotype is very 

advantageous in studies of gene structure and function. Therefore, 

the development of these selective media and the X chromosomal 

location of the HPRT gene allowed it to be studied extensively and 

many pioneering studies have been carried out using it as a model.

’ e

8) A SYSTEM FOR GENERATING MUTANTS IN IFN- 

SIGNALLING PATHWAYS

Approaches to analysing the IFN-response pathways have 

followed conventional patterns involving the isolation of cDNAs 

corresponding to IFN-inducible genes, determination of sequence 

elements required for transcriptional induction and the 

identification and now purification of IFN-inducible activities 

which bind to these promoter elements. We have decided to 

complement these biochemical approaches by setting up a system 

to generate mutant cell lines with an abnormal response to IFN-a 

(Pellegrini et al., 1989). The selective advantages of being able to 

select both for and against HPRT/gpt expression have been 

exploited in this system. The upstream region of the human IFN-



Figure 2. Biochemistry of the HAT and 6TG selections.

Purine nucleotides can be synthesised through either the salvage 

or the de novo pathways. De novo synthesis is dependent on the 

continued regeneration of tetrahydrofolate (FH4) from 

dihydrofolate (FH2), a reaction catalysed by dihydrofolate 

reductase (DHFR). Aminopterin (APT), an analogue of dihydrofolate 

and a potent inhibitor of DHFR, blocks de novo synthesis of both 

purines and thymidylic acid (dTMP). HAT medium contains 

aminopterin, and in addition contains hypoxanthine and thymidine 

as substrates for the salvage pathway. HPRT (or gpt), an enzyme 

of the salvage pathway, converts guanine (G) and hypoxanthine 

(HPX) to guanylic (GMP) and inosinic acid (IMP), respectively. 6TG 

is a substrate analogue which is converted to a toxic nucleotide 

in the presence of functional HPRT.

Other symbols: AMP, adenylic acid; X, xanthine; XMP, xanthinylic 

acid; dUMP, uridylic acid; dTMP, thymidylic acid; T, thymidine; 

MetFH4, N5,N10-methylenetetrahydrofolate; 6TG, 6-thioguanine; 

6TGMP, 6-thioguanylic acid.
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inducible gene 6-16 was fused to the E .co li gp t gene and 

transfected into HPRT" human cells. The human 6-16 gene is very 

tightly regulated by IFN-a/p: expression is very low in untreated 

cells and is induced rapidly after treatment with IFN (Friedman et 

al., 1984; Kelly et al., 1985). A clone, 2fTGH, was isolated in 

which expression of gpt is tightly regulated by IFN-a (Fig. 3). In 

the presence of IFN-a 2fTGH cells express gpt and therefore the 

cells can live in HAT medium and die in medium containing 6TG. In 

the absence of IFN-a no gpt is expressed and so the cells die in 

HAT medium but live in medium containing 6TG. Using this cell 

line it is possible to select for two classes of mutants. 2fTGH 

cells mutagenised with ICR-191 (a frameshift mutagen, reference 

De Luca et al., 1977) were selected either with HAT medium minus 

IFN -a, to generate constitutive mutants, or with 6TG plus IFN-a, 

to generate unresponsive mutants. The two-way selection for or 

against gpt expression allows stable mutant cell lines to be 

complemented by DNA transfection and back-selection. One 

unresponsive mutant has already been described (Pellegrini et al., 

1989). In this mutant (U1A, previously known as 11,1), genes 

normally responsive to IFN-a fail to respond, and band-shift 

complexes E and M are not induced. Receptor binding studies show 

that U1A cells have lost high affinity binding sites for IFN-a, but 

the IFN-a receptor cDNA (Uz§ et al., 1990) fails to complement the 

mutation (unpublished observations of S. Pellegrini). It is likely 

that the mutation in U1A is in a gene encoding a receptor- 

associated protein. Unexpectedly, mutant U1A retains a partial 

response to IFN-p. IFN s-a  and -p compete with each othefcbinding 

sites on IFN responsive cells. This has been interpreted to mean 

that they share a common receptor. The partial response of the 

U1A cell line to IFN-p indicate that the situation is more complex.



Perhaps there is a minor class of receptors responsive only to 

IFN-p. Mutant U1A has been complemented with human DNA and the 

complementing gene has been rescued (Pellegrini et al., 1989; and 

unpublished observations of S. Pellegrini).

Harnessing the power of genetics this system promises to 

provide a way to clone genes required for the IFN response, and the 

combination of cloned gene and mutant cell line should also be 

invaluable in determining precise functional information about the 

gene products.



Figure 3. The strategies used to isolate the 2fTGH cell line and 

to select mutants. The upstream region of the IFN-inducible gene 

6-16 was fused to the E.coli gpt gene and co-transfected with 

pSV2hyg into HPRT" human cells. HygR colonies were subjected to 

selection in HAT plus IFN-a and individual colonies which grew 

well were assayed for their resistance to 6TG minus IFN-a. 6TG 

minus IFN-a resistant clones were passaged through HAT plus 

IFN-a, 6TG, and HAT plus IFN-a again. One clone 2fTGH grew well 

in both these media and dispalyed a very low frequency of 

colonies resistant to 6TG plus IFN-a or HAT (< 10-7 in each 

medium). Mutagenised 2fTGH can be selected in HAT medium to 

yield cells which constitutively express gpt, or in 6TG plus IFN-a 

to yield cells in which gpt is no longer induced in response to 

IFN-a.
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CHAPTER 2 - MATERIALS AND METHODS



1) Cells

All the cell lines used were grown as monolayers in 

Dulbecco's modified Eagle's medium (E4, Flow Laboratories) 

supplemented with 10% (v/v) heat-inactivated foetal calf serum 

(Bocknek, Canada). The 2fTGH cell line and all the mutant lines
ZS O uw'l

derived from it were grown in the presence of , hygromycin (Sigma) 

to ensure that the 6-161 gp t  construct was retained (Pellegrini et 

al., 1989). HT1080-puroR is a puromycin-resistant population and 

HT1 08 0 -G 4 1 8 r  is a G418-resistant population derived from 

HT1 0 8 0 -H P R T - cells, kindly provided by Dr. P. Goodfellow 

(imperial Cancer Research Fund, London). They were maintained in 

0.5 M-g/ml puromycin (Sigma) and 700 fig/m l G418 (Sigma), 

respectively. Cells were passaged upon reaching confluency by 

trypsinisation and were replated at an appropriate dilution. 

Medium was removed and cells were detached by exposure to
(V/vljv)

0.01%. trypsin for less than 1 min. Residual trypsin was 

inactivated by adding complete medium.

2) Interferons and antibodies

IFN -a  is a highly purified mixture of human subspecies

(Wellcome Research laboratories, specific activity 108 lU/mg

protein; reference Allen et al., 1982) and was a gift of Dr K. 

Fantes, Wellcome Research Laboratories. Recombinant human IFN-

p was a gift of Triton Biosciences Inc. and recombinant human 

IFN-y (specific activity 2 x 107 lU/mg protein) was a gift of Dr. G. 

R. Adolf, Ernst-Boehringer-lnstitute fur Arzneimittel Forschung.

Cells were treated with 500 lU/ml of IFN unless otherwise stated.



A nti-IFN-a sheep polyclonal antibodies, raised against a 

mixture of human IFN-a subspecies, were the kind gift of T. 

Meager (National Institute for Biological Standards and Control, 

London). Anti-IFN-p bovine polyclonal antibodies, raised against 

natural human IFN-p, were the kind gift of Dr J. Vilcek.

3) Storage of Cells

A semi-confluent plate of cells was trypsinised, suspended
(V/vJ

in 3 ml of serum, 5% dimethyl sulphoxide (DMSO; FSA 

Laboratories), and divided into two vials, which were cooled 

slowly by wrapping them in tissue before placing them at -80°C . 

The following day they were stored in liquid nitrogen. To thaw 

cells, a vial was placed in a 37°C water-bath and then diluted in 

10 ml of pre-warmed growth medium in a 10-cm diameter tissue 

culture dish. The cells were allowed to settle for 4 to 5 hr, rinsed 

twice in medium to remove the DMSO, and incubated in fresh 

medium.

4) Mutagenesis of cells

Cells were plated at 2 x 106 per 10-cm diameter dish, and 

16 hr later 10 ml of fresh medium containing 2 pg per ml ICR-191 

(Polysciences Inc.) was added to each dish for 2 hr. The cells were 

then rinsed twice with serum-free medium and fresh medium was 

added. Cells were subsequently passaged until they recovered 

from mutagen treatment and then selection was imposed.

5) Selection for mutant cell lines



Mutagenised cells were plated at 4 x 105 per 10-cm 

diameter dish in either HAT medium (15 pg hypoxanthine, 0.2 pg 

aminopterin, and 15 pg thymidine per ml, all from Sigma), or in 

medium containing 30 pM 6-thioguanine (6TG, Sigma) plus IFN-a. 

Selective medium was changed every four days, and after two to 

three weeks resistant colonies were visible. Cells grown in HAT 

medium were passaged in HT medium (no aminopterin) before 

culturing in ordinary medium.

6) Determination of reversion frequencies

It was necessary to determine the frequency with which 

mutant cell lines reverted spontaneously to the w ild-type 

phenotype. HAT-resistant cell lines were plated at 3 x 105 per 10- 

cm diameter dish in medium containing 6TG and fresh selective 

medium was added every four days. After 25 days colonies were 

visualised by staining with Giemsa and counted. Only cells that no 

longer constitu tive ly express gpt (w ild-type revertants) will 

survive. The reversion frequency of 6TG plus IFN-resistant cell 

lines was determined similarly, except that selection was in HAT 

medium plus IFN. Only cells which express gpt in the presence of 

IFN will survive.

7) Stable cell fusions

Approximately 2 x 106 cells from each cell line were 

pooled. After centrifugation at 100 x g for 5 min, the medium was 

removed and the pellet loosened by tapping the dish gently. Two- 

hundred p i of a mixture of 50% t polyethylene glycol (PEG, 

molecular weight 1000, BDH), 5% A DMSO, 45%, serum-free medium,



was added dropwise to the cell pellet. After 1 min the PEG and 

DMSO were diluted by addition of 200 pi, then 400 pi, of serum-

free medium, waiting for 2 min between additions. After a further
(vM

2 min, 800 pi of medium containing 10%, serum was added for 2 

min before centrifuging the cells as before. The cell pellet was
(\jj v)

resuspended in medium containing 15%/Nserum and plated at 105

cells per 10-cm diameter dish. The medium was changed the
A/M

following day and the serum concentration reduced to 10%.
r\

Selection was imposed after the cells had recovered, usually after 

24 to 48 hr.

8) Antiviral assay

Cells were seeded in 96-well microtitre plates at 104 

cells per well and 16 hr later were incubated with two-fold serial 

dilutions (ranging from 0.25 to 250 IU per ml) of IFN-a or IFN-y 

for 8 hr or 24 hr, respectively. Medium was then removed and 10 

pfu per ce ll of Sem lik i Forest v irus  (SFV) or of 

encephalomyocarditis (EMC) virus (both kindly provided by D.

Watling, Imperial Cancer Research Fund, London) were added in
(v/v)

medium containing 2% serum. After 24 to 48 hr, cells were 

stained with Giemsa to determine the concentration of IFN that 

gave 50% protection from the cytopathic effects of each virus.

9) IFN assays

Cells were plated in 96-well microtitre plates at 104 cells 

per well. After 16 hr, two-fold serial dilutions of an IFN standard 

(National Institute for B iological Standards) was added in 

duplicate. Similarly a two-fold serial dilution of the unknown IFN



sample was added to wells in duplicate. After a further 24 hr,

medium was removed and 5 pfu per cell of EMC virus added in
(v/v)

medium containing 2%, serum. After 24 to 48 hr, cells were

stained with Giemsa to determine the concentration that gave 50%

protection from the cytopathic effect of the virus. The titre of the 

unknown IFN sample was deduced by comparison with the 

standard.

10) Stable transfection of mammalian cells

The method is a modification of that described by Graham 

and van der Eb (1973). Cells were seeded at 106 per 10-cm 

diameter dish. The following day the medium was removed and 

replaced with 7 ml of fresh medium. DNA for transfection (usually 

5 or 10 pg) was dissolved in 40 pi sterile TE (10mM Tris.HCI, 1 mM 

EDTA) pH7.2 and mixed with 440 pi of 2 x HEBS (1%,-HEPES, 0.8% 

NaCI, 0.074% KCI, 0.025% Na2H P 0 4; pH adjusted to 7.05 with
MCI

NaOH). 400 pi of CC mix (260 mM CaCI2, 1 mM Tris, pH7.2, 0.1 mM 

EDTA) were added dropwise while air was bubbled through. The 

mixture was left for 20 to 30 min to allow a co-p rec ip ita te  of 

C a P 0 4 and DNA to form, and then was added to cells in a 10-cm 

diameter dish containing 7 ml of medium. After 12 to 16 hr the 

medium was removed and the cells were washed twice in serum- 

free medium before their return to complete medium. After 24 to 

48 hr, cells were split at the appropriate density for selection.

11) Analysis of cell surface expression of class I MHC 

using the fluorescence activated cell scanner



Approximately 106 cells were removed from tissue culture 

plates using versene (trypsin damages cell surface proteins), 

collected by centrifugation at 100 x g, suspended in 400 pi of 

phosphate-buffered saline (PBSA; 1% NaCI, 0.025% KCI, 0.14%  

N a2 H P 0 4 f 0.025% KH2 P0 4 ), 3% bovine serum albumin (BSA) 

containing 50 pi of mouse pan-class I antibody W6/32 (in 

supernatant medium from a hybridoma cell line; reference Parham 

et al., 1979), and rocked on ice for 45 min. The cells were then 

washed and suspended in 400 pi of PBSA, 3% BSA containing a 

1/40 dilution of an FITC-conjugated rabbit anti-mouse 

immunoglobulin (Dakopatts), rocked on ice for 45 min, washed, and 

suspended in 1% paraformaldehyde, PBSA. The level of expression 

of class I MHC proteins was monitored with a fluorescence 

activated cell scanner.

12) Receptor binding assays

Doubling dilutions of 125J;y-IFN (3[125l]iodotyrosyl-y-IFN , 

Amersham International) were added to six consecutive wells of a 

96-well microtitre plate (from 400 to 12.5 IU per ml). This assay 

was carried out either in duplicate or triplicate. It was repeated 

in the same number of wells but with a 100-fold or greater 

excess of cold competitor IFN-y. The IFNs were diluted with E4, 

10% serum, 10mM Hepes, pH 7.4. The volume per well was 100 pi. 

Cells removed from dishes with versene were collected by 

centrifugation at 100 x g for 5 min. The cell pellet was 

resuspended in E4, 10% serum, 10mM Hepes pH 7.4, at a density of 

5 x 106 cells per ml and 100 pi of the suspension (5 x 105 cells) 

was added to each well. The mixture of cells and IFNs were left on



ice for 90 min and then washed three times in PBSA, 1% serum, 

0.01% CaCl2, 0.01% MgCl2. The cells were pelleted between each 

wash by centrifugation at 500 x g for 2 min at 4°C. To carry out a 

Scatchard analysis (see Appendix) it was necessary to determine 

the total amount of radioactivity added to each well, the amount 

bound to the cells after washing, and the amount remaining 

unbound. The precise specific activity of the 125l-y-lFN was 

unknown; it was made from IFN-y which had a specific activity of 

1-5 x 107 U/mg protein and was assumed to be 1 x 107.

13) Extraction of total RNA from mammalian cells

A modification of the methods of Glisin et at. (1974) and 

Ullrich et al. (1977) was used. All solutions, pipette tips and 

tubes were autoclaved before use and maintained free of RNase. A 

10-cm diameter dish of semi-confluent cells (2 - 3 x 106 cells) 

was washed in ice-cold PBSA and 2.5 ml of GTC solution (4 M 

guanidine thiocyanate, 0.1 M NaOAc, 5 mM EDTA) pH 5.0 was added. 

The denatured cells were scraped from the plate with a rubber 

policeperson, layered on 2 ml of CsCI cushion (5 M CsCI, 0.1 M 

NaOAc, pH 5.0, 5 mM EDTA, pH 8.0) in a polyallomer Beckman 

centrifuge tube, and spun at 150,000 x g for 16 hr. Total cellular 

RNA pellets to the bottom of the tube while DNA and protein 

sediment to their buoyant densities. The RNA pellet was 

suspended in H2O and precipitated with ethanol before use.

14) Northern analysis of RNA

This was carried out by using a modification of the method 

of Seed (1982).



i) Electrophoresis of RNA

Precipitated RNA (10 pg) was pelleted at 15,000 x g in a 

microfuge at 4°C for 15 min, and the pellet suspended in 10 pi of 

sample buffer (50% deionised formamide, 2.2 M formaldehyde, 1 x 

MOPS running buffer). The RNA was denatured by heating to 70°C 

for 10 min. Gel loading buffer (3% Ficoll, 0.05% bromophenol blue,

0.05% xylene cyanol FF) and 50 pg/ml of ethidium bromide was 

added and the sample loaded into a 1.2% agarose slab gel made in 1 

x MOPS running buffer (20 mM 3-N-morpholinopropanesulphonic 

acid, 10 mM EDTA, 50 mM NaOAc, pH 7.5) and 2.2 M formaldehyde. 

Electrophoresis was performed in 1 x MOPS running buffer until 

the bromophenol blue dye was close to the end of the gel. Ethidium 

bromide in the loading buffer allows visualisation on a U.V. 

transilluminator of 28S and 18S ribosomal RNA whose molecular 

weights are 4.7 kb and 1.9 kb, respectively. The molecular weight 

of the mRNA of interest can thus be estimated.

ii) Transfer of RNA onto nitrocellulose

The gel was rinsed several times in 6 x SSC (20 x SSC is 

3M sodium chloride, 0.3 M sodium citrate pH 7.0) to remove the 

formaldehyde, then laid on top of a moist wick of 3MM paper fed 

from a reservoir of 20 x SSC. A nitrocellulose membrane 

(Millipore) the same size as the gel was first wetted in H2O, then 

in 20 x SSC, then placed on top of the gel. A stack of 3MM paper 

and paper towels (again the same size as the gel) was placed on 

top of the filter and weighted down. The paper towels caused the 

20 x SSC to be drawn up through the gel, transferring the RNA onto 

the nitrocellulose filter overnight. The filter was baked for 1 to 2 

hr at 80°C.



iii) Probe templates

The DNAs used as templates have been previously described

i.e. 6-16, 9-27, 1-8, 2\5'-oligoadenylate synthetase (2-5AS), 

actin (Kelly et al., 1985); guanylate binding protein (GBP) (Decker 

et al., 1989); IFI-56K (Wathelet et al., 1986); ISG54 (Levy et al., 

1986); HLA DRa (Lee et al., 1982); B2-microglobulin (B2-M );  

invariant chain (INV) (Claesson et al., 1983); ICAM-1 (Simmons et 

al., 1988); HLA 8ABC5 (class I) (Trowsdale et al., 1984); Ring4 

(Trowsdale et al., 1990); RinglO (Glynne et al., 1991).

iv) Preparation of probes by random priming

This is a modification of the method of Feinberg and 

Vogelstein (1983). DNA, 50-100 ng, in 2 pi of TE pH 7.2 was added 

to 10 pi of HTM buffer (0.5 M HEPES pH 6.6, 0.125 M Tris.HCI pH 

8.0, 12.5 mM MgCI2, 20 mM p-mercaptoethanol) and 2 pi of random 

oligonucleotide primers (Pharmacia, 90 O.D. units/ml). This mix 

was transferred to 90°C for 2 min and returned to ice, then 50 pCi 

of a -32p-dCTP (7,000 Ci/mmol, Amersham) and dATP, dTTP, dGTP 

were added (each at 60 pM). The reaction was started by adding 1- 

5 units of the Klenow fragment of DNA polymerase I (Amersham) 

and incubated at 37°C for 2 to 3 hr. The probe was separated from 

the unincorporated nucleotides by centrifuging for 10 sec in a 

microfuge through fine Sephadex G-50 packed in a Costar Spin-X 

column (1 ml bed volume). Probes synthesised in this way usually 

had specific activities of approximately 109 cpm per pg of input 

DNA.

v) Hybridisation



The filter was wetted in 6 x SSC and prehybridised by 

sealing it in a plastic bag with 5 to 10 ml of 50% formamide, 5 x 

SSC, 5 x

Denhardt's reagent (0.02%(w/v) each of BSA, Ficoll, and 

polyvinylpyrrolidone), 0.1% SDS (sodium dodecyl sulphate), 100 

pg/ml sheared and denatured herring testis DNA. The filter was 

rocked in this solution for at least 2 hr at 42°C. Hybridisation was 

carried out under the same conditions with the addition of 2 x 106 

cpm of denatured random-primed probe/ml solution. After 16 hr 

the filter was washed once in 2 x SSC, 0.1% SDS, then twice in 0.2 

x SSC, 0.1% SDS. Washing was carried out at 60°C and each wash 

was for 30 minutes. The filter was then blotted dry on 3MM paper, 

wrapped in saran wrap and assayed by autoradiography.

15) Slot blot analysis of RNA

This is a modification of the method of White and Bancroft 

(1982). Cells were seeded in 24-well plates and, when semi

confluent (5 x 104 cells per well), they were treated with IFN-a 

for 6 hr or were left untreated. The cells were then washed in 

phosphate-buffered saline without calcium (PBSA), incubated in 

500 pi of PBSA for 15 min, then detached with a squirt of buffer. 

The cells were pelleted by centrifuging in a microfuge for 10 sec, 

then washed twice with PBSA and lysed with 60 pi of PBSA, 0.5% 

NP40 (Nonidet P40). The nuclei were pelleted by centrifugation 

and the cytoplasmic RNA was left in the supernatant solution. To 

50 pi of supernatant solution, 30 pi of 20 x SSC and 20 pi of 37% 

formaldehyde was added. The mixture was heated to 60°C  for 10 

min, chilled on ice and then transferred to a GeneScreen nylon



membrane (New England Nuclear). The membrane had been 

presoaked in water, then PBS and then secured in a slot-blot 

manifold as described (McIntyre and Stark, 1988). The sample was 

divided between two slots; one part can be hybridised to a probe 

for the mRNA of interest and the other to a probe for actin, to 

control for loading. The filter was dried in air and then baked at 

8 0 °C  for 2 hr. Probe was prepared and the filter prehybridised, 

hybridised and washed by the same procedures used for Northern 

blotting, except that the concentration of SDS in the 

prehybridisation, hybridisation and washing solutions was 

increased to 1%.

16) RNase protection analysis

The method is adapted from that of Zinn et al. (1983).

i) Probe tem plates

The 6-16, 9-27 and actin DNAs used as templates have been 

previously described (Ackrill et al., 1991). The probes yield 

protected fragments of 190, 160, and 130 bp, respectively. The 

template for IFN-p transcription has been described (Zinn et al., 

1983) and the probe yields a protected fragment of 270 bp. The 

GBP and p68 kinase probes were kindly provided by Dr. T. Decker 

(Decker et al., 1989) and Dr. A. Hovanessian (Meurs et al., 1990) 

and yielded protected fragments of 130 and 300 bp, respectively. 

Plasmids containing IFN -a1, IFN-a2, IFN -a4 and IFN-a1 4 

fragments were kindly provided by Dr. C. Weissmann (Streuli, 

1986). The IFN-a1 fragment was provided in pSP64 and was 

removed by digestion with EcoRI and Hindlll, then ligated to pGEM4 

which had been linearised with EcoRI and Hindlll. The probe



yielded a protected fragment of 300 bp. The IFN-a2, IFN-a4 and 

IFN-a14 fragments were provided in pSP65 and were removed by 

digestion with EcoRI and Hindlll, then ligated to pGEM3 which had 

been linearised by digestion with EcoRI and Hindlll. The probes 

yielded protected fragments of 272, 195, and 260 bp,

respectively.

ii) Preparation of probes

All the templates were in pGEM vectors and radioactively 

labelled RNA probes were prepared by in vitro transcription of 

linearised DNA templates using RNA polymerases from SP6 or T7 

phage. The DNA template was prepared by digestion at the 3' end 

of the desired probe with the appropriate enzyme, extracted twice 

with phenol/chloroform and precipitated with ethanol. The DNA 

was then re-extracted and precipitated, after which it was 

maintained free of RNase.

Labelling was at room temperature and each reaction 

mixture contained 10 fxl of a-32P-UTP (100 pCi at 400 Ci/mmol, 

Amersham), 4 pi of 5 x buffer (200 mM Tris.HCI pH 7.5, 30 mM 

MgCI2f 10 mM spermidine), 3 pi of 10 mM ATP, GTP, CTP, 1 pi of 

200 mM DTT (dithiothreitol), 1 pi of RNasin (RNase-inhibitor, 60 

units/ml, Boehringer Mannheim), 5 units of SP6 or T7 RNA 

polymerase (5 U/pl, New England Biolabs) and 0.5 pg of DNA in 1 pi 

(added last to prevent precipitation of spermidine in the 

transcription buffer). The reaction mixture was incubated at 37°C 

for 2 hr before adding 1 pi of RNase-free DNase (22 units/pl, 

Boehringer Mannheim) and incubated for 10 min more at 37°C. The 

volume was increased by adding 80 pi TES (10 mM Tris.HCI pH 7.4, 

1 mM EDTA pH 8.0, 0.1% SDS) and the mixture was extracted with



phenol. The probe and 20 pg tRNA (Boehringer Mannheim, 

previously extracted with phenol) were co-precipitated by adding

2.5 volumes of ethanol and 2.5 M NH4OAc. The probe was 

resuspended in TES, reprecipitated (NH4OAc/ethanol) and stored in 

TES at -80°C.

iii) RNA mapping

Routinely 20 pg of RNA was suspended in 24 pi deionised 

formamide and mixed with 3 x 105 cpm of each probe and 3 pi of 

hybridisation mix (400 mM PIPES pH 6.4, 4 M NaCI, 10 mM EDTA pH 

8.0). The volume was adjusted to 30 pi by adding TES, if 

necessary. The mix was heated to 85°C for 10 min and incubated 

at 47°C overnight. A volume of 350 pi of a solution of RNase A (40 

pg/ml) and RNase T1 (2 pg/ml) in TEN (10 mM Tris.HCI, pH 7.4, 5 

mM EDTA, pH 8.0, 300 mM NaCI) was added and incubated at 37°C 

for 30 min (RNases were from Sigma). The RNases were then 

removed by incubating the reaction mix at 37°C for a further 30 

min with 20 pg of proteinase K (Boehringer Mannheim) and 20 pi of 

10% SDS, followed by extraction with phenol. The protected 

fragments plus 20 pg of tRNA were co-precipitated by adding an 

equal volume of iso-propyl alcohol, then dissolved in 5 pi of 

formamide/dye mix (9 volumes of formamide: 1 volume of 10 x gel 

loading buffer) and separated by electrophoresis in a 6% 

denaturing gel.

iv) Electrophoresis in denaturing polyacrylamide gels

The gels were made from a solution of 40% acrylamide (38% 

acrylamide:2% bisacrylamide, Biorad) adjusted to the desired final 

percentage with 1 x TBE (90 mM Tris-borate, pH8.3, 1 mM EDTA) 

and 7M urea (21 g urea in 50 ml; FSA Laboratories). Volumes of



175 pi of fresh 10% (v/v) ammonium persulphate and 50 pi of N, N, 

N \ N'-tetramethylethylenediamine (TEMED) were added to a gel 

solution of 50 ml to catalyse polymerisation. The gel was formed 

between 20 x 40 cm plates separated by 0.4 mM spacers. 

Electrophoresis was in 1 x TBE at a constant wattage of 40 Watts 

(this gave 25 to 30 mAmp and 1200 to 1500 Volt) and the gel was 

pre-run for one hour. Radiolabelled DNA molecular weight markers 

were run in parallel.

v) Radiolabelled DNA molecular weight markers

An Mspl digest of pBR322 DNA was used to provide a 

suitable range of molecular weight markers in denaturing gels. 

Digested DNA (1pg) was labelled by random priming as described 

for the preparation of Northern transfer probes.

17) Band-shift assays to detect ISRE-binding factors

i) Preparation of whole cell extracts

The method used was a modification of that described by 

Zimarino and Wu (1987). Whole cell extracts were prepared from 

frozen cell pellets by thawing and repetitive pipetting in three 

volumes of extraction buffer (10 mM HEPES, pH 7.9, 0.4 M NaCI, 1.5 

mM MgCl2, 0.1 mM EGTA, 0.5 mM DTT, 5°/o^glycerol, 0.5 mM 

phenylmethylsulphonylfluoride {PMSF}) and the lysate was then 

centrifuged at 100,000 x g for 15 min. The concentration of 

protein in the supernatant solution was determined by diluting 

samples 1:1000 in Bradford's reagent (Biorad, Bradford, 1976), 

incubating them at room temperature for 10 min and determining 

the absorbance at 595 nm. Concentrations were determined by 

comparison with known concentrations of BSA. The protein



concentrations of samples prepared in this way were usually 6 to 

7 mg/ml.

ii) Preparation of probes

Oligonucleotides synthesised by Dr. I. Goldsmith (ICRF) were 

supplied as precipitates under 70% ethanol and were resuspended 

in TE, pH 7.2 before use.

The 9-27 39-mer probe contains the 9-27 ISRE and flanking 

sequences (TTT AC AAAC AG C AGG AAATAG AAACTT AAG AG AAAT AC A). 

Single-stranded HPLC-purified oligonucleotides (200 ng) were 

end-labelled using 10 units of T4 phage polynucleotide kinase. The 

reaction was carried out at 3 7 °C for 30 minutes in 70 mM 

Tris.HCI, pH 7.6, 10 mM MgCI2, 5 mM DTT. The phosphate donor was 

100 pCi y-32P-labelled ATP (5000 Ci/mmol, Amersham). NaCI was 

then added to a concentration of 75 mM and a slight excess of 

unlabelled oligonucleotide, representing the complementary 

strand, was added. The mixture was heated to 75°C and allowed to 

cool slowly for several hours to allow the strands to anneal. The 

labelled probe was separated from unincorporated nucleotides by 

spinning the mixture twice through a fine G-50 Sephadex column 

with a 1 ml bed volume.

iii) Binding reactions

The method used is a modification of that described by 

Zimarino and Wu (1987). Five pi of supernatant solution (6-7 mg 

protein/ml) was diluted with 5 pi of extraction buffer without 

NaCI and preincubated with 1.5 pi of poly(dl.dC)-poly(dl.dC) (5 

mg/ml, Pharmacia) for 10 min. Additional components were added 

in 10 pi total to final concentrations of 0.5 mg/ml yeast tRNA, 0.5 

mg/ml random pentanucleotides (pdNs, Pharmacia), 0.25 mg/ml



sheared E.co li DNA, 2 mg/ml BSA, 4% Ficoll, 1 ng end-labelled 

probe (30,000 cpm/10 pi). After incubation for 15 min, DNA- 

protein complexes were separated by electrophoresis in 6% 

polyacrylamide gels in 0.5 x TBE. Binding reactions were carried 

out at room temperature and the final concentration of NaCI was 

93 mM. Competition assays were performed by adding the 

appropriate concentration of unlabelled DNA (in 75 mM NaCI) in 1.5 

pi to a mixture containing 1 ng of end-labelled probe, 30,000 cpm, 

before adding the extract. In complementation bandshift assays,

2.5 pi of each starting extract were mixed before the DNA probe 

was added. Treatment with 10 mM NEM for 10 min at room 

temperature was followed by addition of 10 mM DTT (Levy et al.,

1989).

iv) Polyacrylamide gel electrophoresis
( w / '

The gels were made by diluting a solution of 30% 

acrylam ide:0.8%  bisacrylam ide (Biorad) 1:5 in 0.5 x TBE. 

Polymerisation was catalysed by adding 300 pi of 10% (v/v) 

ammonium persulphate and 50 pi of TEMED. Electrophoresis was
o t  roovrv\ t € v v \p 2

performed in 0.5 x TBE, using gels that had been pre-run for 1 hr.

18) Band shift assays to detect NFkB

i) Preparation of nuclear extracts

This method is from Dr S. Goodbourn (personal 

com m unication). A semi-confluent plate of cells was washed with 

ice-cold PBSA, then 1 ml PBSA was added. Cells were scraped off 

the plate with a rubber policeperson, transferred to an Eppendorf 

tube and pelleted by a 10 sec spin in a microfuge. The PBSA was 

removed and the pellet resuspended in 200 pi of buffer A (10 mM



Hepes pH7.9, 1.5 mM MgC^, 10 mM KCI, 0.5 mM DTT) containing 

protease inhibitors (0.5 mM PMSF, 1 mM benzamidine 

hydrochloride, 5 pg/ml pepstatin, 30 pg/ml leupeptin, 5 pg/m l
(v|v)

aprotinin). After 5 min on ice, 12.5 pi of 10% NP40 was added and 

mixed in immediately. The lysed cells were centrifuged in a 

microfuge for 30 sec, then all the supernatant solution was 

removed, leaving a pellet of nuclei. The nuclei were resuspended 

in 20 pi Buffer C (20 mM Hepes pH7.9, 25% (v/v) glycerol, 0.42 M 

NaCI, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT) containing the 

same protease inhibitors and the proteins extracted by shaking 

the nuclei in the cold. After 1 hr the mixture was centrifuged in a 

microfuge at 4°C for 10 min. The pellet was discarded and the 

protein concentration of the supernatant solution was determined, 

using the Bradford assay as described above. Nuclear extracts 

made in this way usually have 5 to 10 mg of protein per mi.

ii) Preparation of probe

The 22-bp probe used to detect NFkB contained the PRDII 

sequence from the IFN-B promoter (GATCCGTGGGAAATTCCAGATC). 

Two complementary single-stranded oligonucleotides were 

designed to leave overhanging ends when annealed. They were 

synthesised by Dr. I. Goldsmith, supplied as precipitates under 

70% ethanol, and were suspended in TE, pH7.2 before use. The 

oligonucleotides (400 ng of each) were annealed by adding NaCI to 

75 mM, heating the mixture to 75°C and leaving it to cool for 

several hours. The mixture was then supplemented with 50 pCi of 

a-32p-dCTP (7,000 Ci/mmol, Amersham), 50 mM Tris.HCI, pH7.5, 

10 mM MgCl2, 60 pM each of dATP, dTTP, and dGTP, and 1-5 units 

of the Klenow fragment of DNA polymerase I (Amersham). This



reaction mixture was incubated at 37°C  for 2-3 hr, and the 

labelled oligonucleotides were separated from unincorporated 

nucleotides by centrifuging them twice through 1 ml Sephadex G- 

50 columns.

iii) Binding reactions

The nuclear extracts were diluted to 10 pg/3 pi in Buffer C 

(see above). Additional components were added to 10 pg nuclear 

extract to final concentrations of 20 mM Tris.HCI, pH8.0, 2 mM
(v |v )

M gC I2, 0.3 mM DTT, 12% glycerol (the total volume was 20 p i). 

This mixture was incubated with 1.5 pg po ly(d l.dC )-po ly(d l.dC ) 

(Pharmacia) at room temperature for 10 min. Probe was added (2- 

5 x 104 cpm) and incubated with the extract for 15 min at 3 0 °C 

before the complexes were separated by polyacrylam ide gel 

electrophoresis as above, except that 5% polyacrylamide was used 

instead of 6%. The final concentration of NaCI in the binding 

reaction was 63 mM.

' e

19) Western analysis of proteins

i) SDS polyacrylamide gel electrophoresis

The method used was that of Laemmli (1970). The running
(vaj|u)

gel was 0.37 M Tris.HCI, pH8.0, 0.1%KSDS, 10% acrylamide (29.25 

acrylamide: 0.75 bisacrylamide). Polymerisation of this solution 

was catalysed by adding 25 pi TEMED and 100 pi of fresh 10% 

(w/v) ammonium persulphate to 30 ml of the gel solution. The 

solution was poured between two 10 cm x 10 cm glass plates 

separated by 0.8 cm spacers. The stacking gel was 125 mM 

Tris.HCI, pH6.9, 0.1% SDS, 5% acrylamide (29.25 acrylamide: 0.75 

bisacrylamide) and 10 ml of this solution polymerised after



addition of 10 pi TEMED and 100 pi of fresh 10% (w/v) ammonium 

persulphate. Before polymerisation the stacking gel was layered 

on top of the running gel.

Whole cell extracts were prepared as described in 

section17i of this chapter. Seventy-five pg protein was mixed 

with an equal volume of 2 x loading buffer (125 mM Tris.HCI,
(vjv) (vsi|

pH6.9, 4% SDS, 20% glycerol, 1.6 M 6-mercaptoethanol, 0.2% 

bromophenol blue) and the samples boiled for 2 min before loading. 

Electrophoresis was in 25 mM Tris.HCI, pH8.3, 192 mM glycine,
jv)

0.1% ^SDS at 10 mA for 16 hr. Rainbow protein molecular weight 

markers (Amersham) were run in parallel,

ii) Western transfer of proteins

The method used is adapted from Towbin et al. (1979).

Protein was transferred from an SDS polyacrylamide gel onto
(W v)

nitrocellulose (Millipore) in 20%, methanol, 192 mM glycine, 25 mM 

Tris base using a Biorad Transblot apparatus. Transfer was 

carried out overnight at 80 mA at room temperature. The filter
(w/vj)

was removed and incubated in PBSA, 5% /m ilk powder (Marvel),
(v/p) (v-!|v)

0.05% ATween 20 , 0 .1% /sodium azide, at room temperature for 60 

min. The filter was rinsed twice in PBSA then rocked overnight at 

4 °C  in PBSA, 2% ,BSA, 0 .05% [fw een 20, 0 .1% ^sodium azide, 

containing a 1:2000 dilution of a rabbit polyclonal anti-IRF-1

(kindly provided by Dr. R. Pine). The filter was washed four times
Mv)

in 100 ml PBSA, 0.05%, Tween 20 for 30 min and then incubated in
M u) Hw

PBSA, 2% BSA, 0.05% Tween 20, containing a 1:1000 dilution of an 

anti-rabbit peroxidase-conjugated antibody (Dakopatts) for 1 hr. 

Binding of the peroxidase-conjugated antibody was visualised by 

incubating the filter with a substrate for the peroxidase



enzyme, diaminobenzidine, which yields a brown product. Six mg 

of biaminobenzidine tetrahydrochloride was dissolved in 10 ml of 

PBSA and 100 jil of a 3% solution of H2O2 added. After the brown 

colour developed the reaction was stopped by washing the filter in 

H2O.

20) Bacterial culture and strains

The E .co l i  strain used for growing plasmids was DH5 

(supEAA, h sd R M ,  recA 1, endA'\, gyrA96, thi-1, re/A1; reference 

S a m b roo k  et al., 1989). E. coli were grown in liquid culture by
(w h)

vigorous shaking overnight at 37°C in Luria Broth (LB; 1°/0/(Bacto- 

tryptone, 1% /sNaCI, 0.5%  ̂Bacto-yeast extract). Most of the 

plasmids carried the p-lactamase gene, which encodes resistance 

to ampicillin. E. coli transformed by these plasmids were grown in
/w/uj

LB containing 50 jig/m l ampicillin or on petri plates with 1.5%. 

bacto-agar (L-agar) and antibiotics, as appropriate.

21) Transformation of E .c o li

i) Preparation of cells

The method of Hanahan (1985) was used. An overnight
( w j v / J

culture of E.coli  grown in SOB medium (2%f bacto-tryptone, 0.5%/v 

yeast extract, 10 mM NaCI, 2.5 mM KCI, 10 mM MgCl2 , 10 mM 

M g S 0 4) was inoculated at a 1:500 dilution into 500 ml of fresh 

SOB and grown until the culture reached log phase (O.D .550 

approximately 0.3). The flask was chilled on ice and the bacteria 

were harvested by centrifugation at 1000 x g at 4°C  and 

resuspended in 0.33 of the original volume of ice cold FB1 solution 

(defined below). They were incubated on ice for 15 min,



centrifuged as before and resuspended in 0.08 volume of ice cold 

FB2 solution (defined below). After incubation on ice for a further 

15 min the bacteria were dispensed in 100 pi aliquots, flash 

frozen in a dry ice/ethanol bath and stored at -80°C. Solution FB1 

is 100 mM RbCI, 50 mM MnCI2 .4H20, 30 mM KOAc pH 6.2, 10 mM
M v )

CaCI2 .2H20, 5%, glycerol with pH adjusted to 5.8 with acetic acid. 

Solution FB2 is 10 mM MOPS pH 6 .8 , 10 mM RbCI, 75 mM
(v/v)

CaCI2 .2H20, 15%; glycerol with pH adjusted to 6.8 with NaOH. FB1

and FB2 were sterilised by filtering.

ii) Transformation of E .c o li  with plasmids

Aliquots of frozen competent bacteria were recovered by 

thawing on ice. Approximately 10 ng DNA was added, mixed gently 

and incubated on ice for 20 min. Uptake of DNA was further 

facilitated by a heat shock at 4 2 °C for 90 sec. The bacteria were 

returned to ice immediately before addition of 900 pi of LB, 

followed by incubation at 3 7 °C with shaking for 1 hr to allow 

expression of the gene encoding drug resistance. After this time 

200 p i of the mix of bacteria were plated on L-agar plates 

containing appropriate antibiotics, allowed to dry and incubated 

at 37°C for 16-24 hr. Transformation efficiencies of 107-1 0 8 

colonies/pg plasmid DNA were obtained routinely.

22) Transformation of E.coli by electroporation

i) Preparation of cells

The method of Dower et al. (1988) was used. An overnight 

culture of E.co l i  in LB was inoculated at a 1:500 dilution and 

grown to log phase (O.D .550 was 0.3 to 0.4). The cells were then 

chilled, collected by centrifugation at 1000 x g and the cell pellet



suspended in 1mM HEPES pH7.4. This washing procedure was 

repeated a further two times and the ceils and buffer were kept at 

4 °C  all the time. Washing reduced the ionic strength of the cell 

suspension. After the final wash cells were resuspended at a 

concentration of 3 x 1010 per ml and used immediately for 

electroporation.

ii) Transformation of E.coli by electroporation

Cells were prepared freshly (see before) to obtain the 

maximal efficiency of transformation. Cells and equipment were 

maintained at 4°C  during the procedure. DNA was added to 50 pi of 

cells and placed in a Biorad Gene Pulser Cuvette with a 0.2 cm 

electrode gap. The cells were pulsed at 2.5 kilovolts, 200 ohms, 

and 25 pFa. This gave a time constant of 4.2 to 5 sec. 1 ml pre

warmed SOB containing 20 mM glucose was added, and the cells 

incubated with shaking at 37°C for 1 hr before plating on L-agar 

plates containing antibiotics. Colonies were visible after 

overnight incubation at 37°C. Transformation efficiencies of 5 x 

108/pg DNA were obtained.

23) Purification of plasmids from bacteria

i) Large scale plasmid purification

A modification of the method of Birnboim and Doly (1979) 

was used. A 500 ml overnight culture of E.coli was centrifuged at 

4,000 x g and the pellet suspended in 10 ml of solution I (25 mM

Tris.HCI pH 8.0, 10 mM EDTA). After 5 min incubation at room
MW

temperature, 20 ml of solution II (0.2 M NaOH, 1%ASDS) was added 

and mixed in by gently inverting the tube (solution II needs to be 

made freshly each time). After 10 min on ice, 15 ml of ice-cold



solution III was added and mixed in by inverting the tube. 

(Solution III is prepared by mixing 60 ml KOAc with 11.5 ml 

glacial acetic acid and 28.5 ml H2O. The resulting solution is 3 M 

in potassium and 5 M in acetate.) After 10 min the mixture was 

spun at 25,000 x g. Cell DNA and other debris pelleted to the 

bottom of the tube while the plasmid DNA remained in solution. 

Plasmid DNA was precipitated from the supernatant solution at 

room temperature by adding 0.6 volume of isopropanol and was 

recovered by centrifugation. The DNA pellet was dried in a vacuum 

desiccator and resuspended in TE, pH 7.2. CsCI and ethidium 

bromide were added to final concentrations of 0.9 g/ml and 200 

pg/ml, respectively, and the solution was sealed into heat-seal 

tubes (Beckman). After centrifugation for 4 hr at 400,000 x g, or 

18 hr at 240,000 x g, supercoiled plasmid DNA present as a 

discrete band around the middle of the tube was made visible by 

bound ethidium bromide. The DNA was removed from the tube using 

a needle and syringe and the ethidium bromide extracted with 

H 20-saturated butanol. Plasmid DNA was precipitated, 

resuspended and stored as described,

ii) Small scale plasmid purification

This is a small scale version of the above method. A 1.5 ml 

overnight culture was centrifuged for 10 sec in a microfuge and 

the bacterial pellet suspended in 100 pi of solution i. After 5 min 

at room temperature 200 pi of solution II was added and mixed in 

by inverting the tube several times. After 5 min on ice, 150 pi of 

ice-cold solution III was added and again mixed in gently by 

inverting the tube. After a further 5 min on ice the tube was 

centrifuged at 15,000 x g for 5 min in a microfuge at 4°C. The



supernatant solution was transferred to a fresh tube and 

remaining proteins were extracted with phenol/chloroform. 

Plasmid DNA was precipitated from the supernatant solution by 

adding 2 volumes of ethanol and recovered by centrifugation. 

Approximately 1 pg plasmid DNA could be recovered from a 1.5 ml
) \r\

culture by using this method. The DNA pellet was suspended^50 pi 

TE containing 10 mg/ml DNase-free RNase (Sigma) to digest 

contaminating RNA.

24) Recovery of episomal DNA from mammalian cells

Cells, 6 x 106, were collected by centrifugation and the 

pellet was suspended in 400 pi of lysis buffer (10 mM Tris.HCI, pH 

7.9, 150 mM NaCI, 0.65% NP40). After 5 min on ice the mixture 

was centrifuged at 15,000 x g in a microfuge at 4°C  for 5 min. The 

supernatant solution was discarded and the pellet of nuclei was 

resuspended in 200 pi of 50 mM glucose, 25 mM Tris.HCI, pH 7.9, 

10 mM EDTA. After addition of 400 pi 1% SDS, 0.2 M NaOH the 

mixture was incubated at room temperature for 5 min and, after a 

further addition of 200 pi of 3 M KOAc pH4.8, it was left on ice for 

10 to 20 min. The mixture was centrifuged in a microfuge at 4°C  

for 20 min, the supernatant solution removed and extracted with 

phenol. DNA was precipitated from the supernatant solution at 

room temperature by adding 0.6 volume of isopropanol and was 

collected by centrifugation at room temperature in a microfuge 

for 10 min. The dried pellet was suspended in 200 pi of TNE (10 

mM Tris.HCI, pH7.5, 50 mM NaCI, 10 mM EDTA) and incubated with 

25 pg/ml DNase-free RNase A for 1 hr at 3 7 °C. Proteinase K was 

then added to 100 pg/ml and the mixture incubated at 37°C for 20



min. Proteins were removed by extraction with phenol twice 

followed by precipitation with ethanol. After resuspension in H20 ,  

the DNA was dialysed against H2O for 3-4 hr.

25) Precipitation and quantitation of nucleic acids

Nucleic acids in aqueous solution were precipitated by 

adding 0.1 volume of 3 M NaOAc, pH 5.5 and 2.5 volumes of 

absolute ethanol. Precipitation was routinely allowed to occur on 

dry ice for 15 min before centrifugation at 4 °C  for 15 min in a 

refrigerated microfuge. The pellet was rinsed in 70% ethanol, 

mixed briefly by vortexing and repelleted at room temperature for 

5 min, dried under vacuum and resuspended in aqueous buffer as 

appropriate. DNA was stored in TE, pH 7.2 at -20°C and RNA in 

sterile H20  at -80°C. The concentrations of pure nucleic acids in 

aqueous solution were calculated by monitoring the A2 60 ar)d 

A 280  ° f  appropriate dilutions of stock solutions by using a 

spectrophotometer. For double-stranded DNA, 1 A2 60 unit is 

equivalent to a concentration of 50 pg/ml and for RNA to a 

concentration of 40 pg/ml.

26) Autoradiography

Gels and filters were autoradiographed in cassettes with a 

single intensifying screen (Du Pont). The process was carried out 

at -80°C due to the increased sensitivity afforded by the screen at 

this temperature. Either Kodak X-AR-5 or Fuji RX100 film was 

used. The film was preexposed to a short (< 1 millisec) flash of 

light. The intensity of the image on a preexposed film is 

proportional to the amount of radioactivity in the sample. Where



accurate quantitative analysis was required autoradiographs were 

scanned using a densitometer.

27) Manipulation of DNA

i) Restriction digestion of DNA

Restriction enzymes were obtained from New England 

Biolabs or Boehringer Mannheim and digestion of DNA was carried 

out under the conditions recommended by these manufacturers. 

DNA was routinely digested at a concentration of 50 ng/pl and 

precipitated between digestions requiring significantly different 

conditions. Restriction digests were analysed by agarose gel 

electrophoresis.

ii) Agarose gel electrophoresis

Agarose (Gibco) was dissolved in 1 x TAE (40 mM Tris-

acetate, pH7.5, 2 mM EDTA) and the concentration of agarose used 

depended on the size of the expected fragments.

Ethidium bromide at a final concentration of 20 pg/ml was added 

to both the gel and the running buffer, allowing visualisation of 

the DNA on a U.V. transilluminator. Molecular weight markers 

(Bethesda Research Laboratories) were electrophoresed in parallel 

to allow size determination,

iii) Ligation of DNA

fragment size % agaross
0.8 to 10 kb 
0.5 to 7 kb 
0.4 to 6 kb 
0.2 to 3 kb 
0.1 to 2 kb

0.7
0.9
1.2
1.5
2.0



Digested vector DNA was incubated with calf intestinal 

phosphatase (Boehringer Mannheim) at 1 unit/pg DNA at 37°C for 

30 min. The enzyme was removed from the vector DNA 

immediately by electrophoresis on an agarose gel, then purified 

from the agarose using a Stratagene "Geneclean" kit before use in 

ligation reactions. Removal of the phosphate group from the 

vector prevents it from recircularising in subsequent ligation 

reactions. Other DNA fragments to be used in ligation reactions 

were also purified from agarose gels using the Stratagene 

"Geneclean" kit.

In ligation reaction mixtures approximately 100 ng of 

phosphatased vector and a three-fold molar excess of fragment 

were suspended in ligase buffer (50 mM Tris.HCI, pH 7.8, 10 mM 

M gCl2, 1 mM ATP, 20 mM DTT) with 40 units of T4 DNA ligase 

(New England Biolabs). The total volume was 20 pi and the 

reaction mixtures were incubated at 16°C overnight, 

vi) Sequencing of DNA

The method used was adapted from that of Sanger et al. 

(1977). Plasmid DNA was sequenced enzymatically by the dideoxy 

chain-termination procedure using the USB Sequenase kit as 

described by the manufacturer.

28) Chemical suppliers

All commonly used chemicals were obtained from BDH or 

Sigma except where stated.



CHAPTERS 3 TO 6 - RESULTS



The gene encoding the selectable marker, gpt, was fused to 

the promoter region of the IFN-ot/p-inducible gene, 6-16, and the 

resulting construct transfected into a human HPRT" HT1080 cell 

line. A clone, 2fTGH, was isolated in which expression of gpt is 

tightly regulated by the presence or absence of IFN-a/p. In the 

presence of IFN, the cells express gpt, and so can live in HAT 

medium, but die in medium containing 6TG (see the Introduction 

for, explanation of the selections). In the absence of IFN, gpt is 

not expressed, and so the cells will live in medium containing 

6TG, but die in HAT medium. It is possible to select constitutive 

mutants, i.e. cells with a constitutive IFN response, by selecting 

mutagenised 2fTGH cells in HAT medium minus IFN: only cells 

that express gpt in the absence of added IFN will be able to 

survive. Unresponsive mutants are obtained by selecting 

mutagenised 2fTGH cells in medium containing 6TG plus IFN: only 

cells that no longer express gpt in response to IFN will survive. 

The ability to select both for and against gpt expression 

facilita tes complementation of mutant cell lines by back- 

selection.

The results are divided into four chapters. The first three 

document the isolation and characterisation of mutants derived 

from three different mutagenesis experiments. They are in 

chronological order, highlighting the development of our strategy 

for obtaining mutant cell lines. The fourth chapter documents the 

progress to date on establishing an effic ient system for 

complementing the mutants.



CHAPTER 3 - CONSTITUTIVE MUTANTS



M utagenesis and se lection . A neoR derivative of 2fTGH  

was used in this experiment for reasons not important to the 

work. Cells, 3 x107, were mutagenised with ICR-191 and 

passaged for 16 days before selection in HAT medium minus IFN. 

Throughout mutagenesis and selection the cells were maintained 

in eight independent pools. After two weeks of selection 20 

resistant colonies were visible. Cells resistant to HAT medium 

must express gpt in the absence of added IFN. The mutation in 

these cell lines could be in the exogenous gpt  genes or in the 

pathway regulating expression of the IFN-responsive genes. To 

distinguish between these possibilities expression of the 

endogenous 6-16 gene was assayed by Northern analysis; only 

cell lines carrying a mutation in trans  with the gp t  genes will 

express 6-16 mRNA constitutively. Five out of twenty HAT- 

resistant clones expressed high levels of 6-16 mRNA in the 

absence of added IFN-a (Fig. 4a shows expression of 6-16 mRNA 

in C1, C2, and C3). Three of the clones originated from one pool 

and so are likely to be siblings; one of these, C2, was chosen for 

continued work. Mutants C1, C2 and C3 were found in different 

pools of the mutagenesis, and so arose from independent 

mutation events. Each was stable in cell culture; their 

spontaneous reversion frequencies, measured as the frequency of 

resistance in 6TG, were < 10~7, making them suitable for 

complementation analyses.

Dom inance analyses. Each of the three mutant cell lines 

(resistant to hygromycin) was fused with a puromycin-resistant 

population of HT1080 cells. Hybrids were selected in hygromycin 

plus puromycin (in which neither cell line can grow) and were 

obtained with a frequency of about 10-3. A number of hybrid 

colonies were ring-cloned from each fusion experiment and



Figure 4. Profile of mRNA expression in untreated and IFN-a- 

treated mutants C1, C2, and C3. IFN-a treatment was for 6 hr. (a), 

(c), and (e) show Northern transfers probed with cDNAs 

representing 6-16, 2\5'-oligoadenylate synthetase (2-5AS), and 

ISG54, respectively (expression of ISG54 was not examined in 

mutant C3). Loading was normalised by mixing the RNA samples 

with ethidium bromide before electrophoresis. 28S and 18S RNAs 

were then visualised under U.V. light after transfer to 

nitrocellulose and photographed as shown in panels (b), (d), and (f), 

which correspond to (a), (c), and (e), respectively.
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expression of the 6-16 gene was examined by Northern analysis 

(Fig. 5). Nine C1 hybrids were tested and in each the basal 

expression of the 6-16 gene was restored to wild-type levels,

indicating that the mutation in the C1 cell line is recessive (Fig.

5a). Ten C2 hybrids were tested and in each the high constitutive 

expression of the 6-16 gene was retained, indicating that the

mutation in the C2 cell line is dominant (Fig. 5b). This result was

also obtained when examining hybrids between C3 and wild-type 

cells. Nine out of ten C3 hybrids retained high constitutive levels 

of the 6-16 mRNA, indicating that the mutation in the C3 cell 

line is dominant (Fig. 5c). The tenth C3 hybrid may have lost the 

chromosome carrying the complementing gene.

Expression of IFN-inducible genes in C1, C2 and C3. 

To determine whether the mutations affecting expression of the 

6-16 and gpt genes in these cell lines affect expression of other 

IFN-inducible genes, Northern transfers were probed with cDNAs 

representing other IFN-inducible mRNAs. Genes normally 

expressed in response to IFN-a in 2fTGH cells were expressed 

constitutively at a high level in the absence of added IFN in all 

three mutant cell lines. The results are compiled in Table 1, and 

examples shown in Fig. 4. This effect appears to be limited to 

IFN-a/p-inducible genes. Expression of HLA-DRa (a gene of the 

class II major histocompatibility complex) is induced by IFN-y 

and not IFN-a in 2fTGH and in all three mutant cell lines. One 

slight anomaly was that the basal expression of ISG-54, an IFN- 

a/p-inducible gene was not raised in C1 or C2 (Fig. 4e; expression 

of this mRNA was not examined in C3). The ISG54 mRNA is 

relatively unstable, with a half-life possibly as low as 2 to 4 hr 

(Larner et al., 1984). If a gene that is transcribed slowly and if



Figure 5. Dominance analysis of mutants C1, C2, and C3. Equal 

numbers of mutant (resistant to hygromycin) and HT1080puroR 

cells were fused and selected in hygrogromycin and puromycin. 

Hybrid colonies were ring-cloned and expression of 6-16 mRNA 

examined by Northern analysis. Loading was normalised by 

subsequently probing with actin cDNA.

Symbols: no treatment; a, 6hr treatment with IFN-a; WT, wild-

type 2fTGH cells

(a) C1 x HT1080

(b) C2 x HT1080

(c) C3 x HT1080
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Table 1. Expression of mRNAs in C1, C2, and C3 cells.

Symbols: I, mRNA is induced in response to IFN-a in 2fTGH cells; 

N, mRNA is not induced in 2fTGH in response to IFN-a; yes, mRNA 

is present at abnormally high levels in the absence of added IFN; 

no, mRNA is present at normal levels in the absence of added IFN; 

N.D., no data.

All the mRNAs were assayed by Northern analyses. RNA samples 

were mixed with ethidium bromide before electrophoresis. 28S 

and 18S were then visualised under U.V. light after transfer to 

nitrocellulose and photographed to allow normalisation of 

loading.



2fTGH C1 C2 C3

6 - 1 6
9 - 2 7
2 -5A S
ISG54
ISG15
IFI-56K
1-8
HLA DRa (class II)

yes yes yes
yes yes yes
yes yes yes
no no N.D.
yes yes N.D.
yes yes N.D.
yes yes N.D.
no no no



the mRNA is degraded rapidly it may not be possible to detect the 

mRNA by Northern analysis. Expression of all the IFN-a/p- 

inducible genes examined can be induced further by IFN-a 

treatment, indicating that the cells retain their capacity to 

respond to IFN.

IFN-inducible DNA-binding proteins in C1 and C2.

Comparison of the regions upstream from IFN-a/p-inducible genes 

reveals a highly conserved sequence element, the IFN-stimulated 

response element (ISRE), which is both necessary and sufficient 

for the IFN response of these genes (see Introduction). Using as 

probe in a bandshift assay a 39-bp element representing the ISRE 

and flanking sequences from the IFN-inducible 9-27 gene, two 

specific IFN-inducible complexes are detected in many cell lines, 

including 2fTGH (Imam et al, 1990). The precise kinetics with 

which these complexes appear is cell line-dependent, but in 

general complex E is detectable within several min and complex M 

is detectable after 1 to 4 hr of IFN-a treatm ent. The 

characteristics of factor E indicate that it is the primary 

transcriptional activator in the IFN-a/p response, whereas the 

role of factor M is less clear. 2fTGH, C1 and C2 cells were treated 

with IFN-a for various times and bandshift assays carried out 

using whole cell extracts made from these cells (Fig. 6). In 2fTGH 

cells E is detectable within 15 min of IFN-treatment but not after 

16 hr, whereas M is detected after 4 hr of IFN-treatment and its 

level remains elevated at all the later time points examined in 

this experiment. Untreated C2 cells have constitutive levels of E 

that are increased further after IFN-treatment (Fig. 6b). It was 

not possible to detect constitutive E in C1 cells in this 

experiments (Fig. 6a). However, in a different experiment with the 

same probe and slightly different binding conditions, E was



Figure 6. Band-shift analyses of whole cell extracts of 2fTGH, C1, 

and C2 cells after treatment with IFN -a . A 39-bp probe 

(TTT AC AAAC AGC AGG AAAT AG AAACTT AAG AG AAAT AC A) 

representing the ISRE and flanking sequences from the IFN- 

inducible 9-27 gene (Imam et al., 1990) was used. IFN-inducible 

complexes E and M are detected with extracts of 2fTGH cells. 

Complex E is detected constitutively with extracts of C2 cells (see 

text for an explanation of the results with C1 cells). Complex M is 

detected constitutively with extracts of both C1 and C2 cells.





detected in untreated C1 cells (Simon Whiteside; unpublished 

observations). The constitutive presence of E in cell lines 

constitutively expressing IFN-inducible genes is consistent with 

our current understanding of the function of factor E. Both cell 

lines C1 and C2 clearly showed constitutive levels of M (Fig. 6a 

and b). Complex M is first detected after several hours of IFN 

treatment and is sensitive to cycloheximide. Comparisons of the 

time-courses of transcription with those for induction of M in a 

band-shift assay argue that M has a positive role in transcription, 

possibly maintaining transcription after primary initiation by E.

The constitutive presence of M in these ceil lines support this 

theory (Imam et al., 1990).

The mutants produce autocrine IFN. IFN binds to a cell 

surface receptor which transmits a signal to activate the latent 

Ea subunit of transcription factor E (see Introduction). Ea then 

binds to the Ey subunit, and the E complex moves into the nucleus 

to bind upstream of the IFN-a/p-inducible genes, initiating their 

transcription. Transcription may subsequently be down-regulated 

by the activity of a repressor protein. The mutations in

constitutive mutant cell lines could be in any gene encoding a 

protein required for the IFN-a/p response. For example, a mutation 

in a gene encoding part of the receptor complex may lead to the 

constitutive presence of a conformationally active receptor and 

would be dominant in cell fusions. A mutation causing 

constitutive activity of the enzyme that activates Ea, or a

mutation altering one of the polypeptides of Ea to lock it into an

active conformation, could cause a constitutive IFN response and 

behave dominantly in cell fusions. A mutation causing loss of 

functional expression of a post-induction repressor of a IFN-a/p



induced transcription could give a constitutive phenotype and 

would probably behave recessively in cell fusion experiments.

Alternatively, the mutation could be in a gene encoding a 

protein involved in regulating IFN -a /p  gene expression. 

Overexpression of IFN-a or -p would then lead to constitutive 

expression of the IFN-a/p-inducible genes. The same types of 

possibilities explain overexpression of IFN genes and IFN- 

inducible genes, i.e. loss of a negative regulator or constitutive 

activity of a positive regulator of IFN gene transcription.

To distinguish among these possibilities an antiviral assay 

was carried out to determine whether medium conditioned by 

growing C1, C2 or C3 cells afforded any protection to 2fTGH cells 

against viral infection. The assay was carried out in parallel with 

a dilution series of an IFN-a standard. Medium conditioned by C1 

cells gave no protection, whereas medium conditioned by C2 cells 

conferred the same protection as 6 lU/ml IFN-a, and the medium 

conditioned by C3 cells conferred the same amount of protection 

as 18 lU/ml IFN-a.

The protein factors and DNA elements involved in the IFN 

response overlap with those involved in the regulation of IFN 

production. For example, a positive regulatory element in the IFN- 

p promoter (PRDI) is very similar to the ISRE of the IFN-inducible 

genes (Fig. 1b), and it is known that many of the factors that bind 

to PRDI also bind to the ISRE (see Introduction). A mutation 

causing constitutive production of IFN in C2 and C3 cells 

indirectly induces expression of the IFN-inducible genes. 

However, if this mutation affects a factor that is also involved in 

regulating IFN-inducible gene expression there may be, in 

addition, direct induction of the IFN-inducible genes. To address 

this question and to determine which types of IFN were being



produced, all three mutant cell lines were grown in the presence 

of antibodies to either IFN-a, IFN-p or a mixture of the two. After 

five days the expression of 6-16 mRNA in the antibody-treated 

cells was compared with that of the untreated cells (Fig. 7). 

Antibodies to IFN-a were effective in reducing the constitutive 

expression of 6-16 mRNA in C2 cells (Fig. 7a). In C3 cells 

antibodies to IFN-a resulted in a two-fold reduction (the 

autoradiograph was scanned using a densitometer and values were 

normalised for loading by comparison with levels of actin). 

Antibodies to IFN-p resulted in a 5-fold reduction and both 

antibodies together resulted in a 7-fold reduction in the level of 

6-16 mRNA (Fig. 7c). These results indicated that C3 cells 

produce both IFN-a and -p, but predominantly IFN-p. A more 

surprising result was obtained with cell line C1. Even though 

medium conditioned by C1 cells did not protect 2fTGH cells 

against virus infection, growth of this cell line in antibodies to 

IFN -p  resulted in a substantial reduction in the constitutive 

expression of 6-16 mRNA (Fig. 7a), indicating that the C1 cells 

must produce levels of IFN-p too low to inhibit viral replication 

in the assay used but high enough to be effective in stimulating 

the IFN-a/p response in an autocrine fashion.

After growing each cell line in antibodies to IFN the level of 

6-16 mRNA was substantially reduced. The residual 6-16 mRNA is 

probably explained by its stability; the half-life is greater than 

19 hr (Ackrill et al., 1991). However, the possibility that the 

mutation has a small direct effect on expression from the IFN- 

inducible genes cannot be completely excluded.



Figure 7. Effects of growing constitutive mutants C1, C2, and C3 

in the presence of antibodies to IFN. The cells were grown in the 

presence of antibodies to IFN-a, IFN-p, or a mixture of the two and 

the basal expression of 6-16 was assayed subsequently in 

comparison to cells grown without antibodies.

(a) Northern analysis of C1 and C2 cells treated with antibodies

(b) The Northern transfer shown in panel (a) was normalised by 

mixing RNA samples with ethidium bromide before electrophoresis. 

28S and 18S RNAs were visualised under U.V. light after transfer 

and photographed.

(c) RNase protection analysis of RNA from C3 cells after growth in 

antibodies. Loading was normalised by including an actin probe in 

the hybridisation.
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Identification of the IFN-a subtypes produced by 

mutant C2. The IFNs-a are a family of proteins encoded by over 

20 functional genes. In a dominant mutant cell line producing 

IFN s-a  constitutively, such as C2, the mutation could be in the 

promoter region of one the IFN-a genes, or it could be in trans 

affecting all or a subset of the IFN-a genes. To distinguish 

between these possibilities it was necessary to determine 

whether one or more subtypes are produced. RNA from mutant C2 

was hybridised with antisense RNA representing different IFN-a 

subtypes. Single base-pair mismatches between the mRNA and the 

antisense RNA probe render the hybridised RNAs sensitive to 

RNAse digestion (Steve Goodbourn, personal communication). 

Therefore, it is possible to distinguish among the different IFN-a 

mRNAs by using this technique. Antisense probes transcribed from 

fragments of the coding sequences of IFN-a1, a2, a4 ora14 were 

used in this assay. lFN-a4 and -a14 mRNAs were detected, but 

IFN-a1 and -a2 mRNAs were not (Fig. 8). The presence of at least 

two IFN-a subtypes indicate that the mutation in the C2 cell line 

is in trans with the IFN-a genes. No IFN-a mRNA was detected in 

C1 or C3 cells.

I F N - p  mRNA production . Antibodies to IFN-p are 

effective in substantially reducing expression of the 6-16 gene in 

mutants C1 and C3, indicating that these cell lines produce IFN-p. 

However, an RNAse protection assay failed to detect IFN-p mRNA 

in either cell lines in the absence of an inducer (Fig. 9; data are 

shown only for C1). IFN-p mRNA must be present at less than one 

molecule per cell (Stephen Goodbourn, personal communication), 

indicating that very few molecules of mRNA are necessary to 

generate sufficient IFN-p to be biologically effective.



Figure 8. RNase protection assays to detect mRNAs for different 

IFN-a subtypes in 2fTGH, C1, C2, and C3 cells. RNA from Namalwa 

cells treated for 2 hr with Sendai virus (S.V.) was used as a 

positive control (a kind gift of Steve Goodbourn). Specific probes 

representing IFN-a1, IFN-a2, IFN-a4, and IFN-a14 were used in 

separate protection experiments. Loading was normalised by 

including an actin probe in the hybridisations.
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Figure 9. Induction of IFN-p mRNA In 2fTGH and C1 cells. Cells 

primed (see the Introduction) by overnight treatment with 500 

lU/ml IFN-a or left unprimed were treated with dsRNA for 0, 2, 4, 

or 6 hr. Expression of IFN-p mRNA was assayed by RNase protection 

and loading normalised by including an actin probe in the 

hybridisations.
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Treatment of cells with dsRNA induces expression of IFN-p. 

However, in C1 cells expression of IFN-p is shut off more rapidly 

than in 2fTGH cells (Fig. 9). This change in kinetics is also 

observed in C2 and C3 (data not shown) and presumably reflects 

differences in the factors involved in regulating IFN gene 

expression. (This assay was carried out by Simon Whiteside.)



CHAPTER 4 - UNRESPONSIVE MUTANT U2A



Mutagenesis and selection. Unresponsive mutant U1A, 

previously known as 11,1, was isolated after screening more than 

1 0 8 cells that had been mutagenised once, in 10 different 

experiments. In an attempt to isolate additional mutants, 2fTGH 

cells were subjected to three rounds of mutagenesis before 

selection. A total of 4 x 107 cells were mutagenised with ICR- 

191. After 15 days of recovery this treatment was repeated using 

half the cells. These were allowed to recover for 2 days before a 

third treatment with mutagen. Four days later, 2 x 107 

mutagenised cells were placed in selective medium containing 

6TG plus IFN-a, and a similar number were stored in liquid

nitrogen. Throughout mutagenesis and selection the cells were 

maintained in eight independent pools. After 12 days of selection, 

all wild-type cells had died and resistant colonies were evident.

A mutation conferring resistance to 6TG plus IFN (or HAT) 

can be in c/s, in the transfected gpt genes or in a gene encoding a 

component of the pathway regulating expression of the IFN- 

inducible genes. To distinguish between these possibilities it is 

necessary to assay expression from an endogenous IFN-inducible 

gene. In identifying the constitutive mutants and the first 

unresponsive mutant U1A, expression from the 6-16 gene was 

assayed by Northern analysis. This assay is laborious and time- 

consuming when many resistant colonies are to be assayed.

Therefore, a more rapid analysis was used in which cytoplasmic 

RNAs prepared from untreated or IFN-treated cells were

immobilised on a nylon filter and hybridised with a probe for 6-

16 mRNA. Twenty-five colonies resistant to 6TG plus IFN-a were 

analysed and in one, U2A1, the 6-16 mRNA was not induced in

1 The complementation groups of unresponsive mutants are designated U1, U2 etc., 
and independent mutants in each are designated by letters.



response to IFN-a (Fig. 10a). The spontaneous reversion frequency 

of U2A cells, measured as the frequency of resistance in HAT plus 

I F N - a ,  was < 10*7 , making these cells suitable for 

complementation analyses. (Joe John carried out the mutagenesis 

and selection.)

Dominance and complem entation analyses. U2A cells 

(resistant to hygromycin) were fused with G418-resistant HPRT* 

HT1080 cells and selected with either G418 plus hygromycin or 

with HAT plus IFN-a, in which neither cell line can grow. For a 

hybrid to grow in HAT plus IFN-a, the response of the gpt gene to 

IFN-a must have been restored. About 20 colonies per plate were 

observed in both selections (frequency about 10*4). Self-fusion 

controls yielded no colonies. We conclude that U2A is a recessive 

mutant complemented by wild-type cells with a frequency about 

equal to that obtained for coincidence of the two drug resistance 

markers in stable hybrid cells.

To determine whether U2A and U1A were in different 

complementation groups, equal numbers of U2A and U1A cells 

were fused and selected in HAT plus IFN-a. Resistant hybrid 

colonies were obtained with a frequency of about 10*4- N o 

resistant hybrid cells were obtained from the two self-fusion 

controls (1.5 x 106 cells each). The response of the endogenous 6- 

16 gene to IFN-a was restored both in pools of U1A x U2A hybrids 

and in individual hybrid clones (Fig. 10b). (Joe John carried out 

these assays.)

Induction of gene expression by IFN -a, IFN-p, and 

IF N -y  in mutant U2A. To determine whether the mutation 

carried in U2A affected the expression of genes other than 6-16 

and gpt, cDNAs corresponding to IFN-responsive genes were used 

to probe Northern transfers of RNAs from 2fTGH and mutant cells.



Figure 10. Isolation of mutant U2A.

Symbols: no treatment; a, treatment with IFN-a for 6 hr.

(a) Induction of 6-16 expression was assayed in 25 clones 

resistant to 6TG plus IFN-a by immobilising cytoplasmic RNA from 

untreated or IFN-a-treated clones on nylon filters and probing 

replicate filters with 6-16 or actin cDNAs. One clone, U2A, failed 

to express 6-16 in response to IFN-a.

(b) Complementation of mutants U1A and U2A. Equal numbers of 

cells were fused and selected in HAT plus IFN-a. Induction of 6-16 

mRNA by IFN-a in a pool of about 20 colonies and several clones 

was analysed by probing Northern transfers with 6-16 cDNA 

probes. The analyses shown are from the pool and one 

representative clone.

(c) The Northern transfer shown in panel (b) was normalised by 

mixing RNA samples with ethidium bromide before electrophoresis. 

28S and 18S RNAs were visualised under U.V. light after transfer 

and photographed.
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The results are summarised in Table 2 and examples are shown in 

Fig. 11. All the genes tested that respond to IFN-a in 2fTGH cells 

failed to respond in U2A cells. The 6-16 gene also failed to 

respond to IFN-p, in contrast to the situation in mutant U1A 

where a partial response to IFN-p was observed. Nor was there 

any response of 6-16 to combinations of IFN-a, IFN-p, and IFN-y 

(Fig. 11a). More surprising results were obtained when expression 

of IFN-y-responsive genes was examined in U2A cells. Most such 

genes, for example those of the major histocompatibility complex 

and a guanylate binding protein, retained their response to IFN-y. 

However, the response to IFN-y of the 9-27, 6-16, and 1-8U genes 

was ablated in U2A cells. These results indicate that there are at 

least two pathways through which IFN-y can induce gene 

expression in these cells and also that a gene required for the 

response to IFN-a is required for the response to IFN-y of the 9- 

27, 6-16, and 1-8U genes. (Expression of most of these genes was 

assayed by Joe John.)

U2A cells are also partly defective in their antiviral 

response to IFN-y. In an assay with Semliki Forest virus, control 

cells were half-protected at 10 III of IFN-y per ml, while U2A 

cells were half-protected at 2,000 lU/ml. As expected, U2A cells 

were not protected by 10,000 IU of IFN-a per ml whereas 2fTGH 

cells were half-protected at 10 lU/ml. (This assay was carried 

out by David Flavell.)



Figure 11. Accumulation of mRNAs in 2fTGH and mutant U2A in 

response to IFN-a, IFN-p, and IFN-y. Northern transfers were probed 

sequentially in the order given; probes used earlier were not 

removed before later ones were applied.

(a) 6-16, actin. Cells were treated with IFN-a or IFN-p for 6 hr or 

with IFN-y for 8 hr. In combined treatments, IFN-y was added alone 

for 2 hr before IFN-a, IFN-p, or both, were added for 6 hr more.

(b) 9-27, HLA-DRa, actin. Cells were treated with IFN-a or IFN-y 

for 6 or 24 hr, respectively.

(c) Invariant chain (INV), actin. Treatments with IFN-a and IFN-y 

were for 6 or 24 hr, respectively.
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Table 2. Induction of mRNAs in U2A cells. IFN-inducibility of 

mRNAs for 6-16, 9-27, 2 ,,5' oligoadenylate synthetase (2-5 AS),

ISG54, IFI56K, HLA 8ABC5, p2microglobulin (P2M), Ring 4 and Ring 

10 (both probes from the MHC class II region), guanylate-binding 

protein (GBP), Invariant Chain, ICAM-1 and HLA DRa were analysed 

in Northern transfers. Loading was normalised by probing for 

actin. 1-8U, and p68 kinase were analysed by RNase protection 

assay and loading was normalised by including an actin probe. 

Symbols: -, no induction; +, induction.



2fTGH U2A
IF N -a  |FN-y I F N - a  IF N -T

2-5AS +
ISG54 +
IFI56K +
p68 kinase +
6 - 1 6  +
9 - 2 7  +
1-8U +
HLA 8ABC5 (class I) + 
GBP +
P2 M +
Ring 4 +
Ring 10 —
Inv. Chain —
ICAM-1 -
HLA DRoc (class II) -

+
+
+
+
+
+
+
+
+
+
+
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Several IFN-inducible genes respond directly to dsRNA as 

well as indirectly through the action of induced IFNs. The 6-16 

gene was induced in both 2fTGH and U2A cells (Fig. 12a). However, 

the response in 2fTGH cells was the greater, probably reflecting a 

combination of direct and indirect effects. The small response of 

the 6-16 gene to dsRNA in U2A must be due to direct stimulation 

of the gene rather than to indirect stimulation by induced IFNs 

since U2A cells do not respond to IFN-a or -p. Induction of IFN-p 

mRNA by dsRNA was assayed by RNAse protection and was 

equivalent in both cell lines (Fig. 12b). The cellular response of 

U2A to dsRNA appears to be intact.

IFN-induced DNA-binding factors. Extracts of 2fTGH 

and U2A cells were assayed with a 39-bp probe representing the 

ISRE and flanking sequences of the 9-27 gene. Factors E and M are 

clearly induced by IFN-a in 2fTGH cells whereas in U2A cells no 

induction of either factor was observed (Fig. 13a). In 2fTGH cells, 

factor G is induced in response to IFN-y and this induction is 

absent in U2A cells (Fig. 13b). However, a novel complex, X, 

detected with extracts of untreated U2A cells but not with 

extracts of 2fTGH cells, was increased when extracts of IFN-y- 

treated U2A cells were used (Fig. 13b). Like the E and M complexes 

from parental 2fTGH cells, complex X from U2A cells was 

competed for by a normal 9-27 oligonucleotide but not by a 

mutant oligonucleotide in which the two essential AAA sequences 

of the ISRE (GGAAATAGAAACT) had been changed to ACAs (Fig. 

14).

Transcription factor E (ISGF3) is composed of two subunits, 

Ea and Ey (see Introduction). Functional Ea is present only after 

IFN-a treatment of cells and is not inactivated by NEM. Ey, present 

in untreated cells, is induced by IFN-y in some cells lines,



Figure 12. Induction of 6-16 and IFN-p mRNAs in response to 

dsRNA in 2fTGH and U2A cells. Cells were treated with 100 jig of 

poly(l-C).poly(l-C) per ml for 4 hr in serum-free medium.

(a) Induction of 6-16 mRNA was assayed by Northern analysis and 

loading normalised by subsequently probing the transfer with an 

actin gene probe.

(b) Induction of IFN-p mRNA was assayed by RNase protection and 

loading normalised by including an actin probe in the hybridisation.



£  •  •
a c t i n  ■  0 * •

2fTGH U2A

 ̂ lc  ̂ r i Tc

I F N - f3

\

a c t i n



Figure 13. Band-shift assays with extracts of 2fTGH and U2A 

cells after treatment with IFN-a or IFN-y. A 39-bp probe 

(TTT AC AAAC AGC AGG AAAT AG AAACTTAAG AG AAAT AC A) 

representing the ISRE and flanking sequences from the IFN- 

inducible 9-27 gene (Imam et al., 1990) was used.

(a) Complexes E and M are detected with extracts from IFN-a- 

treated 2fTGH cells but not with extracts from U2A cells. A novel 

complex X, detected with extracts from U2A cells, was not induced 

by IFN-a.

(b) Complex G is detected with extracts from IFN-y-treated 2fTGH 

cells but not with extracts from U2A cells. Complex X was induced 

by IFN-y.





Figure 14. Competition of band-shift complex X. Extracts from 

untreated U2A cells and 2fTGH cells treated with IFN-a for 4 hr 

were used. The specific competitor was the unlabelled 39-bp 9-27 

oligonucleotide

(TTT AC AAAC AG C AGG AAAT AG AAACTT AAG AG AAAT AC A) which was 

also used as probe in the assay. The mutant competitor was the 39- 

bp oligonucleotide

(TTT AC AAAC AG C AGG A£AT AG A£ACTT AAG AG AAAT AC A). Mutation of 

the the two middle AAAs to ACAs ablates formation of the IFN- 

inducible complexes E, M, and G (Dale et al., 1989). Competition 

was with a 10- or 100-fold molar excess of competitor, as 

indicated. Complexes E, M, and X are competed by adding the 

specific competitor to the binding reactions, but not by adding the 

mutant competitor.
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including 2fTGH (Fig. 15) and is sensitive to NEM. In a band-shift 

assay, neither an extract of IFN-a-treated cells treated with NEM 

(Fig. 15 lane D; contains only Ea) nor extracts of untreated or IFN- 

y-treated cells (Fig. 15 lanes A and B; contain only Ey) had 

functional E. However, E was reconstituted when appropriate 

pairs of extracts were mixed (Fig. 15 lanes A + D and B + D). This 

assay was used to examine extracts from U2A cells to determine 

whether one or both subunits of E were absent. In U2A cells, 

active E was not formed in response to IFN-a (Fig. 15 lane G). 

With an NEM-treated extract of IFN-a-treated 2fTGH cells as a 

source of Ea (lane D), a small amount of E was generated in a 

control complementation assay in which untreated 2fTGH cells 

supplied Ey (lanes A + D). Much more E was formed with extracts 

of 2fTGH cells in which the level of Ey had been increased by 

treatment with IFN-y (lanes B + D). Therefore, extracts of 2fTGH 

cells contain active Ey and the level is increased upon treatment 

with IFN-y. However, no complementation was seen when extracts 

of untreated (lane E) or IFN-y-treated (lane F) U2A cells were 

combined with NEM-treated extracts of IFN-a-treated 2fTGH cells 

(lanes D + E and D +F). Therefore, extracts of untreated or IFN-y- 

treated U2A cells do not contain active Ey. Finally, extracts of 

U2A cells treated with IFN-a (lane G) were able to complement 

extracts of untreated (lane A) or IFN-y-treated (lane B) 2fTGH 

cells (lanes G + A and G + B) equivalently to extracts of IFN-a- 

treated 2fTGH cells after reaction of the latter with NEM (lanes D 

+ A and D + B). Therefore, IFN-a-treated U2A cells and IFN-a- 

treated 2fTGH cells contain similar amounts of Ea. Since U2A 

cells accumulate active Ea in response to IFN-a it is likely that



Figure 15. Band-shift complementation assays with extracts of 

2fTGH and U2A cells. The cells were treated with 500 Ill/ml IFN-a 

for 4 hr or with 20 lU/ml IFN-y for 20 hr. In lane D, the extract was 

treated with NEM as described by Levy et al. (1989).  

Complementation assays were performed by mixing half of the 

usual amount of each extract before adding the 9-27 probe.

Symbols: wt, wild-type (2fTGH); ++, induced level; +, normal level; 

not present.
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IFN-a receptors are expressed normally and are fully functional in 

these cells.

Induction of IRF-1 protein. IRF-1 is a DNA-binding 

protein induced by IFN-a, IFN-y, or dsRNA (Pine et al., 1990). It is 

capable of binding to the PRDI sequence in the IFN-p promoter and 

to the ISRE of IFN-inducible genes and may have a role in the 

transcriptional responses of these genes. The IRF-1 band-shift 

complex has an electrophoretic mobility similar to that of the 

IFN-a/p-inducible complex M, and to the IFN-y-inducible complex 

G. Neither M nor G are induced in U2A cells, but a novel IFN-y- 

inducible complex, X, is detected. It seemed possible that the 

mutation in U2A cells was in the IRF-1 gene. A truncated IRF-1 

protein might form a band-shift complex corresponding to X. 

Extracts from 2fTGH and U2A cells were assayed for the presence 

of IRF-1 by Western analysis (Fig. 16). The result showed a 

protein of the expected electrophoretic mobility is present in 

both 2fTGH and U2A cells after IFN-y treatment (the induction by 

IFN-a is too low to detect by this assay). Although not formally 

proven, this strongly suggests that the IRF-1 gene is unaffected 

in U2A cells.



Figure 16. Induction of IRF-1 in 2fTGH and U2A cells as assayed 

by Western analysis. IRF-1 antibody was the kind gift of Dr. 

Richard Pine. Treatments with IFN-a and IFN-y were for 5 and 8 hr, 

respectively. An IFN-y-induced protein with an apparent molecular 

weight of 56 K is observed in extracts from both 2fTGH and U2A 

cells. IRF-1 protein is predicted to have a molecular weight of 37K 

from protein sequence data, but runs with an apparent 

electrophoretic mobility of 56 K (Maruyama et a/., 1989; Pine et 

al.y 1990).
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CHAPTER 5 - UNRESPONSIVE MUTANT U3A



M utagenesis and selection. U2A cells were isolated 

after selection of 4 x 107 thrice mutagenised 2fTGH cells in 

medium containing 6TG and IFN-a (Chapter 4). The cells had been 

maintained in eight independent pools throughout this procedure.

To obtain further unresponsive mutants, unselected cells from

three pools that had not already yielded a mutant were divided 

into three subpools each and subsequently maintained separately. 

Seven of these were subjected to two further rounds of

mutagenesis, with seven days of recovery between treatments. 

Seven days after the final treatment, 2.5 x 106 cells/pool were 

placed in selective medium containing 6TG and IFN-a. After 12 

days the sensitive cells had died and resistant colonies were 

evident. (Joe John and David Flavell carried out the mutagenesis 

and initial selection for 6TG plus IFN-a-resistant cells.)

Screening w ith the fluorescence activa ted  cell 

scanner. To distinguish between mutations that are in cis or in 

trans with the gpt genes it is necessary to assay for expression 

of an endogenous IFN-inducible gene. We have previously examined 

induction of 6-16 mRNA, first by Northern analysis (Chapter 3), 

and then more efficiently by a rapid dot blot analysis of

cytoplasmic RNA (Chapter 4). On this occasion we assayed for 

cell-surface expression of HLA class I genes in response to IFN-a 

in the resistant clones. Of the 59 clones examined using the 

fluorescence activated cell scanner, 29 failed to induce human 

leukocyte antigen (HLA) class I in response to IFN-a (Fig. 17 

shows one example of this assay). These 29 new trans mutants 

were derived from five subpools. We chose to study only one clone 

from each subpool since clones from the same pool might be 

siblings. About 50 colonies/day can be screened using this assay



Figure 17. Cell-surface expression of MHC class I proteins in

untreated or IFN-a-treated 2fTGH and U3A cells. Treatments with

IFN -a  were for 24 hr. Cells were either treated with a mouse anti-

MHC class I antibody, or left untreated, then incubated with a

fluorescein isothiocyanate (FITC)-conjugated anti-mouse antibody.

black - no IFN, FITC-conjugated anti-mouse

grey - no IFN, mouse anti-MHC class I, FITC-conjugated anti-mouse

green - IFN, FITC-conjugated anti-mouse

red - IFN, mouse anti-MHC class I, FITC-conjugated anti-mouse

Cell-surface MHC class I expression is induced in 2fTGH cells but

not in U3A cells.



U3:RM0603801\FL1\MIg/FITC

2 fT G H
-  IFN-alpha 

MIg/FITC
C la s s  I  
+ M Ig /F IT C

+ IFN-alpha
MIg/FITC 
Class I 
+ MIg/FITC

B   vA3 ...........16“

U3:RM0603009\FL1\MIg/FITC



1 4 5

which is a significant improvement in efficiency over the assays 

used before.

Assignm ent of dom inance and com plem entation  

gro up s. To determine dominance, each of the five new mutant 

clones (already resistant to hygromycin) was fused with 

puromycin-resistant HT1080 cells. Hybrids, selected in 

hygromycin and puromycin, were obtained with a frequency of 

about 10-3. In a population of U3A x HT1080 hybrid cells, both the 

6-16 and 9-27 genes respond normally to both IFN-a and IFN-y, 

indicating that U3A is a recessive mutant (Fig. 18a). The normal 

responses of 6-16 and 9-27 were restored in hybrid populations 

of all four remaining clones, showing that each of the new 

mutants is recessive (Fig. 18a, b, c).

To determine how the five new and two previously isolated 

mutants are related, we performed a complementation analysis by 

fusing a population of puroR cells from each mutant to a G418R 

population from each of the other six mutants. The induction of 6- 

16 and 9-27 mRNAs by IFN-a or IFN-y was examined in each hybrid 

population. The results are presented in Table 3 and a 

representative example is shown in Fig. 19 in which a U3ApuroR x 

U2AG418r population shows a wild-type response to IFN-a and 

IF N -y ,  indicating that U2A and U3A are in different 

complementation groups. The complete analysis showed that two 

of the new mutants are in the same complementation group as 

U1A, two are in the new complementation group U3, and the fifth 

is the sole member of the new complementation group U4. Thus 

we now have mutants U1A (formerly 11,1), B and C, U2A, U3A and 

B, and U4A.



Figure 18. Dominance analyses of mutants U1B, 1)1 C, U3A, U3B, 

and U4. Equal numbers of mutant (resistant to hygromycin) and 

H T 1 0 8 0 p u ro R cells were fused and selected in hygromycin and 

puromycin. Over 100 colonies were pooled and assayed by an RNase 

protection assay which showed that inducibility by IFN of the 6-16 

and 9-27 genes was restored.

(a) 6-16 and 9-27 mRNAs are not induced by IFN-a in mutant U1B 

but are in the population U1B x HT1080puroR, indicating that U1B is 

a recessive mutant. 6-16 and 9-27 mRNAs are not induced by either 

IF N -a  or IFN-y in mutant U3A. The responses of both genes is 

restored in population U3A x HT1080puroR, indicating that U3A is a 

recessive mutant.

(b) 6-16 and 9-27 mRNAs are not induced by IFN-a in mutant U1C 

but are in the population U1B x HT1080puroR„ indicating that U1C is 

a recessive mutant.

(c) 6-16 and 9-27 mRNAs are not induced by IFN-a or IFN-y in 

either mutant U4A or U3B. The responses of both genes is restored 

in populations U4A x HT1080puroR and U3B x HT1080puroR, 

indicating that mutants U4A and U3B are also recessive.
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Figure 19. Complementation of mutants U2A and U3A. Equal 

numbers of U3ApuroR and U2A G418R cells were fused and selected 

in puromycin and G418. Over 100 colonies were pooled and assayed 

by RNase protection analyses which showed that inducibility by IFN 

of the 6-16 and 9-27 genes was restored in the U3A x U2A fused 

population but not in the self-fusion control. A shorter exposure of 

the same gel has been used to show the actin loading control.



R R
U3Apuro U3Apuro

R R X  R X  RU3Apuro U 2 A G 4 1 8  U 2 A G 4 1 8  U 3 A g 418

H I a  y- ! n  a  y~l a  y~l a  y~l

6 - 1 6



Table 3. Assignment of complementation groups. A population of 

puroR cells from each of the five new mutants was fused to a 

G 418R population of the other six mutants. The induction of 6-16 

and 9-27 mRNAs by IFN-a of IFN-y was examined in each hybrid 

population by either RNase protection analysis or by Northern 

analysis.

Symbols: no complementation; +, complementation; ND, no data.

When mutants in complementation groups U2-U4 were fused to a 

member of a different complementation group, both the IFN-a and 

IFN-y responses were restored.
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Characterisation of complem entation group U3. The

experiments shown were performed with mutant U3A. Many were 

also done with U3B, always with the same results (eg. Fig. 18c 

shows the response of the 6-16 and 9-27 genes to IFN-a and IFN-

7)-

Induction of gene expression by IFN -a , IFN-y and 

dsRNA. The selection and FACS analyses identify mutants that no 

longer express functional gpt from the transfected 6-16-g p t 

construct and no longer express HLA class I proteins on their cell 

surface in response to IFN-a. We have also looked at expression of 

many IFN-induced mRNAs either by RNase protection analysis or 

Northern analysis and a clear pattern emerges (summarized in 

Table 4, examples in Fig. 20). mRNAs normally induced by IFN-a or 

IFN-y in parental 2fTGH cells are no longer induced in mutant U3A. 

The total loss of response to IFN-y was surprising as U3A cells 

were selected only for loss of their response to IFN-a. Antiviral 

responses were also defective. In an assay with 

encephalomyocarditis virus, 2fTGH cells were half-protected 

against 10 pfu/cell by 4 or 16 lU/ml of IFN-a or IFN-y, 

respectively, whereas U3A cells showed no protection with up to 

250 lU/ml of either IFN.

Many factors capable of binding to the upstream regions of 

IFN-inducible genes also bind to the IFN-p promoter. Also, one of 

the commonly used laboratory inducers of IFN-p, dsRNA, also 

induces the IFN-inducible gene 6-16 directly. We wanted to know 

firstly, if the transcriptional response of the IFN-p gene was 

intact in U3A cells and, secondly, if the 6-16 gene, which was no 

longer responsive to either IFN-a or IFN-y, was still responsive to 

dsRNA (Fig. 21). The IFN-p gene responds with similar kinetics in



Figure 20. Accumulation of mRNAs in mutant U3A in response to 

IF N -a  or IFN-y. Treatments with IFN-a and IFN-y were for 8 or 24 

hr, respectively, (a) RNase protection analysis of 6-16 and 9-27  

mRNAs. (b) Northern analysis of IFI-56K mRNA. (c) Northern 

analysis of HLA-DRa mRNA. This Northern transfer was normalised 

by mixing RNA sam ples with ethidium brom ide before  

electrophoresis. 28S and 18S rRNAs were visualised under U.V. 

light after transfer and photographed as shown in panel (d).
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Table 4. Induction of mRNAs in U3A cells. IFN-inducibility of 

mRNAs for 2',5' oligoadenylate synthetase (2-5 AS), ISG54,

IFI56K, HLA 8ABC5, P2microglobulin (P2M), Ring 4 and Ring 10 

(both probes from the MHC class II region), Invariant Chain, ICAM- 

1 and HLA DRa were analysed in Northern transfers. Loading was 

normalised by probing for actin. 6-16, 9-27, 1-8U, guanylate- 

binding protein (GBP), and p68 kinase were analysed by RNase 

protection assay and loading was normalised by including an actin 

probe. Symbols: -, no induction; +, induction.



2fTGH U3A
IF N -a IFN-y IFN -a  IF N -y

2-5AS +
ISG54 + — — —
IFI56K + — — —
p68 kinase + — — —
6 -1 6 + + — —
9 -2 7 + + — —
1-8U + + — —
HLA 8ABC5 (class I) + + —  —

GBP + + — —
P2 M + + — —
Ring 4 + + — —
Ring 10 — + — —
Inv. Chain — + — —
ICAM-1 — + — —
HLA DRa (class II) — + — —



Figure 21. RNase protection analysis showing the response of the 

6-16 and IFN-p genes to dsRNA in 2fTGH cells and in mutants U3A 

and U2A. Cells were treated with poly(l-C).poly(l-C) for 0, 2 or 4 

hr. A shorter exposure of the same gel has been used to show the 

actin loading control.
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both 2fTGH and U3A cells. (A reduction in the extent of the 

response in U3A is not seen consistently.) In 2fTGH cells, the 6- 

16 gene responds directly to dsRNA and also indirectly via IFN-p. 

However, in U2A cells, which do not respond to IFN-p, 6-16 is 

only induced directly by dsRNA (Chapter 4). Comparing the 

response of 6-16 to dsRNA in U2A and U3A cells, we find that the 

small direct induction of 6-16 by dsRNA seen in U2A is absent in 

U3A. Transcription factor NFkB may be involved in the response of 

the IFN-p gene to dsRNA. A dsRNA-inducible factor 

indistinguishable from NFkB binds to a positive regulatory domain 

(PRDII) in the IFN-p promoter (see the Introduction). Using PRDII 

as the probe in a band-shift assay, nuclear extracts from 

untreated or dsRNA-treated cells were examined to determine 

whether NFkB can be activated in U3A. The results (Fig. 22) show 

that induction of NFkB is normal in U3A cells.

IFN-induced DNA-binding factors. These were assayed 

as before, by using a band-shift assay with a 39-bp oligomer 

which contains the ISRE and flanking sequences from the 9-27 

gene as a probe. Factors E and M are induced in response to IFN-a 

and factor G is induced in response to IFN-y in 2fTGH cells (Fig. 

23, lanes A, B and C). By contrast, none of these factors were 

induced in U3A cells (Fig. 23, lanes E, F and G).

Extracts of U3A cells were assayed for the presence of the 

Ea and Ey subunits of E, as described previously (Chapter 4). The 

band-shift assay presented in Fig. 23 demonstrates that neither 

an extract of IFN-a-treated 2fTGH cells treated with NEM 

(contains only Ea, lane D), nor an extract of untreated or IFN-y- 

treated 2fTGH cells (contains only Ey, lanes A and B) had 

functional E. However, when these two extracts were mixed, 

functional E was formed (Fig. 23, lanes A+B and B+D). Using the



Figure 22. Induction of NFkB in 2fTGH and U3A cells. A 22-bp 

probe (GATCCGTGGGAAATTCCAGATC) representing the PRDII 

sequence of the IFN-p promoter was used. Cells were treated with 

poly(l-C).poly(l-C) for 0, 2 or 4 hr.
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Figure 23. Band-shift analyses of IFN-inducible DNA-binding 

complexes formed in extracts of 2fTGH and U3A cells. A 39-bp 

probe (TTTACAAACAGCAGGAAATAGAAACTTAAGAGAAATACA) 

representing the ISRE and flanking sequences of the 9-27 gene was 

used. Treatment with IFN-a was for 4 hr and with IFN-y for 16 hr. 

Symbols: not present; +, normal level; ++, induced level
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extracts assayed in lanes A or B as sources of Ey, extracts from 

IFN-a-treated U3A cells (lane G) were assayed for the presence of 

Ea. Neither lanes A and G, nor B and G showed any formation of E, 

indicating that Ea is not activated by IFN-a treatment of U3A 

cells. (Cells treated with a high concentration of IFN-y for a long 

time may show very low levels of E, as in lane B. The small 

amount of E present after mixing the extracts from lanes B and G 

is from the extract in lane B.) Using the extract assayed in lane D 

as a source of Ea, we can assay extracts from untreated (lane E) 

or IFN-y-treated (lane F) U3A cells for the presence of Ey. E is 

formed after mixing the extracts from lanes D and E or lanes D 

and F, indicating that Ey is present constitutively in U3A cells but 

at a significantly lower level than in 2fTGH cells.

Receptors for IFN-a and IFN-y. From the assays used to 

characterise U3A cells, we have no evidence for any response to 

IFN -a or IFN-y. Therefore, it seemed possible that the mutation in

these cells affects the receptors for both types of IFN. Specific

binding of iodinated IFN-y to 2fTGH or U3A cells was determined 

as a function of IFN concentration and affinities and receptor

numbers were calculated from Scatchard plots (Fig. 24 and 

Appendix). Values of 3,150 or 5,500 were obtained for numbers 

per cell of IFN-y receptors in 2fTGH or U3A, respectively, with 

affinity constants of 3.6 x 1011 M-1 or 4.1 x 1011 M ' 1, 

respectively. A Northern transfer was probed with the cDNA for 

the IFN-y receptor (Aguet et a/., 1988); this mRNA is expressed 

constitutively and at similar levels in both cell lines (Fig. 24c). 

From these results it appears that the expression and ligand

binding of the IFN-y receptor is normal in U3A cells (the



Figure 24. IFN-y receptors in U3A cells.

(a) Binding of i25|.|abelled IFN-y to 2fTGH and U3A cells.

(b) Scatchard plots of the specific saturation curves.

(c) Northern analysis of IFN-y receptor mRNA. Treatments with 

IFN -a or IFN-y were for 8 or 24 hr, respectively. The IFN-y receptor 

cDNA was from Dr. Michel Aguet (Aguet et al., 1988). This Northern 

transfer was normalised by mixing RNA samples with ethidium 

bromide before electrophoresis. 28S and 18S rRNAs were 

visualised under U.V. light after transfer and photographed as 

shown in panel (d).
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differences in receptor numbers are most probably accounted for 

by inaccuracies in counting cells). Specific binding of iodinated 

IFN -a2 to 2fTGH or U3A cells was also assayed as a function of 

IFN concentration. The receptor numbers and affinity constants 

were unaffected (Mathias Muller, unpublished observation).



CHAPTER 6 - ISOLATION OF AFFECTED GENES FROM MUTANT

CELL LINES



Background. A number of strategies have been adopted for 

cloning eukaryotic genes. When the mRNA of the gene is highly 

abundant it can be purified and reverse transcribed into a cDNA 

probe or cDNA clone (Efstratiatis et al., 1977). However, the vast 

majority of mRNAs are much too rare for this approach to be 

feasible. Some genes can be isolated on the basis of their 

differential expression, allowing a cDNA probe enriched for the 

gene of interest to be synthesised. If neither RNA nor enriched 

cDNA is available, it may be possible to purify the corresponding 

protein. Oligonucleotides based upon the protein sequence can then 

be used to screen libraries.

An alternative strategy relies solely upon the ability to 

select for functional expression of the gene of interest in 

mammalian cells. For example, it has been possible to clone genes 

encoding human cell surface receptors by transfecting human DNA 

into mouse cells and assaying for cells responsive to the human 

ligand. The cell line 2fTGH has been constructed so that mutant 

cell lines can be complemented by transfection and back- 

selection. For example, unresponsive mutant cell lines selected in 

6TG plus IFN-a for loss of response to IFN-a can be transfected 

with wild-type DNA and then selected for restoration of the 

response in HAT medium plus IFN-a. Only cell lines that express 

gpt in response to IFN-a will survive. This procedure has been 

carried out successfully now for U1A, the first unresponsive 

mutant isolated (Pellegrini et al. 1989, and unpublished 

observations of S. Pellegrini).



The success of this approach depends on integration of the 

foreign DNA into the host genome at a site where its expression is 

not masked or modified. Cloning genes by complementation of 

human cell lines has been hindered by low transfection 

efficiencies (1(H  to 10-5) and by the difficulty of rescuing the 

integrated foreign DNA. Complementation of the U1A cell line has 

been a long and laborious process. Human high molecular weight 

DNA and pSV2neo were co-transfected into U1A cells. 

Transfectants, selected in G418, were challenged with HAT 

medium plus IFN-a to select complemented cells. The proximity of 

the pSV2neo tag to the complementing gene in the primary HAT 

plus IFN-a-resistant transfectants was demonstrated by obtaining 

G418-resistant secondary and tertiary transfectants which were 

also HAT plus IFN-a resistant. The gene was then cloned from a 

cosmid library made from one of the tertiary transfectants. We 

wanted to establish a more rapid method for complementing the 

mutant cell lines.

Epstein-Barr virus (EBV) infects human B cells and its 

genome is found as a plasmid in most EBV-transformed cells. The 

oriP region of EBV acts in cis to allow linked DNAs to replicate as 

plasmids in cells expressing the EBV nuclear antigen-1 (EBNA-1) 

(Yates et a l, 1984; Lupton and Levine, 1985; Yates et a l, 1985). 

Foreign DNA can be introduced into mammalian cells in a vector 

containing the EBV oriP. Mammalian cells expressing EBNA-1 are 

transformed at a high frequency, and the vector remains episomal. 

A high efficiency of stable transfection is achieved because the 

vector is being maintained as an episome (Yates et al., 1984; Yates 

et al., 1985). Successful use of both cosmid and cDNA expression



vectors based on these principles has been reported (Kioussis et 

al., 1987; Margolskee et al., 1988; Lutfalla et al., 1989; Belt et al., 

1991; Deiss and Kimchi, 1991; McMahan et al., 1991).

Establishing a mutant cell line expressing EBNA-1. 

Over-expression of EBNA-1 may be detrimental to cells (Vidal et 

al., 1990). It was therefore worthwhile to test the ability of two 

different plasmids expressing this protein to support a high 

transfection efficiency by plasmids containing oriP (Fig. 25). In 

pRK.EBNA the EBNA-1 function is expressed under control of the 

cytomegalovirus (CMV) immediate early promoter, which is strong 

in human cells. p220.2Aori weakly expresses EBNA-1 from a 

fortuitous promoter in the pBR322 DNA.

U2A cells were co-transfected with pRK.EBNA (or 

p220.2Aori) and pSV2puro. PuroR colonies were assayed for their 

ability to support stable replication of an oriP vector. 

Transfection of plasmid pSW8 was followed by selection in G418 

(Fig. 26). U2Ap220.2Aori-5 gavQ a transfection efficiency of 2 x 

1 0 '3, a 20-fold increase over that routinely obtained with U2A 

cells (Table 5a). Similar results were obtained with U3A cells. 

U3Ap220.2Aori-4, a clone of U3A cells co-transfected with 

p220.2Aori and pSV2puro, was similarly assayed for its ability to 

support replication of pSW8. These cells gave a transfection 

efficiency of 3 x 10 '3, a 15-fold increase over that routinely 

observed with U3A (Table 5b).

The spontaneous reversion frequency of these cell lines, 

measured as the frequency of resistance in HAT medium plus IFN- 

a, was < 10-7, making them suitable for complementation.



Figure 25. EBNA-1 expressing plasmids.

p220.2Aori contains the EBNA-1 gene (1-2610), the TK terminator 

(2635-3253), the gene encoding resistance to hygromycin (3254- 

4303) and the TK promoter (4304-4552). The remainder of the 

plasmid is from pBR322.

pRK.EBNA contains the CMV promoter (1-900), and the EBNA-1 gene 

(930-3175).

These plasmids were the kind gift of Dr. David Goeddel.
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Figure 26. Library vectors containing oriP.

pSW8 contains the CMV promoter plus an intron (1-900), an Sfil 

cloning site (919 + 952), the SV40 polyA (961-1110), oriP (1391- 

3580), the TK terminator (3661-4160), the gene encoding 

resistance to neomycin (4161-5500), and the RSV promoter (5501 - 

6020). The remainder of the plasmid is from pUC118 and contains 

the (3-lactamase gene, which encodes resistance to ampicillin.

pHEB020 contains oriP (781-2970), the CMV promoter plus an 

intron (3051-3930), an Sfil cloning site (3949 + 4758), the SV40 

polyA addition signal (4771-4920), the TK terminator (4921- 

5410), the gene encoding resistance to hygromycin (5411-6440), 

and the TK promoter (6441-6720). The remainder of the plasmid is 

from pML and contains the p-lactamase gene, which encodes 

resistance to ampicillin.

These vectors were the kind gift of Dr. David Goeddel.
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Table 5. Ability of EBNA-1-expressing mutant cell lines to 

support stable replication of a vector containing the EBV oriP.

(a) U2A cells were co-transfected with pSV2puro and either 

pRK.EBNA or p220.2Aori (plasmids which express EBNA-1). Five 

puromycin-resistant colonies were ring-cloned from each 

transfection (U2Ap220.2Aori1-5 or U2ApRK.EBNA1-5). These 

colonies were expanded and their ability to support stable 

replication of a vector containing the EBV oriP, in comparison 

U2A cells, was tested by transfection of the pSW8 plasmid and 

selection in G418. The number of G418-resistant colonies from 

106 selected are shown.

(b) The same procedure was carried out with U3A cells but only 

colonies expressing EBNA-1 from the p220.2Aori plasmid were 

tested.



Cell line no. of colonies

U2A 100

U2A-p220.2Aori 1 1050
2 1890
3 1900
4 1350
5 2 0 5 0

U2A-pRK.EBNA 1 110
2 150
3 90
4 75
5 100

Cell line no. of colonies

U3A 2 0 0

U3A-p220.2Aori 1 2 450
2 2300
3 2 850
4 3050
5 2 350



Recovery of episomal DNA from EBNA-1-expressing  

cell lines. Low molecular weight DNA, isolated from the G418R 

pool of cells after transfection of U3Ap220.2Aori with pSW8, was 

used to transform competent E.coli by electroporation. DNA from 5 

x 106 cells yielded 55 ampicillin-resistant colonies, a 

transformation efficiency of 5 x 108/mg. The same procedure was 

carried out with control untransfected U3Ap220.2Aori cells and no 

ampicillin-resistant colonies were obtained.



CHAPTER 7 - DISCUSSION



In our laboratory a system has been set up to generate cell 

lines that respond abnormally to IFN-a/p (Pellegrini et al., 1989). A 

plasmid in which the 6-16 promoter was placed 5' of the gene 

encoding the selectable marker gpt was transfected into a human 

HPRT-negative HT1080 cell line and a colony, 2fTGH, was isolated 

in which expression of gpt is tightly controlled by IFN-a. In the 

presence of IFN the cells express gpt and so live in HAT medium 

but die in medium containing 6TG. In the absence of IFN no 

expression of gpt is detected and so the cells grow in medium 

containing 6TG but die in HAT medium. 2fTGH cells can be used to 

select two classes of mutants, constitutive and unresponsive. 

Mutagenesis followed by selection in HAT medium minus IFN yields 

mutant cell lines that express 6-16 (and gpt) constitutively in the 

absence of added IFN. Selection in medium containing 6TG plus IFN 

yields mutant cell lines that no longer express 6-16 (and gpt) in 

response to IFN.

1) Constitutive Mutants

Constitutive mutants C1, C2 and C3 have been isolated. 

Mutant C1 is recessive while mutants C2 and C3 are dominant. 

They all express IFN-a-inducible genes at high levels in the 

absence of added IFN-a and IFN-inducible DNA-binding factors are 

present constitutively. Growth of each cell line in antibodies to 

IFN -a and -p ablates the high constitutive expression from the 6- 

16 gene, indicating that their constitutive phenotype is due to the 

autocrine production of IFN. Mutant C1 produces IFN-p, mutant C2 

produces IFN-a, and mutant C3 produces both IFN-a and -p. The 

dominance of the mutations in C2 and C3 precludes the possibility



of fusing them with each other or with C1 to determine their 

relationship. However, the different phenotypes of all three cell 

lines suggest that the mutations they carry are in different genes.

i) Recessive mutant C1 produces IFN-p

A mutation leading to the loss of a cellular function is 

recessive. Mutant C1 may have lost a negative regulator of IFN-p 

expression. Experiments with the protein synthesis inhibitor 

cycloheximide implicate negative factors in both pre- and post

induction repression of IFN-p transcription. Treatment of cells 

with cycloheximide alone can induce transcription of the IFN-p 

gene suggesting a role for a labile repressor of transcription in 

uninduced cells (Ringold et al., 1984; Enoch et al., 1986). The 

decline in transcription after treatment with inducer is delayed in 

the presence of cycloheximide and a labile transcriptional 

repressor appears to contribute to this effect (Cavalieri et al., 

1977; Whittemore and Maniatis, 1990). These experiments with 

cycloheximide have been substantiated by results obtained from 

deletion studies on the IFN-p promoter. These have shown that 

deletion of sequences between -105 and -210 increases 

constitutive IFN-p gene expression 5- to 10-fold without affecting 

induced expression (Zinn et al., 1983). Deletion of sequences 

between -55 and -40 (the 3' end of the IRE; see the Introduction) 

causes an increase in basal expression. Promoters so mutated 

could not repress activity when intorduced into a heterologous 

promoter (Goodbourn et al., 1986). In vivo footprinting experiments 

show that the regions from -94 to -167 and -68 to -38 are 

protected from DNase I digestion in uninduced cells but not after
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induction with poly(l).poly(C) (Zinn and Maniatis, 1986). A 

correlation of these footprinting results with the results of the 

deletion studies suggests that protection from DNase I is due to 

repressor molecules that bind before induction and dissociate 

after treatment of cells with poly(l).poly(C). It would be 

interesting to see if either site is unoccupied in uninduced C1 

cells.

PRDI (-77 to -64) and PRDII (-66 to -55) have also been 

implicated in negative regulation of basal transcription from the 

IFN-p gene: a number of single base substitutions within these 

elements caused elevated basal expression of IFN-p without 

affecting induced expression (Goodbourn and Maniatis, 1988). A 

constitutive factor that binds to PRDII has been identified; 

however, point mutations that decrease IFN-p transcription in vivo 

decrease binding of this factor, implicating it in the positive 

regulation of transcription (Keller and Maniatis, 1988). Negative 

regulatory factors that act through PRDII have not been identified. 

IRF-2, cloned through its horology with IRF-1, is thought act 

negatively and binding of IRF-2 to the PRDI region of the IFN-p 

promoter has been detected (Harada et al., 1989). IRF-2 may bind 

to PRDI in uninduced cells and be displaced by IRF-1, which is 

likely to be a positively acting factor, after induction (IRF-1 and 

IRF-2 have the same binding requirements). C1 cells may carry a 

mutation affecting expression of IRF-2 or a negative factor which 

acts through PRDII.

The decline in transcription after treatment with an inducer 

is delayed in the presence of cycloheximide and a labile 

transcriptional repressor appears to contribute to this effect



(Cavalieri et al., 1977; Whittemore and Maniatis, 1990). Induction 

by a virus of synthetic promoters containing multiple PRDI or 

PRDII sites occurs with the same kinetics as induction of the 

intact IFN-p promoter implying that reiteration of PRDI or PRDII 

sites can mediate not only induction but also post-induction 

repression of IFN-p expression (Whittemore and Maniatis, 1990). 

Screening a Xgt11 expression library with multimerised PRDI 

sequences has led to cloning of the factor PRDI-BF1 (Keller and 

Manaitis, 1991). The mRNA encoding this factor is virus-inducible 

and co-transfection of a plasmid expressing the corresponding 

protein with a construct containing a reporter gene controlled by 

the IFN-p promoter inhibits expression of the reporter. This 

evidence has led to the suggestion that PRDI-BF1 is a post

induction repressor of IFN-p transcription. A mutation affecting 

expression of this factor could result in the C1 mutant phenotype.

The mutation in the C1 cell line may not affect directly the 

activity of a factor involved in regulating IFN-p expression. Rather 

it could affect a factor that negatively regulates expression of 

another cytokine. An increasing number of studies show that IFNs 

are part of a network of cytokines and growth factors whose 

activities affect the expression of other members of the network. 

For example, colony stimulating factor-1 induces IFN-p in murine 

bone marrow cells (Moore et al., 1984; Resnitzky et al., 1986), 

tumour necrosis factor (TNF) and interleukin-1 induce interleukin- 

6 expression in human fibroblasts (Zhang et al., 1990), TNF induces 

IFN-p in HEp2 cells (Jacobsen et al., 1989), and IFN-y induces IFN-p 

in murine macrophages (Gessani et al., 1989). It is therefore 

possible that a mutation leading to the loss of a factor negatively



regulating one of these cytokines could cause constitutive 

expression of that cytokine and consequent expression of IFN-p in 

the C1 mutant.

The effect of a particular cytokine may antagonise or 

synergise with the effect of another cytokine without affecting 

expression of that cytokine. For example, TNF plus medium from 

human FS-4 foreskin fibroblasts was effective in inhibiting viral 

replication when neither medium alone nor TNF alone were 

effective. This antiviral activity was neutralised by antibodies to 

human IFN-p, suggesting that the active component in the medium 

was IFN-p present at subeffective concentrations (Reis et al., 

1989). It is therefore possible that the 2fTGH cell line produces a 

very low level of IFN-p which can synergise with TNF (or some 

other cytokine) to induce expression of the IFN-inducible genes and 

that the mutation in the C1 mutant affects the expression of TNF>

Further characterisation of the defects in mutant C1 is 

necessary to distinguish among these and other possibilities. 

Steve Goodbourn's laboratory is carrying out a detailed analysis of 

the DNA and protein elements involved in regulating 

transcription of the IFN-p gene. They are trying to identify any 

differences between 2fTGH and C1 cells in the pattern of factors 

that bind to the IFN-p promoter. Evidence from such studies m&y 

provide clues about the defect in the C1 cell line and also 

functional information about factors that bind to the IFN-p 

promoter.

ii) Dominant mutants C2 and C3 produce IFNs



A mutation leading to the gain of a cellular function is 

usually dominant. Mutant C2 produces IFN-a while mutant C3 

produces both IFN-a and IFN-p. The mutations in these cell lines 

may cause positive regulators of IFN gene expression to be present 

constitutively. Most of the work on the regulation of expression of 

type I IFN genes has been carried out using the IFN-p promoter. 

However, it is likely that this regulation has many features in 

common with that of the IFN-a genes. Transcriptional induction of 

IFN-p is mediated by sequences between -77 and -36, the IFN gene 

regulatory element (IRE), while induction of IFN-a1 is mediated by 

a highly homologous sequence, the virus responsive element (VRE), 

stretching from -109 to -64. (Fig. 1a shows a comparison between 

the IFN-a1 and IFN-p promoters; the IFN-a promoters share greater 

than 50% homology within this region (Henco et al., 1985)). 

Deletion studies on the IFN-p promoter reveal two essential 

positively-acting DNA elements within the IRE, PRDI, between -77 

and -64, and PRDII, between -66 and -55. IFN-a has no PRDII, but 

has a PRDI-like element. In a band-shift assay with cellular 

extracts, PRDI is recognised by PRDI-BFc (Rositive Regulatory  

Domain I  Rinding £actor constitutive) in uninduced cells and by 

PRDI-BFi (PRDI-BF inducible) after treatment with inducer (Keller 

and Maniatis, 1988). Point mutations that decrease transcription 

of IFN-p in vivo prevent binding of PRDI-BFc and PRDI-BFi in vitro, 

suggesting that these proteins may act positively. A mutation 

leading to the constitutive activity of either protein may account 

for the phenotype of the C2 or C3 mutants.

IRF-1 has been cloned by its ability to bind (AAGTGA)4 

(Miyamoto et al., 1988; Harada et al., 1989). This hexamer is found
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in the IFN-p promoter and multimerising it creates a sequence very 

similar to that of PRDI (Fig.1b, and see the Introduction). Closely 

related hexamers are found in the IFN-a promoters. IRF-1 

activates transcription efficiently from a promoter containing the 

(A A G TG A )4 (Harada et al., 1989) and when overexpressed in 

transfected COS cells causes a small induction of the endogenous 

IF N -a  and IFN-p genes (Fujita et al., 1989). Constitutive IRF-1 

activity may account for the phenotype of the C2 or C3 cell lines. 

As for mutant C1, the mutation in the C2 and C3 cell lines may not 

be in a gene encoding a factor that regulates expression of the IFN 

genes directly. The mutation may instead affect functional 

expression of another cytokine of growth factor which in turn 

induces IFN.

IFN -a4 and -a14 were detected in mutant C2 while IFN-a1 

and -a2 were not. The promoters of the different IFN-a subtypes 

are 50% homologous within 120 bp of 5'-flanking sequence (Henco 

et al., 1985) and this homology is even greater within the virus 

responsive element (VRE), which extends from -109 to -64 in the 

human IFN-a1 gene, and is sufficient to confer inducibility by 

virus on a heterologous p-globin promoter. This high degree of 

homology indicates that the IFN-a subtypes are likely to be 

regulated by common mechanisms. However, there are tissue 

specific differences in the proportions of different IFN-a subtypes 

produced after induction (Hiscott et al., 1984) and the basis of this 

variation is not understood. The spectrum of IFN-a subtypes 

detected in C2 cells may reflect such a difference; a more 

sensitive assay would perhaps detect low levels of IFN-a1 and - 

a2.



The human type I IFN genes are located in a cluster on 

chromosome 9. A mutation in a c/s-acting region of DNA that 

affects expression of all or part of this cluster could lead to the 

phenotype observed in the C2 and C3 mutants. Such a region of DNA 

is involved in regulating the human B-globin genes. These genes 

are arranged in the same physical order as the sequence in which 

they are expressed during development, S'-e-y-y^p-S', and span a 

distance of 55 kb on chromosome 11. Analysis of a group of genetic 

diseases, the B-thalqssJemias, in which the structure or expression 

of one or more of these genes is affected has provided information 

about globin gene regulation. A cis-acting region of DNA has been 

identified which acts at a considerable distance to affect 

expression of the B-globin gene domain. This dominant control 

region maps to three DNase I hypersensitive sites that are 6-18 kb 

upstream of the e-globin gene. Each site contains sequence 

elements that bind to the erythroid-specific transcription factor 

NF-E1. Site 2 contains a GC motif and sites 2 and 3 have a binding 

site for the erythroid-specific transcription factor NF-E2. The 

dominant control region affects the developmental pattern of 

globin gene expression. There is no evidence for a dominant control 

region affecting expression of the type I IFN genes but a mutation 

that ablated the binding of a negatively-acting factor to such a 

region or that caused a positively-acting factor to bind 

constitutively could explain the phenotype observed in the C2 or C3 

mutants. Alternatively the mutation could be in a gene leading to 

the constitutive activity of a factor acting positively through such 

a control region (reviewed in Grosveld et al., 1990).



Further characterisation of the defects in mutants C2 and C3 

is necessary to distinguish between these and other possibilities. 

Again Steve Goodbourn’s laboratory is examining the 2fTGH, C2, 

and C3 cell lines to determine if there are differences in the 

pattern of proteins binding upstream of the IFN-p gene.

2) Unresponsive Mutants

Unresponsive mutant U1A was isolated previously (Pellegrini 

et a/., 1989). During the course of this work mutants from three 

more complementation groups have been isolated; all the 

unresponsive mutants are recessive. Characterisation of mutants 

from the U2 and U3 complementation groups is presented here.

IF N -a  and -y have no structural homology. They bind to 

distinct receptors, induce unique sets of genes and show different 

modes of regulation for the genes they induce in common. However, 

there is increasing evidence that the two response pathways share 

common elements. A single type of DNA sequence element, the 

ISRE, can confer inducibility by both IFN-a and IFN-y upon a 

heterologous promoter (Reid et al., 1989) and can interact with 

factors induced by IFN-a or IFN-y in band-shift assays (Imam et 

al., 1990). The Ey subunit of factor E, although expressed 

constitutively, is induced by IFN-y in many cell lines (Levy et al., 

1989) and the response of many cell lines to IFN-a is greatly 

increased after treatment with IFN-y. Mutants in the U2, U3, and U4 

complementation groups, selected only for loss of response to IFN- 

a, all have defects in their responses to IFN-y.

In mutant U2A, all genes normally responsive to IFN-a in 

2fTGH cells became unresponsive. Most genes normally responsive
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to IFN-y retained a normal response but the 9-27, 1-8U and 6-16 

genes did not, indicating that a gene product required for the IFN-a 

response is also required for the IFN-y response of some genes, and 

also that the IFN-y response of different genes can be affected 

differentially. Induction of the antiviral response of U2A cells by 

IF N -a  was completely defective and induction by IFN-y was 

reduced 200-fold relative to 2fTGH cells. Factors E and M were not 

induced after treatment with IFN-a and factor G was not induced 

after treatment with IFN-y. The Ey subunit of transcription factor E 

was not functional in extracts of U2A cells. Transcription factors 

E, M, and G may require a common modifying enzyme for their 

activity, or may require a common transcription factor for their 

expression. Mutant U2A could carry a mutation in either type of 

protein. Alternatively, the mutation could be in the Ey gene. Ey is 

the DNA-binding component of transcription factor E. Its affinity 

for DNA is increased 25-fold after association with Ea (Fu et al., 

1990; Kessler et al.t 1990). Ey js expressed constitutively and in 

some cell lines, including 2fTGH, it is induced in response to IFN-y. 

A frame-shift mutation in the Ey gene could result in a truncated 

protein that cannot associate with Ea but can still bind DNA. Such 

a protein could have a higher electrophoretic mobility in a band- 

shift assay than either E or Ey, and could be identical to the novel 

IFN-y-inducible protein in complex X. Ey may be required for 

transcription of M and G or indeed may form part of the M and G 

complexes themselves. If this were so, a mutation in Ey would 

affect induction of complexes M and G.

Mutant U3A (and U4A; unpublished observations of Mathias 

Muller) is completely defective in its responses to both IFN-a and



-y. No genes normally induced by either IFN are induced, no 

antiviral response is mounted in response to either IFN, and no 

IFN-inducible band-shift complexes are formed in response to 

either IFN. The Ey subunit of transcription factor E is present but 

Ea is not present or is not activated in response to IFN-a. The 

receptors for both types of IFN are unaffected.

Mutant U3A (and U4A, unpublished observations of Mathias

Muller) is also partially defective in response to dsRNA; the IFN-p 

gene does respond but the 6-16 gene does not. Much less is known 

about responses of IFN-inducible genes to dsRNA but the ISRE 

sequence upstream of IFN-a-inducible genes is highly homologous 

to a sequence PRD I, in the IFN-p promoter, required for 

inducibility by dsRNA (Goodbourn, 1990). Also, analysis of the 

promoters of the IFN- and dsRNA-inducible genes IFI-56K and IFI- 

54K revealed that the only region of homology between these 

promoters and that of the IFN-p promoter is an ISRE (Wathelet et 

al., 1988). This finding suggests that inducibility of these genes by 

dsRNA requires an ISRE. Our results highlight a further degree of 

complexity. Although it is likely that the responses of both genes 

to dsRNA occurs through ISRE/PRD l-like sequences, 

complementation groups U3 and U4 provide evidence that the

response of these two genes to dsRNA differs.

Assuming no intra-allelic complementation, complementation 

groups U3 and U4 provide evidence that the responses of the IFN- 

inducible genes to the three effectors IFN-a, IFN-y, and dsRNA 

require at least two gene products in common. This requirement is 

at a very early step, after binding of ligand to receptor but before 

binding of factors E, M or G to DNA. It is possible that the



transcription factors mediating the early phase of induction by 

IFN-a (i.e. E), IFN-y (e.g., GAF), and dsRNA (factors unknown) share 

common components, that their activities depends on common

modifying enzymes, or that their expression depends on common

transcription factors. Expression of the adenovirus E1A oncogene 

or of the terminal protein region of hepatitis B polymerase has 

been shown to inhibit the cellular response to IFN-a, IFN-y and 

dsRNA (Ackrill et al., 1991; Foster et al., 1991). These viral 

protein may act through inhibiting the activity of a protein that is 

missing in one of these mutants.

3) Complementation of Recessive Mutants

Characterisation of the mutants has provided interesting

biological information and has highlighted genes that can be

mutated in these cell lines. However the affected genes will not be 

identified until complementing DNA has been isolated. The 2fTGH 

cell line has been constructed to facilitate back-selection after 

complementation by DNA transfection.

Complementation and rescue of complementing DNA from 

mammalian cells has usually been arduous due to low transfection 

efficiencies and the difficulty in rescuing integrated foreign DNA 

from the genome. We decided to use an approach that would 

hopefully overcome these limitations. Epstein-Barr virus (EBV) 

infects human B cells and its genome is found as a plasmid in most 

EBV-transformed cells. The oriP region of EBV acts in cis to allow 

linked DNAs to replicate as episomes in cells expressing the EBV 

nuclear antigen-1 (EBNA-1) (Yates et al., 1984; Lupton and Levine, 

1985; Yates et al., 1985). Foreign DNA can be introduced into



mammalian cells in a vector containing the EBV oriP. Mammalian 

cells expressing EBNA-1 are transformed at a high frequency, and 

the vector remains episomal. A high efficiency of stable 

transfection is achieved because the vector is being maintained as 

an episome, since stable integration of transfected DNA into 

chromosomes is inefficient (Yates et al., 1984; Yates et al., 1985). 

Successful use of both cosmid and cDNA vectors based on these 

principles has been reported. For example, a human HPRT” cell line 

has been complemented and episomes containing intact HPRT cDNA 

have been recovered from the complemented cell lines (Belt et al., 

1991). A novel IL-1 receptor was isolated from murine and human 

cells using a similar system (McMahan et al., 1991).

We have demonstrated that expression of the EBNA-1 nuclear 

antigen in mutant cell lines U2A and U3A conferred on these cell 

lines the ability to support stable replication of a plasmid 

containing the EBV oriP at efficiencies approximately 20-fold 

greater than the transfection efficiencies obtained with EBNA-1- 

negative cells. We have also demonstrated that DNA conferring 

ampicillin-resistance can be recovered from these cells, 

indicating that the plasmid is maintained episomally. cDNA 

libraries constructed using the vectors pSW8 and pHEB020 are 

currently being transfected into U2A and U3A cells expressing 

EBNA-1 to complement the affected genes.

4) A system for obtaining mutants in signalling pathways

Somatic cell genetics usually has not been used to analyse 

mammalian signalling pathways. One exception is the analysis of 

the pathway through which aryl hydrocarbon hydroxylase (AHH) is



induced. This enzyme is induced by its substrates, polycyclic 

aromatic hydrocarbons, and is involved in their activation to 

carcinogens. It is implicated in the etiology of many human 

cancers. Polycyclic aromatic hydrocarbons bind to a receptor that 

is in the cytoplasm and is subsequently translocated to the nucleus 

where it binds to specific DNA sequences upstream of the AHH 

gene, stimulating its transcription. AHH-deficient mutants were 

isolated from the mouse hepatoma cell line, Hepa-1 (Hankinson, 

1979; Hankinson, 1981). Recessive mutants were assigned to four 

complementation groups, A to D. Mutations in B, C and D affect 

functioning of the Ah receptor (Karenlampi et at., 1988). In the 

group C mutants the receptor is present in normal amounts but 

does not translocate to the nucleus after binding of substrates. A 

group C mutant was complemented and the complementing cDNA 

has been recovered (Hoffman et at., 1991).

A severe limitation in somatic cell genetic studies has been 

the difficulty in obtaining recessive mutants. Somatic cells are 

diploid and the majority of mutations are recessive when tested in 

cell hybrids. These mutations will only be manifest when both 

autosomal alleles are inactive. Many initial studies in somatic cell 

genetics were carried out using X-linked genes, e.g. HPRT, which 

are hemizygous in males and functionally hemizygous in females. 

The mammalian genome is complex, having about 106 genes. If each 

allele is mutated with a frequency of 10-6, the probability of 

obtaining a recessive mutant in which two alleles are altered is 

10 '12! Much of the initial work on mutations in autosomal genes 

was carried out using Chinese hamster ovary (CHO) cell lines. 

There is evidence to suggest that these lines contain significant



hemizygosity due to the silencing of one allele by DNA methylation 

(Thompson, 1979; Holliday and Ho, 1990) and it is likely that this 

mechanism is common to other cell lines. In general cell lines tend 

towards aneuploidy and within a population there will usually be 

some cells in which there is only one copy of the chromosome in 

which the mutation is sought (Kao et al., 1969). HT1080 cells 

appear to be relatively diploid for a cell line, having a modal 

chromosome number of 46, but pseudoploidy is commonly seen 

(Rasheed et al., 1974).

The first unresponsive mutant, U1A (11,1), was isolated 

after more than ten mutagenesis experiments in which > 108 2fTGH 

cells received one round of mutagenesis with ICR-191 (frequency < 

1 0 -8, reference (Pellegrini et al., 1989). To increase this 

frequency, multiple rounds of mutagenesis were carried out on 

2fTGH cells before selection. Mutant U2A was isolated from about

2 x 107 mutagenised cells after three rounds of mutagenesis, 

apparent frequency 5 x 10 6, a five-fold increase in frequency. 

After five rounds of mutagenesis a minimum of five new mutants 

were isolated from 1.8 x 107 mutagenised cells, a frequency of >3 

x 1 0 -7, more than six-fold higher than after three rounds of 

mutagenesis and more than 30-fold higher than after one round.

One recessive constitutive mutant (C1) was isolated from 2-

3 x 107 2fTGH cells after one round of mutagenesis with ICR-191 

(frequency « 0.5 x 10*7). The relative ease with which constitutive 

mutants have been obtained suggests that there may be many more 

sites on the genome that will result in a constitutive mutant if 

any one is mutated.



It is likely that all the mutants studied carry many 

mutations but, as they are able to grow, they are not impaired in 

any function necessary for survival. It remains possible that any of 

these mutant cell lines may carry mutations affecting more than 

one gene in the pathway regulating the response to IFN (or the 

production of IFN). Any such mutant would be impossible to 

complement through DNA transfection experiments unless the two 

genes happened to be closely linked and genomic DNA of high 

molecular weight was used for complementation. The first mutant 

isolated, U1A (previously known as 11,1), has now been 

successfully complemented by using genomic DNA. Mutants 

carrying two different mutations in the IFN response pathway are 

likely to be obtained at considerably lower frequency than those 

carrying only one mutation. The roughly comparable frequencies 

with which we obtain mutants in complementation groups U1 to 

U4, and the knowledge that U1A carries only one affected gene in 

the IFN response suggest that ,the other mutants will also carry 

single mutations. This will not be formally proven until a single 

complementing gene is isolated for each mutant.

Subjecting cells to multiple rounds of mutagenesis before 

selection substantially increases the frequency with which 

mutants in somatic cells can be obtained. The success of this 

strategy indicate that it should be possible to use it to select any 

mutant for which an appropriate selection can be devised. When a 

gene is expressed differentially in response to a known inducer and 

the sequence elements mediating induction have been cloned it 

should be possible to construct cell line in which expression of a 

selectable marker can be induced.



Expression of the selectable marker gpt needs to be 

regulated very tightly. Efficient expression of gpt in the presence 

of IFN and very low levels of gpt expression in the absense of IFN 

are required for the HAT and 6TG selections to succeed. The 

upstream region of the 6-16 gene was appropriate to control 

expression of gpt as 6-16 is very tightly regulated. Therefore, to 

use this approach to analyse other signal transduction pathways a 

prerequisite is tight transcriptional regulation mediated by the 

ligand in question. Functions encoded by cytokine or growth factor 

inducible genes are usually only needed transiently and their 

expression is often controlled tightly, so it should be possible to 

extend this approach to analyse other cytokine or growth factor 

response pathways. Where regulation of gene expression is not 

tight it may be possible to adapt the approach. Regulated 

expression of a cell surface antigen in response to a particular 

signal can be achieved by fusing the 5' region of a gene regulated 

by the ligand to the coding region of a gene encoding the antigen, 

followed by transfection into a cell line in which the antigen i$ 

not normally expressed. Abnormal expression of the antigen after 

mutagenesis can be selected using a fluorescence-activated cell 

sorter. This approach is being tested in our laboratory to isolate 

mutant cell lines abnormally responding to IFN-y.

Where there is genetic redundancy or where the function of a 

gene is vital for cell survival it will not be possible to select a 

mutant lacking this function.
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APPENDIX

Scatchard Plots

The concentration of a receptor-ligand complex is determined 

from the concentrations of free receptor [Rf] and free ligand [Lf] 

and the ratio of the rate constants, ki and k2.

At equilibrium,
ki

[Rf] + [Lf] ^ = * [ R L ]  
k2

ki [Rf][Lf] = k2[RL]

ki ([Rt] - [RL])[Lf] =* k2[RL]

ki[RT] - ki[RL] *  k2iaU  
[Lf]

[BLl = IuIRt] - kl[RL]
[Lf] k2 k2

This is the equation of a straight line. By extrapolating from

the graph of this equation it is possible to determine the

receptor number [Rt] and the association constant Ka, i.e. kl.
k2

At the point where [RL] = 0, i.e. bound = 0
[Lf] free

Ki IRt] = klIRL]
k2 k2

[Rt] = [RL].

k l , i.e. Ka, is the slope of the line. 
k2



From Fig. 24, when bound *  0
free

for 2fTGH there are 2.6 fmol i 25I-IFN-y bound and so the number of

receptors is 2.6 x 1 0 15 x Avogadro's no.
no. of ceils in assay

2.6 x 10-15 x 6.Q2 X 1023
5 x 105

-  3,150 receptors

for U3A there are 4.6 fmol 125l-IFN-y bound and so the number of 

receptors is 4.6 x 10-15 x Avogadro's no.

the slope of the line k l  = Ka (we need to convert fmol into molarity’
k2

no. of cells in assay

4.6 x 10-15 x 6.02 x 1022
5 x 105

= 5,500 receptors

for 2fTGH Kl
k2

0.33 x 5 x 10-3
4.6 x 10-15

therefore, Ka -  3.6 x 101

for U3A k i
k2

0.22 x 5 x 1 0 -3
2.7 x 10-15

therefore, Ka = 4.1 x 101


