
REACTIVATION OF UV-IRR.L'l.DIATED HERPES 

SIMPLEX VIRUS TYPE 2 IN 

HUMAN CELLS 



REACTIVATION OF UV-IRRADIATED HERPES SIMPLEX VIRUS TYPE 2 

IN 

COCKAYl'TE' S SYNDROME AND XERODERMA PIGMENTOSUM CELLS 

by 

DAVID KENNETH GREGORY RYAN B. Sc. 

A Thesis 

Submitted to the School of Graduate Studies 

in Partial Fulfillment of the Requirements 

. for the Degree 

Master of Science 

McMaster lJniversity 

April, 1983 



MP$TER OF SCIENCE (1983) 
(Biology) 

McMASTER UNIVERSITY 
Hamilton, Ontario 

TITLE: 

AUTHOR: 

SUPERVISOR: 

Reactivation of UV-irradiated herpes simplex 
virus type 2 in Cockayne's syndrome and xeroderma 
pigmentosum cells. 

David Kenneth Gregory Ryan, B.Sc. (University of 
Guelph) 

Professor Andrew J. Rainbow 

i'TUMBER OF PAGES: xi, 172 

ii 



ACKNOWLEDGEMENTS 

I would like to express my gratitude to Dr. A. J. 

Rainbow, my supervisor, for his encouragement, enthusiasm 

and advice during the course of this work and the prepar

ation of this manuscript. I would also like to thank 

Craig Bennett and Dr. Patrick Jeeves for many well spent 

hours of discussion and Margaret Howes for technical sup

port and assistance. 

I would especially like to thank my wife, Nancy, who 

put up with my absence, both in body and in mind, for the 

time it took to prepare this manuscript. 

iii 



TABLE OF CONTENTS 

INTRODUCTION 

The Importance of DNA Repair 
Bacterial DNA Repair Processes 

Photoreactivation 
Excision repair 
Post-replication repair 
SOS function 

Mammalian DNA Repair Mechanisms 
Photoreactivation 
Excision repair 
Post-replication repair or 

daughter-strand repair 
SOS functions in mammalian cells 

Page No. 

1 

3 
5 
5 
5 

10 
12 

16 
16 
17 

21 
22 

DNA Repair Deficient Human Disorders 24 
Xeroderma pigmentosum 25 
Cockayne's syndrome 27 
Other repair deficient disorders 29 

Ataxia telangiectasia 29 
Fanconi's anemia 31 
Other mammalian repair disorders 31 

Viruses as Probes for DNA Repair 
Host cell reactivation 
Capacity 
Enhanced virus 
Enhanced viral 

(error-prone 

. 
reactivation 
mutagenesis 
reactivation) 

MATERIALS AND METHODS 

Media 
Solutions 

Cells 
Human diploid fibroblasts 

Normal strains 
Cockayne's syndrome strains 
Xeroderma pigmentosum strains 

Growth and passaging 

Non-human cell lines 
Vero cell line 

Ultraviolet light irradiation 

iv 

31 
32 
35 
36 
38 

41 

42 
43 

44 
44 
44' 
44 
44 

45 

45 
45 

46 



Virus 
Herpes simplex type 2 

Growth 
Crude virus preparation 
Ultraviolet light irradiation 

Experimental Protocols 
Plaque assay 

RESULTS 

A. 
A. I. 

A.II. 

A.II.a. 
A.II.b. 

A.II.c. 

B. 
B.I. 

B.II. 

B. III. 

B.III.a. 

B. III. b. 

B.III.c. 

c. 
c.I. 
C.I.a. 

C.I.b. 

Viral antigen assay 
Immunofluorescent staining 
Host cell reactivation of plaque 

forming ability 
Host cell reactivation of Vag 

forming ability 
Enhanced viral reactivation of plaque 

forming ability 

Host Cell Reactivation 
Effect of UV irradiation on HSV-2 

plaque formation in human fibro
blasts 

UV survival of HSV-2 plaque 
formation 

Capacity 

Normal human fibroblasts 
Cockayne's syndrome fibro

blasts 
Xeroderma pigmentosum fibro

blasts 

Capacity of UV irradiated fibro
blasts to support HSV-2 plaque 
formation 

Effect of delayed infection on 
capacity 

Capacity of UV'd human fibro
blasts for HSV-2 plaque formation 

Capacity of normal human 
fibroblasts 

Capacity of Cockayne's syn
drome fibroblasts 

Capacity of Xeroderma pigmen
tosum fibroblasts 

UV Enhanced Reactivation of HSV-2 
Plaque Forming Ability 

Factors affecting UVER 
Effect of delayed infection 

on UVER 
Effect of delayed irradiation 

on UVER 

v 

Page No. 

47 
47 
47 
48 
49 

49 
49 
51 
52 
53 

54 

54 

57 

58 
58 

62 

62 
66 

67 

72 
72 

73 

75 

75 

79 

80 

86 

87 
87 

88 



C. II. 

C. III. 

c.Iv. 

D 

D. I. 

UVER in various human fibroblast 
strains 

UVER of UV'd HSV-2 as a function 
of UV dose to the cells at low 
virus survival levels 

Determination of RF as a function 
of UV dose to the virus 

Effect of UV Irradiation of HSV-2 on 
Viral Antigen Formation 

Host cell reactivation 

DISCUSSION 

Host Cell Reactivation 
Normal human fibroblasts 
Cockayne's syndrome fibroblasts 
Xeroderma pigmentosum fibroblasts 
Xeroderma pigmentosum variant fibro-

blasts 

Host Cell Reactivation of UV'd HSV-2 Viral 
Antigen Formation 

Capacity 
Effect of delayed infection on capacity 
Normal human fibroblasts 
Cockayne's syndrome fibroblasts 
Xeroderma pigmentosum fi~roblasts 

UV Enhanced Reactivation 
Effect of Subculture 
Effect of Delayed Infection 

UVER as a Function of Dose to Cells and Virus 
Normal Fibroblasts 

REFERENCES 

Cockayne's Syndrome Fibroblasts 
Xeroderma Pigmentosum Fibroblasts 

vi 

Page No. 

90 

96 

99 

104 

104 

109 

110 
111 
116 
119 
121 

122 

124 
125 
127 
128 
129 

132 
132 
133 

134 
134 
138 
139 

148 



Figure No. 

1 

2 

J 

4 

5 

6 

7 

8 

9 

10 

11 

12 

lJ 

14 

LI ST OF FIGURES 

The process of enzymatic photoreac
tivation (PR) 

Excision repair 

Post-replication recombinational re
pair and trans-dimer synthesis 

A schematic of bacterial SOS induc
tion 

The consequence of closely spaced 
dimer lesions 

Schematic of dilution series 

Titration of virus plaque forming 
ability 

Survival of plaque forming ability 
of UV-irradiated HSV-2 in normal, 
CS and XP fibroblasts 

Survival of plaque forming ability 
of UV-irradiated HSV-2 in normal 
human fibroblasts 

Survival of plaque forming ability 
of UV-irradiated HSV-2 in CS 
fibroblasts 

Survival of plaque forming ability 
of UV-irradiated HSV-2 in excis i on 
deficient xeroderma pigmentosum 
fibroblasts 

Survival of plaque forming ability 
of L~-irradiated HSV-2 in excision 
proficient xeroderma pigmentosum 
fibroblasts. 

Capacity of L~-irradiated normal 
CS and XP cells to support HS V-2 
plaque formation 

The relative HSV-2 plaque forming 
ability of UV-irradiate d cells de
termined for delayed infe ction 

vii 

Page No. 

6 

8 

11 

lJ 

15 

59 

60 

6J 

64 

68 

70 

74 

76 



Figure No. 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

The capacity of L~-irradiated normal 
human fibroblasts to support HSV-2 
plaque formation 

Capacity of UV-irradiated CS fibro
blasts to support HSV-2 plaque 
formation 

Capacity of UV-irradiated XP cell 
strains to support HSV-2 plaque 
formation 

UV-enhanced reactivation of HSV-2 
plaque formation in normal, CS and 
XP fibroblasts 

The effect on RF of a delay between 
irradiation and infection 

The effect of subculturing on max
imum RF 

~lER as a function of UV dose to the 
cells 

UV-enhanced reactivation of HSV-2 
plaque formation in n3rmal, CS and 
XP fibroblasts at 10- virus survival 

UVER of L~'d HSV-2 in human fibroblasts 
as a function of virus surviving 
fraction 

UVER of UV'd HSV-2 as a function of 
UV dose to the virus in normal 
fibroblasts 

UVER of ~T'd HSV-2 as a function of 
UV dose to the virus in CS fibroblasts 

l~ER of UV'd HSV-2 as a function of 
UV dise to the virus in XP excision 
deficient 

UVER of L~'d HSV-2 as a function of 
Vv dose to the virus in XP variant 
fibroblasts 

Page No. 

77 

83 

84 

85 

89 

91 

94 

97 

98 

100 

101 

102 

10.3 

28 HCR of viral antigen forming ability of UV'd 106 
HSV-2 in normal, CS and XP fibroblasts 

viii 



TABLE NO. 

1 

2 

3 

4 

5 

LIST OF TABLES 

Parameters describing the survival 
curves of UV' d HSV-2 in various 
human fibroblast strains 

Parameters describing the capac
ity of UV'd human fibroblasts to 
support HSV-2 plaque formation 

Parameters describing UVER of ~I'd HSV-Z 
plaque formation in human fibroblasts 

HCR of HSV-2 viral antigen formation 
in human fibroblasts 

Efficiency of UVER for plaque formation 
by UV irradiated HSV-2 

ix 

Page No. 

65 

78 

95 

108 

136 



ABSTRACT 

Host cell reactivation (HCR) of UV-irradiated (UV'd) 

herpes simplex virus type 2 (HSV-2), capacity of UV'd cells 

to support HSV-2 plaque formation and UV enhanced reactivation 

(UVER) of UV'd HSV-2 were examined in human fibroblasts. The 

cells were derived from four Cockayne's Syndrome (CS) patients, 

5 xeroderma pigmentosum (XP) patients and 5 normal patients. 

Survival curves for HCR of HSV-2 plaque formation showed 2-

components. HCR was not significantly different in the CS 

strains and an XP variant strain compared to normal, where

as all excision deficient strains showed a significant re-

duction in HCR. The o
37 

values for the delayed capacity curves 

were in the range 8.6-12.4 J/m2 for the normal strains, J.l-5.1 

J/m2 for the CS strains, 6.7 J/m2 for an XP variant strain and 

between 0.40-1.98 J/m2 for the XP excision deficient strains 

examined. UVER was also examined for HSV-2 UV-irradiated to 

survival levels of 10-2 and 10-3 in unirradiated cells. Max-

imum delayed UVER was observed in normal strains at a UV 

dose of 15 J/m2 to the virus. Maximum UVER in CS cells was 

detected at a UV dose of 5 J/m2 to the cells, in XP excision 

deficient cells maximum UVER occurred at doses ranging from 

0.5-2.5 J/m2 to the cells, and in XP variant maximum UVER 

occurred at 10 J/m2 to the cells. In all cell strains the 

level of UVER increased with increasing UV dose to the 

virus. 

Results are discussed in terms of the repair defects of 

CS and XP cells and their relationship to possible viral repair 

X 
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functions. In addition, the possible existence of an in

ducible DNA repair response is discussed in terms of the 

results of this study. 

xi 



INTRODUCTION 
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Information for a cell's structure and function is en

coded in its DNA. Transcription and translation convert the 

information into the proteins utilized by the cell. This in

formation is also copied by DNA replication and the identical 

information passed on to daughter cells. In order to maintain 

its hereditary and maintainence functions the information in 

the DNA must be stable. 

Deleterious alterations are constantly occurring in the 

DNA of a living cell. Certain changes are spontaneous while 

others are induced by chemicals and radiation. The major pro

duct of ultraviolet (UV) light irradiation is the cyclobutane 

pyrimidine dimer (Ben Hur & Ben Ishai,l968). Minor products 

include single strand breaks and DNA-protein crosslinks 

(Smith,l977). Higher energy, ionizing radiations such as 

X or ~-rays produce single and double strand breaks (Hutchin

son,l978) as well as alterations in the bases and sugars 

(Ward,l975). Chemical agents can produce a wide range of 

lesions such as inter- and intra-strand DNA crosslinks, DNA

protein crosslinks, base modifications (alkylation, methylation, 

depurination) and base substitution (Roberts,l978). 

The effect of these lesions may be to alter the coding 

sequence of the DNA or ability to be replicated or transcribed. 

The final consequence of this damage may be the death of the 

cell or, in the case of mammalian cells, the initiation of 

cancerous growth (Setlow,l980). 

It is not surprising, in view of the importance of main

taining the integrity of the DNA, that organisms have evolved 
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many DNA repair mechanisms. The current understanding of the 

enzymology of bacterial DNA repair is quite detailed (Grossman 

1981, Little and Mount,l982). Study has been aided by the 

isolation of many bacterial mutants and the characterization 

of the relevant enzymes (Hanawalt et al., 1979). In mammalian 

cells the understanding of the mechanisms and the genetics of 

DNA repair are far less advanced (Hanawalt et al., 1979; Hall & 

Mount,l981). Analysis of these repair mechanisms is hampered 

by the relative lack of cellular mutants deficient in these 

processes (Hall & Mount,l981). DNA repair processes may be 

particularly complex in mammalian systems due to the structure 

of chromatin and the nature of eukaryotic replicons (Hanawalt 

~ al., 1979). The use of recombinant DNA technology to clone 

and analyse genes that are mutant in repair deficient mammalian 

cells may aid greatly in our understanding of mammalian DNA 

repair processes (Hall & Mount, 1981). 

THE IMPORTANCE OF DNA REPAIR 

The importance of DNA repair to the organism is more com

plex than the simple survival of individual cells. DNA damage 

3 

has been found to be both mutagenic and carcinogenic (Setlow, 1980). 

The best evidence of the correlation between reduced DNA repair 

ability and carcinogenesis is the observation that cells from 

patients with xeroderma pigmentosum (XP) are deficient in the 

repair of DNA photoproducts. These patients also show increased 

incidence of sunlight induced cancer (Robbins et al., 1974; 

Friedberg et al., 1979). Similar correlations between defective 



DNA repair and cancer proneness are seen for various other DNA 

repair deficient disorders including ataxia telangiectasia 

(Kraemer, 1977), Fanconi's anemia (see Friedberg et al., 1979) 

and Bloom's syndrome (German et al., 1977). 

Other work correlates cellular mutagenesis with DNA re

pair deficiencies. Cells from patients with XP and cells from 

patients with Cockayne's syndrome (CS) have been shown to be 

hypermutable by UV light (Maher et al., 1976; Arlett, 1980). 

An association between DNA repair and aging has also been 

suggested to exist (Williams, 1976). Progeria is a syndrome 

which displays markedly advanced aging (DeBusk, 1972). Cells 

from some patients have reduced ability to repair 0 -irradiated 

adenovirus DNA (Rainbow & Howes, 1977). The reduced repair has 

not been observed in all progeria cell strains tested (Brown 

et al., 1980). Also, CS patients present the general appearance 

of premature aging (Guzzetta, 1972). 

Another clinical symptom common to a number of syndromes, · 

whose cells are DNA repair deficient, is neurological involve

ment. This has been described for XP (de Sanctis & Cacchione, 

1932), ataxia telangiectasia (AT) (McFarlin et al., 1972) and 

Fanconi's anemia (FA) (Nilsson, 1960). 

Involvement of the immune system is one of the major clin-

ical symptoms of AT (Kraemer, 1977). Patients with XP have 

also been shown to have immunologic abnormalities (Hellman 

and Schuller, 1980). 

The clinical symptom common to most of the syndromes men-

tioned is radiation or chemical sensitivity. Patients with XP, 
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CS or Bloom's syndrome are hypersensitive to sunlight (Robbins 

et al., 1974; Guzzetta, 1972; Friedberg et al., 1979) and pa

tients with AT are hypersensitive to ionizing radiation (see 

Friedberg et al., 1979). In some cases DNA repair deficiencies 

were first suspected on the basis of these clinical sensitivi

ties. 

BACTERIAL DNA REPAIR MECHANISMS 

PHOTOREACTIVATION 

The most direct repair mechanism is photoenzymatic repair 

or photoreactivation (PR) (Figure 1). The major product of UV

irradiation is the pyrimidine dimer (Ben Hur & Benishai, 1968). 

This molecule is specifically recognized by the enzyme DNA 

photolyase which binds to the dimer (Sutherland, 1978). The 

enzyme-dimer complex forms a chromophore which absorbs light 

in the visible range {J00-600 nm). The energy absorbed by the 

chromophore is used to monomerize the constituent pyrimidines 

(Sutherland, 1978). Because PR reduces the UV-induced mutation 

rate in~ coli it is considered to be an error-free repair mode. 

(Witkin, 1976). 

EXCISION REPAIR 

The process of excision repair in bacteria is mediated by 

a large number of enzymes. A simple model of the basic pro

cess (see Figure 2) involves at least four steps: a) the in

cision of the DNA 5' to the damage site b) excision of the 

damaged site c) resynthesis in the excised region and d) liga

tion to restore the phosphodiester bond (from Hall and Mount, 

1981). 
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FIGURE 1 

THE PROCESS OF ENZYMATIC PHOTO REACTIVATION (PR) 

a) cyclobutane pyrimidine dimers produce a bulky lesion in 
DNA. 

b) the dimer is specifically recognized by DNA photolyase 
(PR enzyme). The dimer-enzyme chromophore absorbs 
visible light. 

c) the energy absorbed is utilized to monomerize the con
stituent pyrimidines. 
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The types of damage which can be removed from DNA by 

excision repair include small lesions such as alkylated 

bases and single-strand breaks. Large lesions such as 

pyrimidine dimers and DNA-DNA or DNA protein cross-links 

can also be removed by excision repair (Hanawalt et al., 

1979). 

Two types of excision repair can occur depending upon 

the type of damage. Base excision repair (Figure 2A,B) 

occurs when base modifications are recognized by specific 

glycosylases which remove the altered base (Grossman, 1981). 

This generates an apurinic/apyrimidinic (AP) site. This 

site can, under some experimental conditions, be regenerated 

(Figure 2A) by an insertase enzyme replacing the correct base 

(Deutsch & Linn, 1979). The AP site is usually the target 

for various AP endonucleases (Lindahl, 1979) which hydro

lize the phosphodiester backbone of the DNA (Figure 2B). 

Nucleotide excision (Figure 2C) is used for the repair 

of bulky adducts such as pyrimidine dimers, ethylmethane 

sulphonate damage, crosslinks and chemical adducts (Gross

man, 1981). A high molecular weight complex comprising the 

products of the UVR A, UVR B and UVR C genes recognizes the 

lesion and incises the DNA 5' to the lesion (Seeberg, 1978). 

From this point onward nucleotide and base excision repair 

are indistinguishable. 

The excision of the lesion can be accomplished by any 

of a variety of exonucleolytic activities (Grossman, 1981). 

Some of these exonucleases are independent enzymes while 
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FIGURE 2 

EXCISION REPAIR 

A) Direct removal of damaged base by specific glycosylase 
and subsequent replacement by insertase 

B) Base excision repair. Damaged base is removed by 
specific glycosylase. Resulting AP site is tar
get for AP endonuclease incision 

C) Nucleotide excision repair. Structural defects are 
recognized and the DNA is incised 5' to the damage 
site 

Excision of damage, resynthesis and ligation are per
formed in a similar fashion for both base and nucleotide 
excision repair 

(Redrawn from Hanawalt et al., 1979) 
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others are associated with polymerase activities (Grossman, 

1981; Hanawalt et al., 1979). 

Resynthesis of the excised patch of DNA can be performed 

by either of the two bacterial DNA polymerases, pol I or 

pol III (Grossman, 1981). Pol I is considered to be the 

better candidate for this function because it is able to 

bind at nicks in the DNA (Hanawalt et al., 1979). This would 

make it ideal for a coupled excision-resynthesis reaction. 

Though it may account for the majority of the resyn

thesis, pol I is not the only polymerase involved. Mutants 

deficient in polymerase I (pol A) are still capable of ex-

cision repair and in fact perform more repair synthesis than 

pol+ strains (Cooper & Hanawalt, 1972a). The increase in 

the absolute amount of repair synthesis is accounted for 

by the size of the repair patch. It has been shown that 

repair patches in E coli are heterogeneous in size. The 

majority of patches are short (20-30 nucleotides) while a 

small fraction are much larger (up to several hundred nuc-

leotides) (Cooper & Hanawalt, 1972b). This was inter-

preted to mean that pol I was responsible for short re

pair patches and that pol III was responsible for long re

pair patches. Though long-patch excision repair is con-
+ stitutive at low levels, it has been shown to be rec A , 

+ + rec B and lex A dependent (Cooper & Hanawalt, 1972a). It 

is therefore an inducible function and will be discussed 

later. Mutants which can only perform short patch repair 
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(rec A- or lex A-) do not show UV-induced mutability 

(Witkin, 1976). This suggests that short patch excision 

repair is error-free. 

The final step in excision repair is the ligation of 

the repaired patch to the parental DNA. This is accom

plished by a single enzyme, polynucleotide ligase (Youngs 

& Smith, 1977). 

POST REPLICATION REPAIR 

Damage which has not been removed from the DNA 

(e.g. pyrimidine dimers, as the most thoroughly character

ized lesion) can block DNA synthesis at that site. Actively 

replicating DNA (Figure 3A) will be int~pted and reinit

iation of synthesis will occur on the other side of the 

damage site (Hanawalt et al., 1979). These gaps are easily 

detected by alkaline sucrose density gradie.nt sedimentation 

(Rupp & Howard-Flanders, 1968). It is these gaps which are 

the target for post-replication repair (PRR) (Lehmann & 

Karran, 1981). 

Current evidence suggests that the gaps are filled by 

an exchange mechanism which places DNA from the sister

strand into the gap (Rupp et al., 1971). The undamaged 

sister-strand is then reconstituted by repair DNA synthesis 

(Ley, 1973). This eliminates the gap left in the parental 

molecule by the strand exchange. 

It is interesting to note that this "repair" process 

does not remove the damaged site. It is possible that by 

allowing replication to occur past damage sites the cell 

10 
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FIGURE J 

Post-replication recombinational repair and trans
dimer synthesis 

A) Post-replication recombinational repair or 
Daughter-strand gap repair 

B) Trans-dimer synthesis 
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is buying time with which to remove the damage by excision 

repair. Those cells which are not excision repair profic

ient (UVR A or UVR B) may eventually produce damage-free 

genomes by the gradual dilution of damaged sites. 

The process of PRR is absolutely dependent upon the 

rec A gene (Smith & Meun, 1970). This is not unexpected 

considering the involvement of recombination functions 

(Rupp et al., 1971). 

Though no direct evidence exists, PRR or daughter

strand closure is thought to be non-mutagenic (see dis

cussion by Hanawalt et al., 1979). The observation that 

repair synthesis occurs on lesion-free templates (Ley, 197J) 

supports this conclusion. 

SOS FUNCTION 

A variety of treatments which damage DNA or inhibit its 

replication induce a coordinately controlled set of respon

ses (Little & Mount, 1982). These responses include en

hanced excision and daughter-strand gap repair capability as 

well as prophage induction and an increased rate of cellular 

mutagenesis (Little & Mount, 1982; Hanawalt et al., 1979). 

Also included are the phenomena of Weiglereactivation (WR) 

and Weigle mutagenesis (WM) (Weigle, 195J) whereby UV-irrad

iated bacteriophage A produces more plaques and more mutant 

progeny when infected into pre-irradiated host cells. 

The present model of the SOS system (Figure 4) holds 

that the lex A protein is a repressor molecule for the un

linked genes involved in the SOS system (Little & Mount, 1982) 
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FIGURE 4 

A schematic of bacterial SOS induction 

A) low level expression of lex A produces repressor 
molecules which bind to operator sites of various 
genes allowing only low level expression 

B) DNA damage signal activates rec A protease which 
cleaves lex A repressor molecule 

C) derepression of rec A, lex A and other SOS genes 
gives rise to SOS response 

13 

D) as DNA damage is repaired, signal level drops and 
rec A loses protease function, repressor molecules 
accumulate and low level expression is restored 

(Redrawn from Little & Mount, 1982) 
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(Figure 4A). When DNA is damaged an inducing signal acti

vates a proteolytic activity of the rec A protein (Roberts 

et al., 1978) which cleaves and inactivates the lex Are

pressor (Little et al., 1980) (Figure 4B). Derepression 

allows the expression of the SOS genes (Figure 4c) at high

er levels and their SOS functions are expressed (Little & 

Mount, 1982). When the damage is repaired (Figure 4D) the 

protease activity of rec A disappears and the lex Are

pressor accumulates and represses the SOS genes (Little 

etal.,l980). 

The best understood SOS response is prophage induction 

(Craig & Roberts, 1981). The viral repressor (~ repressor) 

protein appears to be functionally similar to the lex A pro

tein (Little & Mount, 1982). Recent evidence (Crowl et al., 

1981) indicates that activation of the rec A protease is 

sufficient to cause A repressor cleavage and prophage in-

duct ion. 

The enhancement of excision repair by the induction of 

the SOS system is due to two factors. The UVR A gene pro

duct (which is under lex A control) is present at higher 

levels and makes cells more resistant to DNA damage (Mount 

et al., 1975). Also, long patch excision repair is induced 

to higher levels as one of the SOS functions (Cooper & Hunt, 

19 78) • 

SOS error-prone excision repair is thought to arise from 

long-patch repair. Closely spaced lesions on opposite strands 

(see Figure 5) would require "transdimer synthesis" (see 
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FIGURE 5 

The consequence of closely spaced dimer lesions 

The consequence of closely spaced dimer lesions 
on opposite strands of the DNA molecule is the necessity 
of utilizing some form of by-pass repair mode, an in
herently error-prone mechanism 
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below) to by-pass the second lesion (Hanawalt et al., 1979). 

The enhancement of post-replication repair and the cause 

of both Weigle reactivation and Weigle mutagenesis is thought 

to be transdimer synthesis (Clark & Volkert, 1978). Though 

DNA rep~ication is usually blocked by pyrimidine dimers, 

(Figure JB) a cell which has been SOS induced is·able to syn

thes~ past the dimers (Caillet-Fauquet et al., 1977). The 

blockage results from the J' - 5' editing exonuclease activ

ity associated with bacterial DNA polymerases (Villani et al., 

1978). It is possible that in induced cells the J' - 5' edit

ing activity is inhibited allowing random insertion of nucleo

tides opposite dimers (Villani et al., 1978). Indirect evi

dence from pol C mutants suggests the involvement of DNA 

polymerase III in error-prone transdimer synthesis (Bridges 

et al. , 19 76) • 

MAMMALIAN DNA REPAIR MECHANISMS 

PHOTOREACTIVATION 

Repair of pyrimidine dimers can be accomplished by a sin

gle enzyme, DNA photolyase (Sutherland, 1978b). The enzyme

dimer complex absorbs visible light and the pyrimidines of the 

dimer are monomerized. 

This enzyme activity has been detected in different types 

of cells including marsupial (Lytle & Benane, 1975) and human 

cells (D'Ambrosio et al., 1981). The contribution of photo

reactivation to other repair assays has been well established. 

Photoreactivating light has been shown to increase the survival 

of UV'd HSV in some XP excision repair deficient cell strains 
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Ovagner et al., 1975; ·Lytle et al., 1976b). Photoreactivation 

has also been shown to reduce the UV-light induced decrease 

in HSV plaque-forming ability in marsupial cells (Lytle & 

Benane, 1975). The same study showed that photoreactivation 

reduced the expression of delayed enhanced reactivation, sug

gesting that UV-induced pyrimidine dimerswere necessary for 

its induction. 

EXCISION REPAIR 

The basic steps of excision repair in mammalian cells 

are thought to be similar to ~ose in bacterial cells (Lehmann 

& Karran, 1981). That is, upon recognition of a damage site 

the initial step is the incision or nicking of the DNA. This 

is followed by excision and resynthesis and finally, ligation 

{see earlier section: Bacterial Excision Repair) (Figure 2). 

As in bacterial cells excision repair can be subdivided 

into both base and nucleotide excision repair. An extensive 

battery of DNA glycosylases can recognize a wide variety of 

minor base alterations(Lindahl, 1979). Subsequently the base 

can be replaced directly {Lindahl, 1979) or the AP {apurinic/ 

apyrimadinic) site can be the target for an AP endonuclease. 

A number of AP endonucleases have been identified in human 

cells (Linnet al., 1978) all of which incise the phosphate 

backbone. 

For nucleotide excision repair the mechanism whereby the 

initial incision is made is unclear. A large body of studies 

using the human excision deficient mutant cell strains of 
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Xeroderma pigmentosum (XP) patients (see discussion by Hana

walt et al., 1979) has suggested that a complex set of gene 

products is required to allow the recognition of, access to 

and incision of DNA organized into chromatin. 

Strand breaks caused by incision are difficult to detect 

with standard techniques and especially sensitive procedures 

must be used (Hanawalt et al., 1979). This may indicate that 

incision is a rate limiting step and that once it occurs the 

subsequent steps of excision, resynthesis and ligation proceed 

very quickly (Lehmann & Karran, 1981). 

The classical demonstration of excision resynthesis in 

mammalian cells was the report of unscheduled DNA synthesis 

(UDS) in UV-irradiated cells (Rasmussen & Painter, 1964). 

They postulated that this low level of cell-cycle independent 

DNA synthesis represented the filling in of gaps left by the 

excision of damaged nucleotides. Subsequent experimentation 

has supported their hypothesis and various methods now exist 

for monitoring excision repair. These include measurement of 

repair synthesis by isopycnic sedimentation, bromouracil in

corporation into repair sites followed by JlJ ~~-light induced 

hydrolysis, loss of lesion-specific-endonuclease-sensitive 

sites and many others which are reviewed by Paterson (1977). 

A multiplicity of enzymic activities that may have some 

role in excision and resynthesis have been identified in mam

malian cells. However, unlike ~·coli - DNA polymerase I 

(Weissbach, 1977) none have been found which combine these 
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two activities (excision & resynthesis) on a single enzyme. 

Though not on a single enzyme, these processes may in fact be 

coupled in the cell. A 5' - J' exonuclease activity purified 

from a human lymphoma line was stimulated by polymerase (Strauss 

1978). This combined activity was able to perform 

repair replication in vitro (Bose et al., 1978). 

Among the other enzymes known are a large number of exo

nucleases having somewhat different activities. All share the 

ability to release pyrimidine dimers from UV-irradiated DNA 

(Hanawalt et al., 1979; Grossman, 1981). 

There are four known mammalian DNA polymerases (Weiss-
; 

bach, 19 77) designated o( , /> , '/ and f . The b polymerase 

is probably the mitochondrial polymerase (Grossman, 1981) and 

as such is the best characterized. The role of the other poly

merases in DNA repair is not clear. The recently described 

opolymerase (Byrnes et al., 1976) has yet to be implicated 

in repair. The ~ and ~ polymerases have both been inferred 

to be involved in DNA repair synthesis in various conflicting 

reports which utilize selective inhibitors of one polymerase 

or the other (Hanawalt et al., 1979; Lehmann & Karran, 1981). 

In some cases, use of the same inhibitor in different systems 

produces opposing conclusions. This is the case with the drug 

aphidicolin (Ciariocchi et al., 1979 and Pedrali-Noy & Spa

dari, 1980). This may reflect the differences in the exper

imental systems since Ciariocchi et al. (1979) used a per

meable system and Pedrali-Noy & Spadari (1980) used an in vivo 

system. However, even with the permeable cell system, the use 



of other selective inhibitors produced conflicting results 

( Castellot et al. , 19 79) • 

The evidence provided by aphidicolin inhibition exper

iments using in vivo systems (Pedrali-Noy & Spadari, 1980) 

has led to the belief that~ polymerase plays the major role 

in repair synthesis (Lehmann & Karran, 1981; Spadari et al., 

1982). However, the recent demonstration that aphidicolin is 

not absolutely specific for ol polymerase but also inhibits 

~ polymerase over the same dose range (Goscin & Byrnes, 

1982) will require a re-evaluation of the conclusions based 

upon the original premise of specifity. 

As in bacterial cells, mammalian cells perform two types 

of excision repair, long-patch and short-patch. All simi

larities between the two systems end at that point. The 

mammalian short-patch repair mode operates on damage produced 

by ionizing radiation (e.g. X-rays) or chemicals which pro-
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duce "X-ray like" damage such as alkylating agents (Regan & 

Setlow, 1974). The size of the repair patch has been esti

mated to be 3-4 nucleotides and repair is generally completed 

within an hour or two (Regan & Setlow, 1974). The mammalian 

long-patch repair mode corrects damage caused by "UV-like" 

agents such as ultraviolet light, N-acetoxy-acetylaminofluorine 

(NAAAF), aflatoxin B, and psoralen plus light (Regan & Set-

low, 1974). These agents produce bulky adducts which distort 

the DNA helix. Their repair produces patches of 15-100 nucleo

tides (Regan & Setlow, 1974) and, at least at lower doses, re

moval of lesions occurs continually over a period of 12-24 hours 
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during which time 70-90% of the lesions are removed (Smith, 1978). 

POST REPLICATION REPAIR OR DAUGHTER-STRAND REPAIR 

An experimental design, adapted from bacterial studies 

has detected, in UV irradiated mammalian cells, DNA which is 

smaller than that from control cells. This smaller DNA can 

then be chased into control sized DNA by incubating the cells 

for 3 hours (Lehmann, 1972). This is presumably indicative 

of gaps left at damaged sites during replication and their 

subsequent repair. However, the interpretation of these 

results is complicated by the size of the mammalian DNA and 

the way in which the DNA is replicated. Multiple tandem rep

licating units (replicons) whose average size is 200 million 

daltons, must undergo daughter-strand-joining and gaps may 

arise in a variety of ways (Hanawalt et al., 1979). 

Another attribute of PRR in bacterial cells is the pres

ence of pyrimidine dimers in newly replicated (i.e. labelled) 

daughter-strands. This has also been detected in mammalian 

cells but different hypotheses concerning their origin exist. 

A replicon which was initiated before irradiation could con

tain dimers and become labelled during the subsequent radio

active pulse. Alternatively, dimers could be transferred, by 

recombination, from the parental strand into the daughter

strand. Evidence for both of these models has been presented 

(Meneghini & Menck, 1978; D'Ambrosio & Setlow, 1978) and 

neither can be ruled out at this time. 



SOS FUNCTIONS I N MAMMA LIAN CELLS 

The observation of phenomena analogous to the SOS func

tions of bacteria (Little & Mount, 1982) have suggested that 

repair processes similar to the SOS system of E. coli exist 

in marr~alian cells (Lehmann & Karran, 1981). 

The enhanced survival of UV-irradiated viruses (termed 

UV enhanced reactivation or UVER) has been observed for Herpes 

virus (Bockstahler & Lytle, 1970), adenovirus (Bockstahler & 

Lytle, 1977) and SV40 (Sarasin, 1978) as well as the single

stranded DNA parvoviruses, minute-virus of mice (Rommelaere 

et al., 1981) and Hl (Suet al., 1981). Enhanced reactivation 

has been observed in human (Lytle et al., 1976), mor~ey (Bock

stahler et al., 1976), marsupial (Lytle & Benane, 1975) and 
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a variety of other mammalian cells (Lytle, 1978). The enhance

ment can be provoked by pretreatment of the cells with UV

light (Bockstahler & Lytle, 1970), formaldehyde (Coppey & 

Nocentini, 1979), a variety of chemical carcinogens (Lytle 

et al., 1978) and ionizing radiation (Jeeves & Rainbow, 1979). 

The idea that UVER is an inducible function is supported by 

the fact that cycloheximide can inhibit this process at least 

for HSV in monkey cells (Lytle & Goddard, 1979) and MVM in 

mouse cells (Rommelaere et al., 1981). 

Enhanced mutagenesis has been described for UV-irradiated 

HSV in irradiated monkey kidney cells (Das Gupta & Summers, 

1978). However, Lytle et al. (1980), using the same virus 

found that enhanced mutagenesis only occurred under conditions 

which also allowed for multiplicity reactivation (i.e. high 



multiplicities of infection). It would seem that, for HSV, 

enhanced mutagenesis is dependent upon UVER and MR. These 

2J 

are in turn dependent upon de ~ protein synthesis since 

they are abolished by cycloheximide (Das Gupta & Summers, 1978; 

Lytle, 1978). 

Simian virus 40 (SV40) has also been shown to undergo 

increased mutagenesis when UV-irradiated virus infects ir

radiated cells (Sarasin & Benoit, 1980). It is interesting 

that the authors concluded that EM might only be detectable 

at low m.o.i., exactly the opposite of the conclusion that 

was reached concerning enhanced mutagenesis of HSV (Lytle 

et al., 1980). 

Studies of viral mutagenesis using adenovirus have in

dicated that EM does not occur for this virus (Day & Ziol

kowski, 1978; 1981; Craig Bennet~ personal communication). 

The apparent disparity of the results discussed above 

may be attributable to the various modes of replication em

ployed by each of the different viruses. 

In bacterial cells, one other major feature of the SOS 

functions is prophage induction (Little and Mount, 1982). 

An analogous process has been observed with mammalian retro

viruses, polyoma virus and SV40 which can be induced from a 

latent state by treatment of the host cells with a variety 

of DNA damaging agents (e.g. UV-light, X-rays, mitomycin C, 

BrdUrd) (Fogel & Sachs, 1970; Rothschild & Black, 1970; 

Bockstahler & Hellman, 1979). Zamansky et al. (1980) have 

shown that in a cell line inducible for sv4o, the L~ER of 



herpes virus displays a dose-response parallel to the virus 

induction dose response. This suggests that the two events 

may be related. 

Final proof of SOS repair awaits the demonstration of 

an induced protein which is.involved in the repair pathway, 

similar to the demonstration of the inducibility of the 

rec A protein in~. coli (Little et al., 1980). Recently, 

Miskin & Reich (1980) have demonstrated the induction of 

plasminogen activator, a protease, in response to DNA damage. 

Though initial reports are encouraging (Miskin & Ben-Ishai, 

1981) a definite involvement of plasminogen activator in DNA 

repair has yet to be found. 

DNA REPAIR DEFICIENT HUMAN DISORDERS 

Just as repair deficient mutants of bacteria have been 

used to study the many genes involved in bacterial DNA re

pair, a variety of repair deficient genetic human disorders 

are currently being investigated to study DNA repair in hu

man cells (Friedberg et al., 1979; Arlett & Lehmann, 1978; 

Lehmann & Karran, 1981). While these studies have provided 

insights into some aspects of DNA repair, their most signif

icant contribution may have been to illustrate the extreme 

complexity of mammalian repair mechanisms. 

The first human disease that was shown to be associated 

with reduced DNA repair was xeroderma pigmentosum (XP) 

(Cleaver, 1968). Consequently, the majority of work involving 

repair deficiency has been done with XP. Presently, a number 
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of other disorders have been identified which are thought to 

be deficient in DNA repair processes other than those defic-

ient in XP. 

XERODERMA PIGMENTOSlJI!l (XP) 

The major clinical features of XP are the severe photo-

sensitivity it imparts and the very high incidence of skin 

cancers (Robbins et al., 1974). 

The photosensitivity of XP is reflected in vitro by 

reduced post-~/ colony forming ability (CFA) (Andrews et al., 

1978b) and by reduced rates of unscheduled DNA synthesis (DDS) 

(Cleaver, 1968). ':'he presumption that these are indicative of 

reduced excisio~ repair is supported by further evidence that 

XP cells are unable to excise thymine dimers (Cleaver & Trosko, 

1970) and that the rate of loss of dimer-specific-endonuclease 

sites was much reduced in XP cells (Paterson et al. p 1973). 

The exact defect of XP is uncertain at present. However, 

it is known that a number of complementation groups exist 

(see Friedberg et al., 1979 for listing) indicating that a 

nlli~ber of genes are involved. Eight complementation groups 

are known at present ( A-G and variant). All of the members 

of the complementation groups A - G have severely to moder-

ately reduced UDS. The XP varia..<"'l.ts though reduced .in post

lnr CFA, show nomal ( 100%) or near normal ( 80-90;{,) levels of 

DDS (Friedber~ et al., 1979). 
~--

Consistant with their reduced 8.bility to perform excision 

repair, XP cells have 'been shown to be reduced in their ability 



to reactivate UV damaged virus. This has been demonstrated 

for a number of different viruses including HSV (Lytle et 

al., 1972), adenovirus (Rainbow, 1980; Day, 1974) and sv4o 

(Abrahams & Van der Eb, 1976). The amount of host cell re

activation (HCR) for UV'd adenovirus that XP cells are cap

able of performing ranges from J% to 60% and correlates very 

well with their relative amounts of UV-induced UDS, except 

for group D (Rainbow, 1981; Day, 1974, 1975b). 

Reduced excision repair is not the only defect which can 

be identified in XP cells. Extracts from XP cells have been 

shown to have lower levels of photoreactivating enzyme than 

normal cell extracts (Sutherland et al. , 19 75; 1rwagner et al. , 

1975). Another defect which has been identified is there

duced rate of conversion of low molecular weight DNA to high 

molecular weight in UV-irradiated cells (Lehmann et al., 1977). 

This is presumed to indicate a defect in post-replication re

pair (see Lehmann, 1978 for discussion). In XP variant cells, 

which have normal levels of UV-induced UDS but slightly re

duced HCR of UV'd adenovirus (see Day, 1975b), this is thought 

to be the major metabolic defect. 
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Just as in vitro sensitivity to DNA damaging agents has 

been correlated to the in vivo sun-sensitivity of XP, the cancer

proneness of XP patients may have an in vitro explanation. 

Maher et al. (1976) have demonstrated that all XP cells (both 

classical and variant) are subject to increased mutagenesis 

after G~-irradiation compared to normal cells. 

In addition to being hypersensitive to UV light, XP cells 



are hypersensitive to a variety of chemical agents such as 

ethylmethylsulfonate (Regan & Setlow, 1976), mitomycin C 

(Sasaki et al., 1977) and many others (see Friedberg et al., 

1979). There are as well, a number of chemicals to which XP 

cells are no more sensitive than normal cells. These include 

both methyl-and ethy~nitrosourea (Cleaver & Friedberg, 1976), 

methylmethane sulfonate and N-methyl-N1-nitro-N-nitrosoguan

adine (Cleaver, 1971). The ability of XP cells to repair some 

types of damage to their DNA has led some investigators (Regan 

& Setlow, 1974) to speculate that two forms of DNA repair ex-

ist in normal human cells, as was discussed earlier, in the 

section on mammalian excision repair. 

COCKAYNES SYNDROME (CS) 

Patients with CS are dwarfed, are usually mentally defic

ient and often show signs of premature aging (Guzzetta, 1972). 

The most interesting symptom is their extreme sun-sensitivity. 

The suspicion that this symptom might indicate a repair de

ficiency has been confirmed by the demonstration of reduced 

post-UV CFA (Schmickel et al., 1977). Also reduced is the 

ability of CS cells to perform HCR of UV-irradiated adenovirus 

(Day & Ziolkowski, 1978; Rainbow & Howes, 1982). The relative 

amount of HCR for UV'd adenovirus in CS cells ranges from 14-

34% and as such is similar to the range observed for XP cells 

(excluding XP variant) (Rainbow & Howes, 1982). 

The wide range of cellular. sensitivity to UV amongst 

strains of CS cells suggested to some workers (Andrews et al., 

1978~ that CS may be genetically heterogeneous, as is XP. 
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This has been confirmed by the initial demonstration of at 

least two complementation groups (Tanaka et al., 1981). --
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In trying to determine the defective repair mechanism of 

CS cells studies have shown them to be capable of normal re

moval of thymine dimers (Schmickel et al., 1977). Unscheduled 

DNA synthesis after UV-irradiation is normal in CS cells (Wade 

& Chu, 1979) as is post-replication repair (Lehmann et al., 

1979). However, like XP cells (Rude & Friedberg, 1977) CS 

cells are unable to recover normal rates of DNA synthesis af

ter UV-irradiation (Lehmann et al., 1979). 

The mutability of CS cells is, at present, uncertain. 

The literature contains reports on the subject which arrive 

at opposite conclusions (Arlett, 1979; Wade & Chu, 1979). It 

may be of some importance to sort out this question since CS 

patients do not show an increased cancer risk, as do XP pat

ients (Schmickel et al., 1977). 

The common clinical features of XP and CS patients in

clude sun-sensitivity (Robbins et al., 1974; Guzzetta, 1972) 

as well as some degree of neurological involvement. In con

trast, XP patients are at high risk for skin tumours (Robbins 

et al., 1974) whereas CS patients do not have an increased 

cancer risk (Schmickel et al., 1977). 

Cells from both XP and CS patients are hypersensitive to 

the killing effects of UV-light (Robbins et al., 1974; Andrews 

et al., 1978 a,b) and UV-mimetic chemicals (see Friedberg, 

1979). The ability of both types of cells to repair UV-damaged 

adenovirus is reduced compared to normal cells (see Rainbow, 1981). 



29 
The repair de~ect ~or the majority o~ XP cells has been 

~ound to be an inability to per~orm excision repair (Cleaver 

& Trosko, 1970). CS cells, however, have not been ~ound to 

be de~ective in any o~ the aspects o~ excision repair (Andrews 

et !1•• 1978a, Hoar & Waghorne, 1978; Schmickel et al., 1977; 

Wade & Chu, 1979), or post-replication repair (Lehmann et al., 

1977) tested to date. Though various parameters related to 

DNA repair modes have been examined in CS cells by many labor

atories, the speci~ic repair de~ect associated with this dis-

ease remains obscure. 

OTHER REPAIR DEFICIENT SYNDROMES 

ATAXIA TELANGIECTASIA (AT) 

The major clinical symptoms o~ AT are progressive ataxia 

and extensive loss o~ neurons. This is usually accompanied 

by severe immunological dysfunction (Kraemer, 1977). These 

patients are also at high risk for cancer (Spector, 1977). 

Cells derived from AT patients are more sensitive to 

ionizing radiation than are normal cells (Paterson, 1978). 

However, their ability to repair b -irradiated adenovirus 

(Rainbow, 1978) and herpes virus (Henderson & Long, 1981) is 

apparently normal. Pretreatment o~ normal human fibroblasts 

with Y -rays has been reported to enhance their ability to 

repair UV-irradiated adenovirus (Jeeves and Rainbow, 1979a). 

However, for UV- or 0 -irradiated AT cells this enhancement 

of adenovirus repair does not occur (Jeeves and Rainbow, 

personal communication). This suggests that AT cells are 
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deficient in some aspect of inducible repair. ER of UV

irradiated herpes virus in X-irradiated normal and AT cells 

is the same whereas UVER of UV'd herpes virus was reduced 

in AT compared to normal cells (Hellman et al., 1981). 

Another report was unable to find X-ray ER of X-irradiated 

herpes virus in either AT or normal cells (Henderson, personal 

communication). 

In contrast to XP cells, which are hypermutable by 

UV-irradiation (Maher et al., 1976), AT cells have been 

found to be hypomutable by ionizing radiation (Paterson, 

1979; Arlett, 1980). The impairment of an error-prone repair 

mechanism is implied. 

Studies of cellular DNA repair synthesis as measured 

by repair replication and unscheduled DNA synthesis have 

illustrated the heterogeneity of the response of AT cells to 

ionizing radiation (see Paterson and Smith, 1979 for review). 

The various AT strains can be divided into approximately equal 

groups designated exr+ for those proficient in hypoxic r -ray 

induced excision repair and exr- for those deficient strains. 

Evidence for additional genetic heterogeneity comes 

from complementation studies. Three exr- strains have been 

examined and found to represent two complementation groups 

(Paterson et al., 1977). 

Another aspect of the repair defect of AT cells is the 

effect of ionizing radiation on the rate of semiconservative 

DNA synthesis. In normal cells, ionizing (Painter and Young, 

1980) and non-ionizing (Rude and Friedberg, 1977) radiation 

initially inhibits semi-conservative DNA synthesis but normal 
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rates were recovered after a short delay. In AT cells how-

ever, semi-conservative DNA synthesis is much more resistant 

to inhibition by ionizing radiation (Painter and Young, 1980; 

Painter, 1981). 

FANCONI'S ANEMIA (FA) 

Patients with FA are characterized as having extremely 

high incidence of leukemia and other malignant neoplasms 

(German, 1972). Cells derived from FA patients are observed 

to have a high frequency of spontaneous chromosome aberra

tions, especially chromatid-type aberrations (Friedberg et 

al., 1979). The frequency of these aberrations could be in

creased in FA cells, by a greater degree than in normal cells, 

by treatment with a variety of mutagenic and carcinogenic com

pounds {Sasaki, 1978). 

FA cells have proven to be deficient in the repair of 

damage induced by a variety of cross-linking agents (Friedberg 

et al., 1979). 

OTHER MAMMALIAN REPAIR DISORDERS 

A number of other human disorders have been reported to 

be defective in the repair of DNA damage induced by some phy

sical or chemical agent. These disorders include Bloom's 

syndrome, progeria, Huntington's disease, retinoblastoma and 

Down's syndrome {Friedberg et al., 1979). 

VIRUSES AS PROBES FOR DNA REPAIR 

Bacteriophages have been used extensively to probe the DNA 

repair capacity of bacterial cells (reviews Defais et al., 1981; 

Witkin, 1976). In a similar manner and using similar experimental 



protocols, mammalian virus can be used to probe the DNA re

pair capacity of human and other mammalian cells. 

The types of experiments which have been performed fall 

into 4 main categories. l) Cells are infected with virus 

which has been treated with physical or chemical agents. The 

survival of the virus yields information on the constitutive 

ability of the cell to repair the viral lesions (host-cell 

reactivation or HCR). 2) Cells can be pretreated with dam

aging agents and subsequently infected with untreated virus. 

The ability of the virus to express viral functions is an in

dication of the amount of DNA damage a cell can tolerate and 

still maintain its metabolic functions (capacity). J) The 

relative survival of treated virus in cells which have also 

been treated with radiation or chemicals. This reveals any 

enhancement in viral reactivation (enhanced virus reactivation 

or ER). 4) Determination of the mutation rate of viral genes 

upon infection of treated cells with treated virus. This will 

reveal the magnitude of inducible error-prone repair modes. 

HOST CELL REACTIVATION (HCR) 
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In theory. when a DNA-d~~aged virus infects a host cell, 

its ability to grow (i.e. replicate) will depend upon the repair 

of its genome. For simple, small viruses (e.g. SV40, parvo-· 

viruses) this repair depends, at least in part, upon host 

mechanisms. Thus the survival of the virus is thought to re

flect, in part, the inherent repair capability of the host

cell. Larger, more complex viruses (e.g. adenovirus, HSV ) 
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may produce viral repair proteins, complicating the interpre-

tation of some results. 

Virus survival has been monitored by a variety of func

tions such as plaque formation (Lytle et al., 1972), viral 

antigen expression (Rainbow, 1978), chromosome breaks and intra

nuclear inclusion body formation (Rainbow and Mak, 1972) one 

cycle virus yield from mass culture (Coppey et al., 1978), 

transformation frequency (Aaronson & Lytle, 1970) and repair 

of adenovirus DNA lesions (Rainbow, 1974, 1977). 

Using many different viruses and many different criteria 

for survival, the HCR ability of normal and repair deficient 

strains have been compared. Xeroderma pigmentosum fibroblasts 

are strongly impaired in their ability to reactivate damaged 

virus (Aaronson & Lytle, 1970; Lytle et al., 1972; Day, 1974). 

The relative HCR for UV'd adenovirus in XP cells corre-

lates well with their relative amounts of UV-induced unscheduled 

DNA synthesis (UDS). The only exceptions to this rule are cells 

of complementation group D (Day, 1975b; Rainbow, 1981). However, 

although cells of the XP variant group are capable of normal 

levels of UDS (i.e. excision repair) (Takebe, 1978) they are 

slightly reduced in HCR of UV'd adenovirus (Rainbow and Howes, 

1979) as measured by a viral antigen (Vag) assay. This is 

thought to reflect their defect in post-replication repair 

(Lehmann, 1972). In addition, a caffeine sensitive, excision 

dependent repair process which contributes to HCR for UV'd 

adenovirus has been postulated. Day (1975a) found that HCR 

of plaque formation for UV'd adenovirus was partially inhibited 

by caffeine in normal and XP variant cells but not in classical, 



excision deficient XP cells. J4 

The HCR of UV'd herpes virus in XP cells is also re

duced compared to normal cells (Lytle et ~·· 1972). How

ever, the relative reduction in HCR is not as great as that 

observed for adenovirus suggesting that complex viruses are 

not as dependent upon host-cell DNA repair enzymes. The 

addition of caffeine during the course of infection is re

ported to reduce the HCR of plaque formation for UV'd herpes 

virus in normal human fibroblasts (Lytle, 1972) but not in 

XP variant cells (Selsky & Greer, 1978). Because caffeine 

has a greater effect on the HCR of UV'd adenovirus than on 

UV'd herpes virus in normal human fibroblasts it has been 

postulated that the caffeine sensitive repair mode, impor

tant in the repair of adenovirus, has a less significant 

role in the repair of herpes virus (Selsky & Greer, 1978). 

HCR has also been reported for herpes virus treated with 

acetoxy- 2- acetylaminofluorine (Selsky & Greer, 1978), 

adenovirus treated with gamma rays (Rainbow & Howes, 1979), 

nitrous acid (Day, 1975a) and various other chemicals (see 

Rainbow, 1981). For all of the treatments specified, HCR 

of treated virus was reduced in XP cells compared to normals. 

No reduction of HCR in XP cells was seen for herpes virus 

treated with formaldehyde (Coppey & Nocentini, 1979) or with 

nitrogen mustard (Selsky & Greer, 1978). Though the HCR of 

X-irradiated herpes virus in XP cells was slightly reduced, 

Lytle et al. (1972) did not consider this reduction to be sig

nificant. Zamansky and Little (1982) tested J XP strains and 

found only one that was significantly reduced in the HCR of 
60co-irradiated herpes virus. 
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Reduced HCR of damaged virus has been reported for 

other types of human fibroblasts. Using the Vag assay for 

UV'd adenovirus, reduced HCR has been detected in Cockayne's 

Syndrome (CS) {Rainbow & Howes, 1982), Fanconi's anemia (FA) 

(Rainbow & Howes, 1977a,b), Bloom's syndrome (one cell strain 

only) (Krepinsky ~ ~·· 1980), ataxia telangiectasia (AT) 

(Rainbow, 1978) and Huntington's chorea (HD) (Rainbow, 1981). 

Using an adenovirus plaque assay Day~ al. (1981) reported 

reduced HCR of UV'd herpes virus in CS cells measured by plaque 

assay. However, using an assay very similar to that of Day ~ 

al. (1981), Hoar & Davis (1979) found no difference between the 

HCR ability of normal and CS cells. Similarly, Ikenaga et ~· 

(1979) found normal levels of HCR of herpes virus (using plaque 

assay) for the one CS strain tested. A recent report (Lytle et 

al., 198J) found that the HCR of UV'd HSV was normal in one strain 

and reduced in the other strain tested. 

CAPACITY 

The infection of cells, pre-treated with DNA damaging 

agents, with untreated virus will yield a measure of the 

cellular repair capacity. It has been suggested (Coohill, 

1981) that in the study of human repair mechanisms, capacity 

is a better assay for cellular sensitivity than colony-forming 

ability since many human fibroblast strains have poor clone

genic survival. 

The capacity of both human fibroblasts and monkey kidney 

cells to support herpes virus infection has been reported to 

be reduced by a variety of DNA-damaging agents including UV

light (Lytle et al., 1976; Coppey & Nocentini, 1976) and 8-

methoxypsoralen plus light (Coppey et al., 1979a). Capacity 



can be restored in both types of cells by delaying infection 

after cell treatment (Lytle et al., 1976; Coppey et al., 

19 79a). 

XP cells, .from all excision deficient strains tested, 

were found to be more reduced in capacity than normal cells. 

Unlike normal cells, delayed infection did not result in the 

restoration of capacity in treated XP cells (Lytle et al., 

19 76; Coppey et al. , 19 79b) • 

ENHANCED VIRUS REACTIVATION (ER) 

The pretreatment of mammalian cells with a variety of 
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DNA damaging agents UV (Bockstahler & Lytle, 1970), X-rays 

(Bockstahler & Lytle, 1977), ~-rays (Jeeves & Rainbow, 1979a,b) 

chemical carcinogens (Lytle et al., 1978), has been shown to 

lead to the increased survival of UV-irradiated nuclear 

replicating viruses (Bockstahler & Lytle, 1977). This en

hancement occurs in a variety of host cells including monkey 

kidney cells (Bockstahler et al., 1976), normal, XP (Lytle 

et al., 1976) and CS cells (Coppey & Menezes, 1981). 

As discussed earlier (see SOS Functionsin Mammalian 

Cells) UV-light enhanced reactivation (UVER) is similar in 

many respects to Weigle reactivation (Weigle, 195J). 

The exact mechanism of UVER is not known. It has been 

shown that XP cells, which are excision deficient, are cap

able of UVER, and that UVER therefore is not dependent upon 

excision repair (Lytle et al., 1976). UVER fs also not de

pendent upon multiplicity reactivation for HSV (Coppey & 



Nocentini, 197J), SV40 (Sarasin & Hanawalt, 1978) or MVM 

(Rommelaere et al., 1981). 
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It has been hypothesized that ER represents an inducible 

repair pathway which is induced by blockage of DNA synthesis 

(Sarasin & Hanawalt, 1978). Consistent with this hypothe

sis, drugs which block DNA synthesis (e.g. hydroxyurea, 

cycloheximide) enhance SV40 reactivation (Sarasin & Hana

walt, 1978). Further support is provided by the observation 

that a delay between cell treatment and virus infection in

creases virus reactivation even further (Bockstahler et al., 

1976). Enhanced reactivation of HSV and MVM can be inhibited 

by cycloheximide (Lytle & Goddard, 1979; Rommelaere et al., 

1981) implying a requirement for de nQYQ protein synthesis. 

Recently it has been shown that UV- or 0 -irradiated 

human fibroblasts were capable of enhanced reactivation of UV• 

or ¥ -irradiated adenovirus (Jeeves & Rainbow, 1979a,b; 

Rainbow, 1981). Differences in the UV and d-ray dose res

ponse of the capacity of the cells to support adenovirus 

V-antigen formation suggested that UVER and r -ray ER oper

ate via different mechanisms (Rainbow, 1981). Hellman et al. 

(1976) reached a similar conclusion when caffeine was found 

to reduce ~fER in monkey kidney cells but not X-ray ER. 

Though the mechanism of enhanced reactivation is not 

clear it seems to be related to other putative mammalian SOS 

responses. These include provirus induction (Zamansky et al., 

1980), and enhanced mutagenesis (Lytle et a1., 1980; Sarasin 

& Benoit, 1980). However, inhibition of ER by the protein 



synthesis inhibitor, cycloheximide (Lytle & Goddard, 1979; 

Rommelaere et al., 1981) is not sufficient proof that ER 

is inducible. 

E~ffiANCED VIRAL MUTAGENESIS (ERROR-PRO~ffi REACTIVATION) 

Determination of the viral mutation rate of viruses 

grown in irradiated or chemically treated host cells has 

been used as a measure of inducible error-prone repair in 

some mammalian systems. 

J8 

Das Gupta and Summers (1978) first demonstrated that 

enhanced reactivation of HSV was accompanied be enhanced mu

tagenesis (EM). They also showed that cycloheximide, a pro

tein synthesis inhibitor, prevented the enhancement of the 

mutation rate. Using the same virus, Lytle et al. (1980) 

concluded that EM only occurred during infections at high 

multiplicity. 

r·!Iore recently, Su et al. ( 1981) have demonstrated the 

simultaneous enhancement of reactivation and mutagenesis of 

u~-irradiated parvovirus in nitronapthofuran treated human 

cells. Both of these processes were inhibited by treatment 

with cycloheximide. 

Studies using SV40 virus have established that pretreat

ment of CV-1 monkey kidney cells with chemical carcinogens 

or UV-light strongly increases the mutation frequency in 

surviving virus (Sarasin & Benoit, 1980). However, the re

version frequency of uv-irradiated human adenovirus type 5 ts2 

was not found to be enhanced following pretreatment of normal 



human fibroblasts with UV-light (Day and Ziolkowsky, 1981) 

shedding some doubt on the universality of the phenomenon of 

ER to all virus/cell systems. 

The present study was undertrucen to investigate the DNA 

repair capabilities of various human fibroblast strains us

ing Herpes simplex virus type 2 as a probe. 

Herpes viruses are large enveloped viruses which have 
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an icosahedral capsid. The diameter of the capsid is approx

imately 100 nanometers and is made up of 162 capsomeres 

Ovatson, 1973). The genome of HSV-2 is a linear double

stranded DNA molecule of molecular weight 100 x 106 daltons 

(Spear & Roiz ;nan, 19 80) • 

During lytic infect the expression of viral genes occurs 

in three phases ( ()(, ~ , 't ) whose syntheses are coordinately 

regulated and sequentially ordered in a cascade fashion (Spear 

& Roiz:nan, 1980). 

In the present study a plaque assay was used to monitor 

virus function. In order to produce a plaque the initial virus 

must be able to produce infective progeny. In the case of DNA 

damaged virus this may require extensive repair. The produc-

tion of lat~ viral antigens was also monitored by indirect 

immuno-fluorescence. This relies upon an event much closer to 

the initial lesion and its repair. 

The objectives of this study were: 

1) to examine the levels of host-cell reactivation (HCR) ca

pacity and UV-enhanced reactivation (UVER) of herpes virus 

in normal human fibroblasts; 
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2) to examine the levels of HCR, capacity and UVER of normal 

cells to those observed in Cockayne's syndrome and xero

derma pigmentosum cells; 

3) to compare the levels of HCR as determined for normal, CS 

and XP fibroblasts by plaque assay, to the levels of HCR 

as determined by a viral antigen assay. 

It was hoped that these experiments would help elucidate 

the specific DNA repair deficiencies that are present in CS 

and XP cells as well as the relationship of such deficiencies 

to the clinical symptoms of the diseases. Through these com

parisons it was hoped that the role of constitutive DNA repair 

of viral and cellular DNA, and UV-light enhanced reactivation 

could be evaluated with respect to the relative cancer risks 

of XP and CS patients. 



I!IATERI P-..LS AND METHODS 
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MEDIA 

The following media were purchased in powder form, made 

up in double glass distilled water and filter sterilized 

through a 0.22 micron Millipore filter (lVI illipore Corporation, 

Bedford, Massachusetts 01730, USA); 
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1) MEM Alpha medium ( 0( -MEM, Gibco catalogue #410-2000, Grand 

Island Biological Co., Grand Island, N.Y., USA) for culture 

of all human diploid fibroblast strains 

2) Fl5 modified MEM (Gibco catalogue #410-1500) for the growth 

and maintainence of all Vero cell cultures 

Media Supplements 

1) Penicillin-Streptomycin solution, penicillin (base) 

5000 u/ml and streptomycin (base) 5000 mcg/ml (Gibco 

catalogue #600-5070) was added to all media to a final 

concentration of 1% (v/v) 

2) Fungizone (Gibco catalogue #600-5295), which is lyophil-

ized amphotericin B, was reconstituted with 20 mls of 

sterile double glass distilled water (concentration 

250 fg/ml). This was added to all media to a final con

centration of 1% (v/v) 

3) 7.5% NaHco
3 

solution, autoclave sterilized, was added to 

all media to a final concentration of 1.5-2.0% (v/v) 

4) Fetal Calf Serum (Gibco catalogue # 200-6140) was added to 

o<-MEM for the culture of human diploid fibroblasts. Com

plete o( - MEM contained 10% fetal calf serum ( v/v) 

5) Calf Serum (Gibco catalogue #200-6170) was ? 15-WiliM for the 

culture of Vero cells. Complete Fl5-MEM contained 5% 

calf serum (v/v) 



SOLUTIO NS 

1) Phosph~ Buffered Saline (PBS). This buffer was used for 

washing cell monolayers before irradiation. It was pre

pared as a lOX stock solution containing 80 gms NaCl; 

20 gms KCl; 11.5 gms Na 2HP0 4 ; 2.0 gms KH2Po 4 dissolved 

in 1 litre glass double distilled water. For use, stock 

was diluted 10 fold in glass double distilled water and 

sterilized by autoclaving. 

2) Trypsin (0.25%)1X (Gibco catalogue #610-5050) was used for 

the subculturing of human diploid fibroblasts and Vero 

cells. 

4J 

J) Crystal Violet Stain; this stain was used for the simul

taneous fixing and staining of cell monolayers in 24-well 

tissue culture plates for plaque assays. It was prepared 

by dissolving 2 gms of crystal violet in 20 mls methanol, 

144 mls lX PBS and 36 mls of formaldehyde. This was fil

tered through a fluted Whatman 1 filter paper (W & R. Bals

ton Ltd., England). This stain was reused repeatedly. 

4) Fluorescein conj ugated antibody (Gibco catalogue #660-3512); 

sheep anti-rabbit antibody covalently linked to FITC was 

purchased in lyophilized form and reconstituted with dis

tilled water. This was used as 1:10 or 1:20 dilution in 

lXPBS. 

5) Rabbit anti-herpes simplex virus type 2 antibody was the 

generous gift of Dr. Silvia Bacchetti (Department of Path

ology, McMaster University, Hamilton, Ontario, Canada). 

Antiserum was prepared according to the method of Se th et al. 

( 19 74). 



CELLS 

HUMAN DIPLOID FIBROBLASTS 

NORMAL STRAINS 

·Normal human diploid fibroblast cell strains GM280J and 

GM969 were obtained from the Human Genetic Mutant Cell Re

pository, Camden, New Jersey, USA. 

Cell strain CRL1221 was obtained from the American Type 

Culture Collection, Rockville, Maryland, USA (ATCC). 

The cell strain A2 was supplied by Dr. Samuel Goldstein, 

Departments of Medicine and Biochemistry, ~d1aster University, 

Hamilton, Ontario, Canada. 

The cell strain designated Hff was a primary human fore

skin fibroblast strain, supplied by Mr. Jeff Kawamoto, De

partment of Microbiology, St. Joseph's Hospital, Hamilton, 

Ontario, Canada. 

COCKAYNE'S SYNDROME STRAINS 
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Fibroblast strains from patients with Cockayne's Syndrome 

were all obtained from the Human Genetic Mutant Cell Repository. 

The designations of the cell strains utilized were GM1856 

(CSJBE), GM1629 (CSlBE), GM28J8 andGM7J9. 

XERODERMA PIGMENTOSUM STRAINS 

The cell strain GM710 (XP25RO): complementation group A 

was obtained from the Human Genetic N:utant Cell Repository. Cell 

strains CRL1J76 (XP8LO): complementation group A, CRL1260 

(XP4RO): complementation group C, CRL1157 (XP6BE): complementation 
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group D and CRL1162 (XP4BE): variant were obtained from ATCC. 

GRmllTH AND PASSAGING 

\.Vhen fibroblast cell strains reached confluency in 75 cm2 

plastic flasks (Falcon), they were subcultured by the follow

ing method. The medium was aspirated off the cells and the 

cell monolayer was then washed with 2 mls of either lX trypsin 

(0.25%) (Gibco) or lXPBS. The wash was aspirated off and 2 mls 

of prewarmed lX trypsin was placed on the cells. The flasks 

were to stand at room temperature for 3 to 10 minutes. Cells 

were dislodged by sharply rapping the flask. The activity of 

the trypsin was stopped by adding an appropriate volume of pre

warmed complete o(-MEM. The suspension of cells was then pip

etted up and down a number of times to break up clumps of cells. 

Typically this suspension was then aliquoted equally into 3, 

75 cm2 flasks (Falcon, Division of Becton, Dickinson and Co., 

Oxnard, California 93030 USA) each containing 15 mls of pre

warmed complete o{ -MEM. These were incubated at 37°C in a 

humidified atmosphere with 5% co 2 • Cultures were generally con

fluent 5-7 days after subculture at a 1:3 ratio. 

NON-Hill/IAN CELL LINES 

VERO CELL LINE 

This cell line, obtained from ATCC, was initiated from the 

kidney of a normal adult African green Monkey. Nionolayers of 

this cell line were used to grow stocks of herpes simplex virus 

type 2 (HSV-2). 



GROWTH AND PASSAGING 

This cell line was grown in 150 cm2 plastic flasks (Cor

ning Glass Works, Corning, N.Y., 148JO, USA) or in sterilized 

32 oz. glass prescription bottles (Brockway Glass Co. Inc., 

Brown Glass and Bottle Supplies, Montreal, Quebec). Cells 

were grown in Fl5 lfiliM supplemented with 5% calf serum. 

When a flask or bottle of cells was confluent the medium 

was aspirated off. The cell monolayer was washed with either 

prewarmed lXPBS or prewarmed lX trypsin (0.25%) (Gibco) which 

was subsequently aspirated off. The cells were released from 

the surface of the flask or bottle by the addition of 2 mls 

of lX trypsin (0.25%) (Gibco). This was allowed to act for 

3-10 minutes at room temperature, after which time a sharp 
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rap on the edge of the flask or bottle was generally sufficient 

to dislodge the cells. If cells still remained attached, the 

flask or bottle was placed in a 37° incubator for approximately 

5 minutes. If the cells still remained attached they were 

gently removed by scraping with a sterile rubber policeman. 

The cell suspension was diluted with an appropriate volume of 

complete Fl5 MEM which also stopped the activity of the trypsin. 

This cell suspension was pipetted up and down a number of times 

to disrupt clumps of cells and then aliquoted equally into 5-10 

sterile flasks or bottles each containing 30 mls of fresh pre

warmed Fl5 MEM. Monolayers were confluent within 3-5 days. 

ULTRAVIOLET LIGHT IRRADIATION 

Irradiation of cells in all experiments was with a General 

Electric Germicidal Lamp G8T5 (General Electric Company, Nela 

Park, Cleveland, Ohio 44127, USA) emitting principly at a 
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wavelength of 254 nm. Dose rates ranging from 0.05 to 1 

J/m2/sec were measured using a J-225 shortwave UV-meter 

(Ultraviolet Products, San Gabriel, California, USA). Prior 

to irradiation the medium was aspirated off the cells and the 

cell monolayer was washed with sterile lXPBS. To irradiate, 

the 24-well plate (see Section Plaque Assay of Materials and 

Methods) was placed under the lamp, with its lid in place, 

at a measured distance at which the appropriate dose rate 

was delivered. The plastic lids were previously tested and 

found to be opaque to UV. The wells or chambers of cells to 

be exposed were uncovered for the required length of time, 

then re-covered. Immediately after irradiation the cells' 

medium was replaced with fresh prewarmed complete~ -MEM and 

then returned to a 37° incubator with a humidified 5% co2 
atmosphere until they were to be infected. 

VIRUS 

HERPES SIMPLEX TYPE 2 (HSV-2) 

GROWTH 

To grow stocks of HSV-2, 50, 150 cm2 tissue culture flasks 

(Corning) of Vero cells were prepared (see section Vero Cells, 

Growth and Passaging of Materials and Methods). When cell 

monolayers were confluent the complete Fl5 MEM was aspirated 

off and replaced w~th 20 mls of prewarmed Fl5 MEM containing 

only 1% calf serum (plus all other additives). After 24 hours 

in this medium the cells were ready to be infected. Virus for 
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the inoculum was HSV-2 strain 333, the generous gift of Dr. 

Silvia Bacchetti, Department of Pathology, McMaster University, 

Hamilton, Ontario. The virus was suspended in Fl5 N£M with no 

serum (but with all other additives): The multiplicity of in

fection was 0.1-0.5 pfu/cell. Medium was aspirated off the 

cells and the cells were infected with just enough inoculum 

to cover the cells (approximately 5 mls). Virus was allowed 

to adsorb for 60-90 minutes at 37° and 30 mls of Fl5 MEM (1% 

calf serum) was then aliquoted to each flask. These flasks of 

cells were then incubated at 37° in a humidified atmosphere 

with 5% co 2 for 48 hours or until cytopathic effect (CPE) was 

observed for the majority of the cells (whichever occurred 

first). Cells were then collected by either sharply rapping 

the flask or by gently scraping them off with a sterile rubber 

policeman. Cells were then pelleted by low speed centri

fugation at 4°C in an International Equipment model PR-2 re

frigerated portable centrifuge (International Equipment Co., 

Needham Heights, Mass. USA). 

CRUDE VIRUS PREPARATION 

The cell pellets (described in the preceding section) were 

resuspended in cold Fl5 MEM with no serum. The volume used 

was 0.5 mls for each flask of cells collected. This suspen

sion was sonicated on ice for two 30 second intervals using 

a Biosonik III, Model BPIII40T (Bronwill Scientific, Roches

ter, N.Y., USA). This suspension was then centrifuged at 

1500 rpm in an International Equipment Model PR-2 refrigerated 

portable centrifuge for 20 minutes at 4°C. The supernatent, 



which contained the virus particles, was removed and aliquoted 

into small volumes (0.5-1.0 mls) and frozen at -70°C until 

use. 

ULTRAVIOLET LIGHT IRRADIATION 

Stock suspension of virus was diluted 1:1 with ~-~illM con

taining no serum (but containing all other additives). Volumes 

of no more than 1.5 mls were placed in 35 mm plastic petri 

dishes (Falcon) and kept on ice. Irradiation was with a G.E. 

Germicidal Lamp G8T5. Dose rates were measured using a J-225 

short-wave UV-meter. In general the dose rate was between 

0.5 J/m2 and 5J/m2 depending upon the total doses required. 

During irradiation the viral suspension was constantly swirled 

to ensure even irradiation of the entire sample. To irradiate, 

the sample was placed directly below the centre of the lamp 

with the lid of the petri dish in place. The lid was then 

removed for the period of time required to produce the re

quired fraction of the total dose. The lid was then replaced, 

to stop the irradiation. After each cumulative dose, an ali

quot of the suspension was removed and used to produce a di

lution series for that dose. Dilutions were in cold ~ -NEM 

with no serum. 

EXPERIMENTAL PROTOCOLS 

PLAQUE ASSAY 

Plaque assays were carried out on 24-well tissue culture 

plates, either Linbro plates (Flow Laboratories Inc, Hamden, 

Connecticut, USA) or Nunclon plates (Nunc Inter Med, Denmark). 
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Two of these plates could be seeded with the cells from one 

75 cm2 flask (Falcon) of confluent fibroblasts. The procedure 

for this was essentially identical to the procedure for sub

culturing fibroblasts (see section Human Diploid Fibroblasts, 

Growth and Subculture of Materials and Methods). The only dif

ference was that instead of aliquoting the cell suspension into 

fresh tissue culture flasks, the suspension was made up to a 

total volume of 48 mls with complete tiC -r.tr.Eivi. Then 1 ml ali

quots of this were placed into the wells of two 24-well plates. 

Generally, the cells in the wells of the plates were confluent 

within 24 hours. 

When the cells were confluent a dilution series for each 

of the viral suspensions was prepared (see Figure 1 for a 

schematic of the dilution procedure) in cold C( -J.Vl.EM with no 

serum. All medium was aspirated off of the cells and each 

well was inoculated with an appropriate dilution of virus 

(i.e. a dilution expected to produce between 1 and JO plaques 

per well). For the 24-well plates the volume of the inoculum 

was 0.2 mls, a volume just large enough to cover the monolayer 

and prevent drying out. Inoculation was done in small groups 

so that the cell monolayers would not dry out between the time 

the medium was aspirated off and the time the inoculum was 

applied. The virus was allowed to adsorb for 60 to 90 minutes 

at 37° in a humidified 5% co 2 atmosphere. After the adsorption 

period the cell monolayers were overlayed with approximately 

1. 5 mls of complete OC -.NF.EM containing 0. 05% pooled immune 

serum globulin (human) (DIN075280 Connaught Laboratories 
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Limited, Willowdale, Ontario, Canada or DIN08J259, Lot C5857 

Cutter Laboratories Inc., Berkeley, CA. 94710 USA). The 

immune serum globulin (ISG) fulfilled the function that the 

soft agar overlay of conventional plaque assays performs 

(i.e. it prevents reinfection by released virus particles, 

allowing reinfection only by cell to cell contact). These 

were incubated for 48 hours at 37° in a humidified 5% co2 
atmosphere. The medium was aspirated off after this period and 

the cell monolayers were fixed and stained for 5-10 minutes 

with a crystal violet solution containing methanol and formal

dehyde (see section Solutions of Materials & Methods). 

Plaques were counted and the results were plotted against 

the inverse of their respective dilution factors. Linear re-

gression analysis was used to determine the titre of the orig

inal viral suspension in terms of plaque forming units per ml 

of original suspension volume (Figure 7). 

VIRAL ANTIGEN ASSAY 

Viral antigen (Vag) assays were carried out on 8-we~l 

tissue culture chamber slides (Lab-Tek Division, Miles Labor

atories, Inc., Napierville, Il. 60540, USA). Eight of these 

slides could be seeded with the cells from one 75 cm2 flask 

(Falcon) of confluent human fibroblasts. The procedure for this 

assay was essentially the same as for the plaque assay, with 

the following modifications: 

a) cells from each flask were suspended in a total volume of 

26 mls and 0.4 ml aliquots were placed in each well; 



b) dilutions of virus were chosen to produce between 50-200 

Vag positive foci per well; 

c) inoculum volume was 200 rl; 
d) cells were overlayed with 0. 4 mls of complete t.X -lVIE.M 

containing 0.05% pooled immune serum globulin (human) 

(Connaught Labs or Cutter Labs); 

e) cells were fixed at various times after infection with 

cold methanol: acetone (1:1) and stained for immune-

fluorescence (see section Immunofluorescent Staining of 

OCaterials and. Methods); 

f) titres were determined in terms of Vag forming units per 

millilitre of original viral suspension. 

IMMUNOFLUORESCENT STAINING 
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Cells were stained for the presence of herpes simplex virus 

type 2 antigens by indirect immunofluore~cence. 

The fixed slides were rehydrated in lX PBS for JO minutes 

at 37°. Two aliquots of 25 ~l of a 1:10 dilution of stock 

rabbit anti-herpes serum were placed on 22 x 50 mm coverslips 

( Corning Glass 1'Jorks, Corning, New York). After draining the 

slides, the cell sheets on each slide were gently placed over 

the coverslips. Air bubbles were removed and the slides were 

placed, upside down, at J7° in a humid incubator for 1 hour. 

The coverslips were removed and the slides washed J times with 

lX PBS, the third wash being for JO minutes at 37°. Two ali

quots of 25 J41 conjugated sheep anti-rabbit globulin (Gibco) 

were placed on fresh coverslips. After draining the slides, 

the cell sheets on each slide were gently placed on the 
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coverslips and air bubbles were removed. Slides were incu

bated upside down at 37° in a humidified incubator for 1 hour. 

The coverslips were removed and the slides were washed 3 times 

in PBS, the final wash being for 30 minutes at 37°. After 

air-drying the slides, the cell sheets on each slide were 

placed on coverslips with two drops of PBS-glycerol (1:9) 

and air bubbles were removed. These slides were stored at 

-20°C until they were examined microscopically. 

HOST CELL REACTIVATION OF PLAQUE FORMING ABILITY 

The plaque assay described in the preceding section was 

used to perform this class of experiments. 

The purpose of these experiments was to produce dose res

ponse curves from the virus in different human diploid fibro

blast strains to ultraviolet light irradiation. 

Tissue culture plates (24-well, Linbro or Nunc) were seeded 

with sufficient fibroblast cells, of those strains to be tested, 

such that the monolayers were confluent within 1-2 days. When 

the cell monolayers were confluent, separate groups of dilution 

series were prepared for each dose of ultraviolet light to the 

virus to be tested, including an unirradiated control series. 

Infections were carried out according to the protocol described 

previously for the plaque assay. The titre of viral suspension 

obtained at each dose tested was normalized to the titre of the 

unirradiated viral suspension. This value, expressed as a 

surviving fraction (SF) was plotted against the dose of ultra

violet light on semi-log graph paper. 



HOST CELL REACTIVATION OF Vag FOIDfliNG ABILITY 

The Vag assay described earlier was used to perform this 

experiment. 
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The purpose of this experiment was to compare the relative 

HCR of a different viral function (i.e. plaquing and Vag for

mation) in normal, CS and XP cell strains. 

Chambered slides (Lab-Tek) were prepared as described ear

lier (see section Viral Antigen Assay of Materials and Methods). 

When cell monolayers were confluent, two virus dilution series' 

were prepared. One was of unirradiated virus and the other, 

virus irradiated with 50J/m2 of ultraviolet light. Infections 

were performed as previously described. At various times after 

infection (10, 12, 18, 20 hours for unirradiated virus, 12, 18, 

20, 24 hours for irradiated virus) cells were fixed and stained 

for immunofluorescence (as described earlier). The titre of the 

virus was determined for unirradiated and irradiated virus at 

each time point. The virus titres were plotted as a function 

of time post-infection. The surviving fraction (irradiated/ 

unirradiated) was calculated at each time point and plotted as 

a function of time post-infection. 

E~lliANCED VIRAL REACTIVATION OF PLAQUE FORMING ABILITY 

To measure the relative increase in viral reactivation that 

can be elicited by pre-irradiation of the host cells the follow-

ing types of experiments were performed. 

The parameters of this type of experiment were divided into 



the following categories: 

1) Time between seeding of plates and irradiation of the 
cells 

a) 1 day 
b) 2 days 
c) J days 

2) Time between irradiation and infection of the cells 
a) 0 hours (immediate) 
b) 48 hours 
c) 96 hours 
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For each of these categories to be tested 2 groups of 24-well 

plates were prepared, one to be infected with unirradiated virus 

and the other to be infected with irradiated virus. Each group 

of 24-well plates represented a series of different doses of 

ultraviolet light to which the cells were exposed (including an 

unirradiated control). After a suitable recovery period (see 

category 2, this section) the cells were infected. 

The seeding and irradiation of cells was timed such that all 

infections were performed at the same time, using the same sets 

of dilution series of the viral suspension. 

Forty-eight hours after infection, the medium was aspirated 

off the cells and they were fixed and stained with a crystal 

violet solution containing methanol and formaldehyde (see sec

tion Solutions of Niaterials and Methods). The number of plaque 

forming units observed at each dose of ultraviolet light to 

which the cells were exposed was calculated as for the plaque 

assay (see section Plaque Assay of Materials and Methods). 

Relative plaque forming ability (RPFA) was calculated by nor-

malizing the viral plaque forming ability on irradiated to its 

plaque forming ability on unirradiated cells. This produced 



two sets of data, normalized RPFA of unirradiated virus and 

normalized RPFA of irradiated virus. Normalization was to 

their respective unirradiated controls. Finally, a third 

set of data were produced by taking the ratio of RPFA (irrad

iated)/RPFA (unirradiated) at each dose to the cells that was 

tested. This ratio was the reactivation factor (RF), indi

cating the relative enhancement of host-cell reactivation 

caused by pre-irradiating the host cells. 

These three sets of data were plotted as RPFA (or RF) 

versus the dose of ultraviolet light to which the cells were 

exposed. 

56 



RESULTS 

57 



A HOS T CELL REACTIVAT IO N 

The inherent ability of various cell strains 

to repair ultraviolet light induced DNA damage was 
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' examined using host cell reactivation of herpes virus. 

The end-point of the assay was the plaque forming 

ability of HSV-2 on the various cell strains to be 

tested. The relative survival of plaque forming 

ability of HSV-2 was obtained by comparing the pre

and post- UV irradiation plaque forming ability on 

fibroblast rnonolayers. This value was expressed as a 

s urviving f raction for each dose given to the virus. 

The ability of a cell to reactivate double 

s tranded DNA viruses is thought to depend upon a num

ber of different DNA repair pathways. Excision de

ficient XP cells have been shown to be reduced in 

their ability to reactivate HSV (Lytle . et al., 1972). 

A.I EFFE CT OF UV I RRADIATIO N ON HSV-2 PLAQUE FORMATIO N 

IN HUMAN FIB~OBLASTS 

The level of HCR for UV irradiated herpes virus 

was determined in normal, XP and CS cell strains. C?ll 

rnonolayers were prepared by seeding the cells from one 

confluent 75 crn2 tissue culture flask into two 24-well 

tissue culture plates. Cell monolayers were sufficiently 

confluent to be infected 24 hours later. 
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FIGURE 6 

SCHEMATIC OF DILUTION SERIES 

An aliquot of stock virus suspension was 
diluted in sufficient2 o<. -MEM to obtain a con
centration of 5 x 10- millilitres of initial 
virus stock/millilitre total volume. A series 
of up to 5 ten-fold dilutions were made into 
~ -MEM. Each of these was then twice diluted 

2 fold into ~ -MEM. 



1 2 3 

2X 2X 

/ ~/ ~ 
A 

/ ~ 5·10-2 * ~ 2 . 5·10-2 ~ 1. 25•Hf2 

10 X 

B 
; ~ 5·10-3 ~ 2 .5 ·10-3 ~1 . Z5·10-3 

10X 

c ~ 
/ ~ 5·10-4 ~ 2.5·10-4 ~ 1.25·10-4 

10X 
~ · 

~ 2.5•10-5 ~ 1.25 ·10-5 
D 

. / ~ 5·10-5 

10 X 

E 
~ 
/ ~ 5·10-6 ~ 2.5 •Hf6 ~ 1.25•10-6 

10X 

~ 
~ 2.5•10-7 ~ 1.25•10-7 

F ~ 5·10-7 

~ mi!!i!itres of vrrus stock I m! 



FIGURE 7 

Titration of vi-rus plaque fanning ability 

To determine the titre of virus the number of 
plaques counted is plotted as a function of the volume 
of virus suspension. The slope of the line through 
these points is the titre of the virus suspension. 
This is determined for unirradiated and irradiated 
virus. 

0 CRL 1221 
e CS )BE 
X XP 4RO 

Each point represents the mean of duplicate 
determinations at that dilution. Points were fitted 
to straight lines by least squares analysis. The 
UV dose to the irradiated virus was 25 J/m2. 
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Stock virus suspension was diluted 1:1 with 

{').. -MEM (no serum) and an aliquot was removed to 

make a dilution series (See figure 6) of unirrad

iated virus. After each cumulative dose of UV

light, another aliquot was taken to make a dilution 

series. 

Duplicate wells were infected with each di

lution. For each dose, 3 consecutive dilutions 

were used. After 1 hour of adsorption, cells were 

overlayed with complete o( -MEM plus o. 05% immune 

serum to prevent reinfection by progeny virions re

leased into the medium. Forty-eight hours later 

monolayers were fixed, stained and plaques were 

counted. 

For each dose of UV to the virus the titre 

of virus was calculated by plotting the number of 

plaques versus the amount of stock suspension 

(i.e. the inverse of the dilution factor) (see 

figure 7). Points were fitted to a straight line 

using least squares analysis and the slope of the 

line through these points was used to determine the 

virus titre. In order to obtain the survival of 

HSV-2 plaque forming ability the titres of virus 

at each dose of ~!-light were divided by the titre 

for the unirradiated virus. Typical UV survival 

curves obtained are shown in figure 8 for normal, 
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A. II 

A. II. a. 
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XP and CS strains as a function of UV dose to the 

virus. Error bars represent the standard error 

about the point. It can be seen that the HCR abil-

ity of the normal and the CS strains are not sig-

nificantly different over the range of doses tested. 

However, the HCR ability of the XP strain is sig

nificantly lower than both the normal and CS strains. 

In addition it can be seen that all strains display a 

2- component survival curve. 

TJV SURVIVAL OF HSV-2 PLAQUE FORMATION 

NORMAL HtJrJIAN FIBROBLASTS 

Figure 9 shows the pooled results for the dose 

response of HSV-2 plaque formation in normal cells. 

Five different normal strains were tested. Each 

point represents the logarithmically transformed 

mean of at least two separate determinations. 

The slope of the straight line portion of the 

graph is given by -l/I 0 , where I0 is the radiation 

dose required to reduce the survival level at any 

point along the straight line portion to e-l or 0.37 

of that level. From table 1 we can see that the I 0 

of the first, steeper component ranges between 26 

and 36 J/m2 for the normal strains tested. The D0 

of the second component ranges from 81 to 101 J/m2 • 

The intercept of the second component is the point 

at which an extrapolation of the second component 



FIGURE 8 

Survival of plaque forming ability of UV
irradiated HSV-2 in normal, CS and XP fibroblasts 

0 CRL 1221 
e CS JBE 
>C XP 4RO 

The figure shows typical results for the 
survival of plaque formation of UV-irradiated 
HVS-2 in normal, CS and XP fibroblasts. Monolayers 
of cells were prepared in 24-well tissue culture 
plates. Cells were infected with unirradiated or 
UV-irradiated HSV-2 according to the procedure in 
the section , Materials & Methods. Plaques were 
counted at 48 hours post-infection and used to cal
culate virus titre. Titres were normalized to 
unirradiated virus and plotted as a function of UV 
dose. Error bars represent one standard error. 
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FIGURE 9 

Survival of plaque forming ability of UV
irradiated HSV-2 in normal human fibroblasts. 

# of Experiments Cell Strain 

6 A GM 969 
2 8 Hff 
J CRL 1221 
2 D GM 2803 
J ¢ A2 

Monolayers of normal cells were prepared 
in 24-well tissue culture plates. Cells were 
infected with unirradiated or UV-irradiated 
HSV-2 according to the procedure in the section 
Materials & Methods. Plaques were counted at 
48 hours post-infection and used to calculate virus 
titre. Titres were normalized to that of unir
radiated virus and were plotted as a function of 
UV dose. 

Each point represents the logarithmic mean 
of the pooled data for 2-6 experiments performed 
using that UV dose to the virus. Points were 
fitted to two straight lines using least squares 
analysis. 

The points used in the first and second 
component were determined by finding the inflection 
point which yielded the maximum correlation coeffic
ients in the least squares analysis. 
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TABLE 1 

PARAMETERS DESCRIBING THE SURVIVAL CURVES OF UV'd HSV-2 IN VARIOUS HUMAN FIBROBLAST STRAINS 

FIRST SECOND 
COMPONENT COMPONENT INTERCEPT ( SF J 

.Qo (J/m2) Do (J/m2) 
SECOND 

ERROR % HCR ERROR % HCR COMPONENT 

NORMALS GM 969 27 + 7 101 +14 0.08 
CRL 1221 27 + 6 81 !:13 0.34 

GM 2803 26 '+13 97 +35 0.32 
H:ff' 30 + 3 96 '+14 0.16 

A 2 _.1Q_ '+28 _!1L ~15 0.09 

AVG. NORM. 29 100 94 100 

COCK A YNE Is sYNDROME 

CS 3BE 23 .:t 6 77 117 ,:t27 124 0.07 
GM 2838 21 .:t 3 72 93 ,:t13 99 0.07 

XERODERMA PIGMENTOSUM 

XP 25RO XP (A) 11 + 2 38 35 +11 37 0.03 
XP 8LO XP (A) 13 45 37 + 4 40 0.09 
XP 4RO XP (c) 14 .:t 9 48 51 + 4 54 0.15 
XP 6BE XP (D) 12 .:t 1 43 26 + 4 28 o.43 

XP 4BE XP (VAR) 24 ,:t12 83 81 ,:t12 86 0.34 

()'-. 
\J\ 



A.II.b. 

intersects the zero dose axis. For the normal 

strains tested the second component intercept 

ranged between 0.08 and 0.34. 

The solid line represents an average sur

vival curve for all the normal strains tested. 

COCKAYNE' S SYNDROlV'J.E FIBROBLASTS 

The survival response of HSV-2 plaque for

mation in two Cockayne syndrome fibroblast cell 

strains is shown in figure 10. Each point rep

resents the logarithmic mean of at least two ex

periments. 

The r 0 of the first components of these two 

strains, CS 3BE and GM 2838, are 23 and 21 J/m2 

respectively. For the second component the r 0 

values are 117 and 93 J/m2 respectively. The 

second component of the survival curves extrapolate 
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to 0.07 for both strains (see table 1 for all of the 

above). 

In table 1 the standard error of each stat-

istic is included. It can be seen that the r 0 of 

the first and second components of the two CS strains 

are not significantly different from any of the normal 

strains. However, the intercept of the CS strains is 

lower than those of the normal strains CRL 1221, 

GM 2803 and Hff. 

In figure 10, the average survival response 



A.II.c. 

of the normal strains is included. The average res-

ponse of the two CS strains was calculated by linear 

regression analysis. The lower survival of the CS 

strains results primarily from a second component 

intercept which is lower than the intercepts of 3 

of the normal strains. 

The % HCR was determined by comparing the 

first and second component r 0 of each CS strain to 

the average normal second component D0 • The values 

are 77% for CS 3BE and 72% for GM 2838 in the first 

component. For the second component the per cent 

67 

HCR values are 124~~ and 99% respectively (see table 1). 

XERODERMA PIGlVTENTOSUM FIBROBLASTS 

Figure 11 shows the survival curves for 4 dif-

ferent XP excision deficient cell strains. Two strains, 

XP 25RO and XP 8LO, both belonging to complementation 

group A have second component I 0 's of 35 and 37 J/m2 

respectively. The major difference between the two 

group A XP strains is with respect to their second 

component intercepts. The lower survival curve of 

the XP 25RO strain results primarily from the lower 

intercept of 0.03 as compared to an intercept of 0.09 

for the strain XP 8LO. The XP group D strain, XP 6BE 

has a second component intercept of 0.43, higher than 

the intercept of either of the group A strains. Al

though the I 0 of the 2nd component of this group D 



FIGURE 10 

Survival of plaque forming ability of UV-irradiated 

HSV-2 in Cockayne Syndrome fibroblasts 

# of Experiments Cell Strain 

GM 28J8 

68 

8 
8 

A 
c GM 1856 ( CS JBE) 

Each point represents the logarithmically transformed 
mean of the pooled data from 8 experiments using that 
UV dose to the virus. Points were fitted to two 
straight lines by least squares analysis 

mean CS survival curve ----
-------- mean normal survival curve 

( from figure 9 ) 
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FIGURE 11 

Survival of plaque forming ability of UV-irradiated 
HSV-2 in excision deficient Xeroderma Pigmentosum 
fibroblasts 

# of Experiments Cell Strain 

6 A XP 25RO ) XP(A) 2 c XP 8LO ) 

2 0 XP 6BE XP(D) 

2 0 XP 4RO XP(C) 

Each point represents the logarithmic mean of the 
pooled data from experiments using that UV dose 
to the virus. Points were fitted to two straight 
lines by least squares analysis 

________ XP survival curves 

-------- mean normal survival curve 
(from figure 9) 
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FIGURE 12 

Survival of plaque-forming ability of UV-irradiated 
HSV-2 in excision proficient Xeroderma Pigrnentosum 
fibroblasts 

# of Experiments Cell Strain 

70 

3 XP 4BE XP variant 

Each point represents the logarithmic mean of the 
pooled data from experiments using that uv dose 
to the virus. Points were fitted to two straight 
lines by least squares analysis 

XP variant survival curve 

mean normal survival curve 
(from figure 9) 
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strain (26 J/m2 ) is less than the I 0 's of the second 

components of the XP group A strains, the overall 

sensitivity of the XP 6BE strain is less than the 

sensitivity of the group A strains. The survival 

curve of strain XP 4RO, complementation group C, in

dicates that it is the least sensitive of the excision 

deficient XP strains tested. The Ib· of the second 

component is 51 J/m2 , significantly higher than for 

any other excision deficient XP strain tested, and 

the second component intercept is 0.15 (see table 1). 

The survival of HSV-2 plaque formation in XP 

variant cells is shown in figure 12. The D0 of the 

second component (81 J/m2 ) is lower than the average 

D0 of the normal strains but is not significantly 

different from any of the normal or CS strains. How-

ever, it is significantly higher than the :Co of all 

excision deficient XP strains (see table 1). 

The per cent HCR of the XP excision deficient 

cells strains ranged from 38% {XP 25RO) to 48% (XP 4RO) 

for the first component. The range for the second 

component was 28% (XP 6BE) to 54% (XP 4RO). The XP 

variant strain, XP 4BE, was capable of performing 83% 

HCR in the first component and 86% in the second com-

ponent. 

For all cell strains tested the initial res-

ponse to low UV doses was an exponential reduction of 

the plaque forming ability of the virus. As the dose 
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was increased (i.e. ~ 75 J/m2 for normal, CS and XP 

variant strains; ~ 50 J/m2 for XP excision deficient 

strains) the second, more resistant component of the 

survival curve became evident. D0 values for the 

first and second components (with standard errors) 

as well as the zero dose intercept (with upper and 

lower limits to 1 standard error) for the second com-

ponent are listed in table 1. 

B CAPACITY 

B.I. CAPACITY OF UV-IRRADIATED FIBROBLASTS TO SUPPORT HSV-2 
PLAQUE FORMATION 

The capacity of irradiated cells to support the 

growth of unirradiated HSV-2 was used as a measure of 

the sensitivity of the cells themselves to UV-irrad-

iation. 

All monolayers were prepared in 24-well tissue 

culture plates. When the monolayers were confluent 

(at least 24 hours after subculture) the medium was 

removed and the cells were irradiated with UV-light. 

After UV exposure the medium was quickly replaced to 

prevent drying. Cells were then infected with an 

appropriate dilution of unirradiated virus either 

immediately or after a suitable delay. Forty-eight 

hours after infection the cells were fixed and stained 



B. II. 

and plaques were counted. Virus titres were calcu

lated as described earlier (see figure 7) and rel

ative plaque forming ability (RPFA) was determined 

?J 

by normalizing the titres of virus on irradiated cells 

to that on unirradiated cells. These results were 

then plotted as the logarithm of RPFA versus the UV 

dose to the cells (see figure lJ). 

The typical results of an experiment to measure 

the capacity of normal, CS and XP fibroblasts for in

fection delayed 48 hours after irradiation are shown 

in figure 13. It can be seen that the capacity of the 

normal strain is the most resistant to UV-irradiation. 

The curve for normal cells is shouldered, that is to say 

that no significant reduction of capacity occurs for uv
doses lower than 5 J/m2• The reduction in capacity of 

CS and XP cells occurs at lower doses of UV-light and no 

shoulder is evident. 

EFFECT OF DELAYED INFECTION ON CAPACITY 

Because irradiation of the cells may induce 

certain functions similar or analogous to the SOS func

tion of E. coli (see Introduction), it was considered 

important to determine whether a delay between irrad

iation of the cells and their subsequent infection had 

any effect upon their capacity to support HSV plaque 

formation. 

Figure/14 shows the effect of infection at 0, 

48 and 96 hours after irradiation. It can be seen that 



FIGURE 13 

Capacity of UV-irradiated normal, CS and XP cells 

to support HSV-2 plaque formation 

0 
• 
X 

Cell Strain 

CRL 1221 

CS JBE 
XP 4RO 

Unirradiated virus was infected into irradiated 
host cells and the relative-plaque forming abil-
ity of the cells was calculated as a function of 
UV-dose. Error bars represent the standard error 
for that point. The results for three cell strains 
from a typical experiment are shown here. Curves 
were fitted by eye. Infection of the cells occurred 
48 hours after irradiation. 
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capacity changes as infection is delayed after irrad

iation. Infection of the cells immediately after ir

radiation (figure 14A) shows that CS cells have lower 

capacity to support HSV plaque formation than do nor

mal cells, at a given dose. A delay of 48 hours (fig

ure 14B) has no apparent effect on normal cells but 

CS cells now display an even lower capacity. After 

96 hours (figure 14C) normal cells have completely 

recovered their capacity to support HSV plaque for

mation while CS cells still display a reduced capac

ity.over the range of doses tested. 

It was therefore decided that all subsequent 

experiments to determine cellular capacity would in

clude a 48 hour delay between irradiation of the cell 

monolayer and their infection. This was intended to 

maximize the differences in capacity between cells of 

different disease types. 

B.III. CAPACITY OF UV'D HillfJAN FIBROBLASTS FOR HSV-2 PLAQUE FOffif;ATION 

B. III. a. CAPACITY OF NORlVIAL H1.Jl\1AN FIBROBLASTS 

The four normal cell strains tested are plotted 

in figure 15. Each point represents the logarithmic 

mean of at least two separate experiments. The dose 

response curve was calculated as the best fit of the 

pooled data by regression analysis. The responses at 

doses of 5 J/m2 and greater were assumed to be reduced 

exponentially. The curve was fitted by eye for doses 



FIGURE 14 

The relative HSV-2 plaque forming ability of 
UV-irradiated cells was determined when in
fection was delayed for various times after 
irradiation of the cells. 

Cell Strain 

R Hff 
GM 969 

A GM 2838 • cs JBE 

Panel A: 0 hours between irradiation and infection 
B: 48 hours between irradiation and infection 
C: 96 hours between irradiation and infection 

Lines are fitted by eye to each CS cell strain and 
to the mean value for the two normal strains. 
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FIGURE 15 

The capacity of UV-irradiated normal human 
fibroblasts to support HSV-2 plaque formation 

#of Experiments 
4 
4 
5 
3 

~ 
0 
[J 

Cell Strain 
GM 969 
Hff 
CRL 1221 
GM 2803 

I'he points on this graph represent the relative 
plaque-forming ability of normal human fibro
blasts calculated as a function of the L~ dose 
to the cells. Each point is the logarithmic 
mean of the pooled data from 3-5 separate ex
periments. The straight portion of the res
ponse curve was fitted by regression analysis to 
those points which responded to irradiation by 
an exponential reduction in RPFA (i.e. for doses 

> 5 J/m2 ). 
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TABLE 2 

PARAMETERS DESCRIBING THE CAPACITY OF UV'd HUMAN FIBROBLASTS TO SUPPORT HSV-2 PLAQUE FORMATION 

(J/M2) 
MAXIMUM 

STRAIN DJ 7 VALUE % CAP. DOSE 

NORMALS 
GM969 11.0 + ).4 15 
CRL1221 10.8 + 2.6 15 
GM280J 12.4 + 2.0 15 
Hff 8.6 + l.J 15 

Avg. 10.7 SD 1. 57 100.0 

COCKAYNE'S SYNDROME CSJBE 5.1 + 1.4 47.7 10 
GM28J8 ).1 + 0.4 29.0 7.5 
GM7J9 ).1 !: 0.7 29.0 5. 
CS1BE ).1 !: 0.7 29.0 5. 

XERODERMA PIGMENTOSUM XP2540 XP (A) 0.40 + 0.01 J.7 0.5 
XP4RO XP (C) 1.98 + 0.28 18.5 5. 
XP6BE XP (D) 0.96 ~ 0.1J 9.0 2.5 

XP4BE XP (VARIANT) 6.7 + 1.6 62.6 10 -



lower than 5 J/m2 . 

The o
37 

is the dose of UV which reduced the 

relative plaque forming ability (i.e. capacity) of 
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the cells to 37% of that in unirradiated cells. These 

values were interpolated by calculation from the for

mula which described the straight line portion of the 

response curve. These values are listed in table 2. 

The range of the o
37 

of the normal strains is 12 J/m2 

to 9 J/m2 and the mean value is 10.7 J/m2 . 

From the graph (figure 15) it can be seen that 

UV doses of less than 5 J/m2 have no significant effect 

on the capacity of normal cells to support HSV-2 plaque 

formation. This results in the capacity curve dis-

playing a shouldered response. As the UV dose is in

creased (i.e. > 5 J/m2 ) the capacity begins to decrease 

exponentially. At doses of UV greater than 15 J/m2 

the cells are unable to support HSV-2 plaque formation. 

B.III.b. CAPACITY OF CS FIBROBLASTS 

The cells derived from CS patients display a 

range of responses to UV, as do normal cell strains, 

which can be seen in figure 16. In this diagram the 

solid lines represent the extremes of the range of res-

ponses for the 4 CS cell strains tested. The dashed 

line is the mean normal response taken from figure 15. 

The D
37 

values for the various CS cell strains are 

listed in table 2. 

Over the range of doses used in these experiments 



the response of CS cell capacity to UV is an exponen-

tial decrease. Unlike the normal strains used, CS 

cells do not display a shouldered curve even when 

0.5 J/m2 was used as the lowest dose to the cells. 

The maximum UV dose at which HSV plaque formation 

could occur in CS cells was 7.5 J/m2 • In some exper

iments with some strains of CS cells the monolayer of 

cells was able to support plaque formation for UV 

doses as high as 10 J/m2 . In other experiments 

with other strains of CS cells the monolayers were 

not able to support plaque-formation after doses of 

UV as low as 5.0 J/m2 • This may be in part related 

to the sensitivity of each particular CS cell strain. 

The least sensitive strain CS JBE (i.e. the one with 

the highest D37 value) is the only CS strain for which 

data were obtained for UV fluences as high as 10 J/m2 . 

Conversely the most sensitive strains CS lBE and 

GM 739 (with the lowest D37 values) have never been 

seen to support plaque formation after exposure to 

~1 doses higher than 5 J/m2 (see table 2). 

The per cent capacity (compared to normal 

strains) of the CS strains ranged from 48~~ ( CS JBE) 

to 29% (all others tested) (see table 2 ) . 

B.III.c. CAPACITY OF XP FIBROBLASTS 

In this study cells from three different com-

plementation groups were used, groups A, C and D, 

plus XP variant cells. The response of XP cells of 
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these three groups was, like that of the CS cells, 

exponential over the range of doses used in these 

experiments. That is to say, the capacity curves 

displayed no shoulder (see figure 17). In this 

figure the solid lines represent the dose response 

calculated, by linear regression analysis, for each 

complementation group separately. It is clear that 

each strain orcomplementation group exhibits a char-

acteristic response curve. This can also be seen by 

comparing the o
37 

values for each strain, which are 

listed in table 2. 

The XP excision deficient strains tested are 

more sensitive to UV-irradiation than both CS and 

normal cells in terms of their capacity to support 

HSV-2 plaque formation. The o
37 

values of these XP 

strains range from 0.40 J/m2 (XP25RO) to 2.0 J/m2 

81 

(XP4RO). Expressed as per cent of capacity compared 

to normal strains, the range is J.?%- 18.5% (table 2). 

Also, the maximum dose of UV to which these XP cells 

could be exposed and still support plaque formation 

was lower than the corresponding doses for CS and nor

mal cells (table 2). This maximum UV-dose was lowest 

for the excision deficient XP strain with the lowest 

o
37 

(XP25RO) and highest for the strain with the high

est DJ? (XP4RO). 

The XP variant cell strain, XP4BE, was also 



tested for its capacity to support HSV-2 plaque for-

mation after UV-irradiation. Unlike the excision 

deficient XP strains and the CS strains, the res

ponse curve of the XP variant cells is shouldered 

similar to normal strains (figure 17). Low doses of 

UV ( > 2.5 J/m2 ) do not significantly reduce the ca

pacity of XP4BE cells to support HSV-2 plaque for

mation. Higher doses of ~~ light produce an expon-

ential decrease in capacity. This decrease in ca

pacity was greater than the decrease in capacity ob

served for normal strains but not as great as that 

observed for CS and excision deficient XP strains (as 

measured by o37 values). The capacity of XP variant 

cells to support HSV-2 plaque formation was 63% of 

the value for normal strains (table 2). 

Plaque formation by HSV-2 did not occur on 

XP4BE fibroblasts which had been irradiated with more 

than 10 J/m2 of UV light (table 2). 
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FIGURE 16 

Capacity of UV irradiated Cockayne's Syndrome 

fibroblasts to support HSV-2 plaque formation 

# Experiments Cell Strains 

6 R cs 3BE 
7 GM 2838 
2 8 GM 739 
3 cs lBE 

Each point is the logarithmic mean of the pooled 
data from 2-7 separate experiments. The solid 
lines represent the responses of the most and 
least UV sensitive cell strains (CS lBE and 
CS 3B6 respectively). The lines were fitted by 
regression analysis to all points for that strain. 

---- normal fibroblast capacity curve 
(from figure 14) 

8J 
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FIGURE 17 

Capacity of UV irradiated Xeroderma Pigmentosum 
cell strains to support HSV-2 plaque formation 

# of Experiments Cell Strain 

5 8 XP 25RO Group A 
2 XP 6BE Group D 
5 0 XP 4RO Group C 
4 <> XP 4BE Variant 

Each point represents the logarithmic mean of 
the pooled data from 2-5 separate experiments. 
The response curve for XP 4BE was fitted by 
regression analysis to those points which res
ponded to UV-irradiation by an exponential de
crease in RPFA (i.e. doses >2.5 J/m2). For 
all other cell strains response curves were 
fitted by regression analysis to all points. 

- - --normal fibroblast capacity curve 
(from figure 14) 

84 



-
..0 
0 

01 
c ·-

(]) 
;:::, 
o-
0 -1 _10 
0... 

<lJ 
> 

-2 

.. · .. 

I -----·::: -~·-~--- ---------------- -1 

........................... "'- "'-......... 1 

""~ 
- ~ 

0 

10~~--~------_.------~------~--~~~ 
0 5 10 

uv dose to the cells ( J/m2 ) 



85 
FIGURE 18 

UV-enhanced reactivation of HSV-2 plaque 
formation in normal, CS and XP fibroblasts. 

0 • X 

CELL STRAIN 

CRL 1221 
CS JBE 
XP 4RO 

The figure shows typical results for the 
UVER of herpes virus plaque formation. Cells 
were prepared in 24-well tissue culture plates. 
Unirradiated and irradiated cells were infected 
with unirradiated virus (panel A, lower curves) 
at 48 hours after irradiation of the cells. 
Relative plaque forming ability of the virus 
was plotted as a function of UV dose to the 
cells. RF values were calculated as the 
ratio of irradiated virus to unirradiated virus. 
Values were plotted as a function of UV dose 
to the cells (panel B). Error bars represent 
the standard error for that point. Smooth 
curves were fitted by eye. 
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C. UV ENHANCED REACTIVATION (UVER) OF HSV-2 

PLAQUE FORMING ABILITY 

Enhanced reactivation is the term used to describe 

the phenomenon by which irradiated virus survival is in

creased by pre-irradiating the host cells. The UV reac

tivation factor (RF) is the measure used to quantitate 

this phenomenon. It has been postulated (e.g. Hall and 

Mount, 1981; Lehmann & Karran, 1981) that UVER may be in 

some ways analogous to Weigle reactivation (WR) of irrad

iated .A phage infecting irradiated ~· coli (Weigle, 1953). 

Two response curves were determined in order to 

calculate the reactivation factor (RF). One curve (upper 

curves, panel A, figure 18) is the capacity of irradiated 

cells to support HSV-2 plaque formation. Determination 

of this curve was described in a preceding section (see 

section CAPACITY). The other curve (lower curve, panel :A, 

figure lJ) represents the ability of irradiated cells to 

supp<_>rt plaque formation of irradiated HSV-2. Pre

irradiated monolayers of cells in 24-well tissue culture 

plates were divided into two groups. The relative plaque 

forming ability of unirradiated and irradiated virus was 

determined on those cells. The results were plotted as a 

function of the UV dose to the cells (figure 18A). The 

enhanced survival of irradiated virus in irradiated cells 

is measured by the RF. The RF has been defined (Bock

stahler et al., 1976) as the normalized ratio of the 
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infectivity (i.e. relative plaque forming ability) of 

irradiated to unirradiated virus at any given UV dose 

to the cells. 

Typical results of an experiment to determine UVER 

of normal, CS and XP cells are presented in figure l.S. 

In this experiment cells were infected 48 hours after 

irradiation. Irradiated virus was given a dose of UV 

sufficient to reduce its survival in unirradiated cells 

by approximately 100-fold. It can be seen that the RF 

for normal cells is never significantly different from 1. 

Both CS and XP cells have RF values greater than 1. The 

peak RF for these XP cells occurs at 1.5 J/m2 in this 

experiment and at 7.5 J/m2 for the CS cells. 

FACTORS AFFECTING UVER 

EFFECT OF DELAYED INFECTION 

If UVER is an inducible function similar to Weigle 

reactivation then the maximal effects of pre-irradiation 

of the host cells may not be observed immediately. A 

delay which allows for the expression of the putative 

SOS functions may be necessary. 

To determine whether a delay between irradiation 

and infection produces a change in UVER, the following 

experiment was performed. 

Monolayers of CS and normal fibroblast cells were pre

pared in 24-well tissue culture plates. Groups of these 
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plates were irradiated at 96, 48 and 0 hours before in

fection. The UV doses to the cells were o, 5 and 10 J/m2 

for normal fibroblasts and 0, 2.5 and 5 J/m2 for CS fibro-

blasts. Two sets of virus dilutions were prepared, one 

for unirradiated virus and the other for irradiated. For 

these experiments the virus was exposed to a dose of UV 

sufficient to reduce its survival by a factor of 10-2 

in unirradiated cells. RF values were calculated as des-

cribed previously. 

The RF values for two separate experiments were 

plotted as a function of the delay between irradiation 

and infection for each UV dose to the cells (figure 19). 

For both the normal and the CS cell strains it can be seen 

that maximum enhanced reactivation occurs 48 hours after 

irradiation, regardless of the UV dose to the cells. 

EFFECT OF DELAYED IRRADIATION 

It has been shown that the highly contact inhibited 

cells (e.g. fibroblasts) display lower levels of UVER than 

non-contact inhibited cells (e.g. tumour cells) (Lytle et. 

al., 1974, Hellman et al., 1974). Therefore it was con

sidered important to test whether cells which had recently 

reached confluency expressed higher levels of UVER than 

cells which had been confluent for longer times. 

Preparation of the 24-well tissue culture plates 

used in most of these experiments was such that cell mono

layers were not immediately confluent. (i.e. one 75 cm2 
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FIGURE 19 

The effect on RF of a delay between irradiation 
and infection. 

Normal Strains ~ GM 969 
0 Hff 

CS strains • GM 1856 (CS JBE) • GM 28J8 

Panel A: uv dose to cells - 2.5 J/m2 

B: uv dose to cells - 5 J/m2 

C: uv dose to cells - 10 J/m2 

The data from two separate experiments is plotted 
as reactivation factor (RF) versus delay between 
irradiation and infection. Curves are drawn 
through the logarithmic means of all data points 
for each cell type (i.e. a normal curve and a 
CS curve). 

normal strains 
CS strains 
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flask of cells was used to seed 2-24 well plates with 

a total area of approximately 100 cm2). Minimum con

fluency was reached by l day after subculturing. Cells 

which had been subcultured (i.e. seeded into 24-well 

plates) 1, 2 and 3 days previously were irradiated with 

a range of doses of UV from 0-20 J/m2• After 48 hours 

delay, cells at each dose were infected with unirradiated 

virus or virus irradiated to a survival level of 10-2 

(in unirradiated cells). Cells were fixed and stained 

48 hours after infection and plaques were counted. Re

activation factors were calculated as described for the 

previous section (EFFECT OF DELAYED INFECTION). Maximum 

reactivation factors were plotted as a function of the 

number of days between subculture (i.e. plating) and 

irradiation (figure 20). It is clear from this graph 

that as the cells remain confluent longer, they express 

lower levels of UVER. 

In order that all subsequent determinations of re-

activation factor be made when conditions are optimum, 

cells were subcultured and plated l day previous to irrad

iation and infection was delayed 48 hours after irradiation. 

UVER OF VARIOUS HUMAN FIBROBLAST STRAINS 

DETERMINATION OF RF AS A FUNCTION OF UV DOSE TO CELLS 

Using the optimum conditions determined above, 

experiments were performed to determine the UVER response 

of various human diploid fibroblast cell strains to 
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FIGURE 20 

The effect of subculturing on maximum RF 

Normal 0 Hff 

-------- cs A GM 2838 

• GM 1856 (CS JBE) 
XP A GM 710 (XP 25RO) --- • CRL 1157(XP 6BE) 

Cells which had been plated at various times 
before irradiation were infected 48 hours 
later with HSV-2. Maximum RF values were 
plotted as a function of the time between 
plating and irradiation. Each point rep
resents the maximum RF value obtained for 
that cell strain. 
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UV-irradiation. The RF factors were determined as des-

cribed at the beginning of this section. 

As can be seen in figure 21, the RF curves for 

different human cell types could be characterized by a 

number of different parameters. Different cell types 

(i.e. CS cells and XP cells) are able to withstand dif-

ferent maximal doses to the cells (as discussed earlier 

for capacity). For most normal strains 15 J/m2 is the 

maximum UV dose, 5 J/m2 for CS strains, 10 J/m2 for XP 

variant cells and between 0.5-2.5 J/m2 for the various 

excision deficient XP cell strains (table J). Also, 

different cell types display different maximal RF values 

and these maxima occur at different UV doses to the cells 

(to be discussed below). Taken together these differ-

ences can be used to characterize the response of various 

strains to UV irradiation. 

Figure 21 summarizes the results of many deter

minations of RF for HSV-2 in various cell strains. Each 

point on this graph represents the mean of the pooled 

data from 2-6 separate experiments. Smooth curves were 

drawn by eye through the points for each XP strain. Since 

they displayed similar responses, all of the normal strains 

are represented by a single curve and all of the CS strains 

by another curve. 

The results indicate that normal cell strains, which 

are the most UV resistant in terms of capacity (table 2) 

have very low RF factors (average of l.J for all normal 
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strains, see tabLe J) and relatively high doses of UV

light are required to elicit this response (15 J/m2 

for most strains, see table 3). 

Cockayne's syndrome cells display higher levels 

of UVER, ranging from 2.15- 3.23 (see table 3). The 

UV dose which elicits maximum RF values is 5 J/m2• 

The RF value decreases at the next highest dose tested, 

7.5 J/m2 (see figure 21). At higher doses (i.e. 7.5 J/m2 ) 

CS cells were unable to support plaque formation, making 

RF determination impossible. 

The excision deficient XP cell strains display 

various responses to UV light depending upon their res

pective complementation groups. The cell strain which 

was most sensitive in terms of capacity, XP 25RO (table 2), 

was found to produce its maximum RF at a UV dose of 0.5 

J/m2 which was lower than that observed for any other 

strain (table 3). The other excision deficient strains, 

XP 6BE and XP 4RO (in order of decreasing sensitivity) 

yielded maximal UVER at UV doses 1 J/m2 and 2.5 J/m2 

respectively. For all of these XP excision deficient 

strains the maximum RF's were very similar, ranging from 

2.1- 2.6 (table 3). 

XP 4BE, an XP variant cell strain, displayed a 

response different from any of the other strains tested. 

In terms of capacity, this strain was more sensitive to 

UV than were normal cell strains (table 2). Maximum RF 

for XP 4BE was obtained at 10 J/m2 to the cells and the 

RF value was 2.5 (table 3). 

http:2.15-3.23
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FIGURE 21 

UVER as a function of UV dose to the cells 

ti. of EX:Qeriments Cell Strain 

4 t::. GM 969 
4 0 Hff 
J 0 CRL 280J 
4 ~ CRL 1221 
5 GM 28)8 
6 • CS JBE 
2 • CS lBE 
J I XP 25RO 
2 XP 6BE 
5 ~ 

XP 4RO 
2 XP 4BE 

Each point represents the logarithmic mean of 
the RF from 2-6 separate experiments. 
Smooth curves were drawn by eye through RF 
value greater than one. A single curve is 
drawn for all normal strains and another for 
all CS strains. Each XP strain is represented 
by a different curve. 
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PARAMETERS DESCRIBING UVER OF UV'd HSV-Z PLAQUE FORMATION IN HUMAN FIBROBLASTS 

TABLE J 

STRAIN 
DOSE TO PRODUCE MAXIMUM - MAXIMUM # OF 
REACTIVATION FACTOR (J/M2 ) REACTIVATION FACTOR EXPERIMENTS 

NORMALS GM969 15 0.971 4 CRL1221 15 1.46 4 GM280J 15 l.J8 J Hff 10 1.26 4 

COCKAYNE's SYNDROME CSJBE 5 ).17 6 
GM28J8 5 J.2J 5 GM7J9 5 2.40 2 CS1BE 5 2.15 2 

XERODERMA PIGMENTOSUM XP25RO XP(A) 0.5 2.07 J XP4RO XP(C) 2.5 2.JJ 5 XP6BE XP(D) 1. 2.58 2 
XP4BE XP(VARIANT) 10 2.45 2 



C.III. UVER OF UV'D HSV-2 AS A FUNCTION OF UV 

DOSE TO CELLS AT LOW VIRUS SURVIVAL LEVELS 

As will be seen in the following section, 

UVER is dependent not only upon the UV dose to the 

host cells but also the dose given to the virus. 

Experiments were therefore performed to determine 

the level of UVER as a function of the UV dose to 

the cells when the irradiated virus survival was 

reduced to 10-J. Cells were prepared in exactly 

the manner described in the preceding section. 

Cells were infected 48 hours after irradiation and 

fixed and stained 2 days later. Plaque counts 

were used to determine titres of virus, from which 

RPFA and RF were determined. 

This experiment was performed J times. In 

only one of these attempts was the survival of the 

virus reduced below 10-J (see figure 22). In this 

experiment, the maximum RF of the XP variant strain 

(XP4BE) was 19.72. The maximum RF values for the 

other strains were J.J8, 5.66, J.64 and 2.17 for 

normal cells, two CS strains (CSlBE and GM28J8) 

and XP25RO respectively. This, therefore, sug

gested that the large differences in RF between 

normal and XP variant was strongly dependent upon 

the virus survival level. In order to pursue this 



FIGURE 22 

UV-enhanced reactivation o.f -HSV-2 plaque 
formation in normal, CS, and XP fibroblasts 
at 10-~virus survival. 

C GM 2151 
V CRL 1221 
A GM 2838 
• CS lBE 
A XP 25RO 
¢ XP 4BE 

The figure shows the results of a single 
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experiment. Unirradiated and irradiated cells 
were infected with unirradiated (panel A, upper 
curves) or irradiated virus (panel,A, lower curves). 
Relative plaque forming ability of the virus was 
plotted as a function of UV dose to the cells. 
Irradiated virus was given a ~ose of u~ expected 
to reduce its survival to 10- in unirradiated 
cells. RF values were plotted as a function of 
UV dose to the cells (panel B). Curves were fitted 
by eye. 
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FIGURE 2.3 

UVER of UV'd HSV-2 in human fibroblasts as a 
function of virus surviving fraction. 

CRL 1221 
GM 28.38 
CS .3BE 
XP 4BE 

The data from previous experiments was 
pooled and re-plotted as the reactivation 
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factor versus the virus survival in unirradiated 
cells. 
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question fUrther, results from other experiments 

were plotted as RF versus surviving fraction of the 

virus in unirradiated cells (see figure 2J). Al

though the surviving fraction of HSV in cells other 

than XP variant were never reduced as low, the dis

tribution of points in figure 23 would suggest that 

the RF is strongly dependent upon virus surviving 

fraction. 

DETERMINATION OF RF AS A FUNCTION OF UV 

DOSE TO THE VIRUS 

To determine whether the amount of UV-induced 

viral DNA damage (i.e. the surviving fraction) had 

any effect on the level of UVER the following exper

iments were performed. The sets of tissue culture 

plates described earlier for determination of HCR 

(see Effect of UV on HSV Plaque Formation) were pre

pared in duplicate. One set was for unirradiated 

control cells and the other cells were irradiated 

with the dose of UV which induced maximum RF in that 

cell line (see table J). After 48 hours the cells 

were infected with unirradiated virus or virus ir

radiated with various doses of UV (also described 

earlier). Cells were fixed and stained 48 hours 

after infection and plaques were counted. The SF 

of virus at the various UV doses was calculated for 

unirradiated cells and for irradiated cells and the 

ratio of SF irradiate~SF unirradiated was calculated. 
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FIGURE 24 

UVER of UV'd HSV-2 as a function of ~r 
dose to the virus in normal human fibroblasts . 

0 CRL 1221 • 
The survival of UV'd HSV-2 was determined in 
normal cells which were unirradiated (panel A, 
solid 2urves) or irradiated with a dose of 
15 J/m (panel A, dotted curves). The ratio 
of virus survival in irradiated vs unirradiated 
cells was the reactivation factor7 RF was 
plotted as a function of dose to virus (panelB). 
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FIGURE 25 

UVER of lN' d HSV- 2 as a function of UV 
dose of the virus in CS fibrolasts. 

0 
A 

CS JBE 
GM 28.38 • • 

The survival of UV'd HSV-2 was determined in 
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CS cells which were unirradiated (panel A, ~olid 
curves ) or irradiated with a dose of 5 J/m of 
UV light (panel A, dotted curves). The ratio of 
virus survival in irradiated vs unirradiated 
cells was the reactivation factor. RF was 
plotted as a function of UV dose to the virus 
(panel B). 



c: 161 
0 

c: 
0 

~ 

u 
0 
'-
~ 

Q') 
c: 
> 
> 
'-
::::s 
Ul 

~'-oO 

1ff 

5.0 

>t; 
·.;: 0 
u~ 1.0 
0 
(1) 

'-
0.5 A 

' A 
\ 

\ 
\ 

~ 

c 

\ 
\ 

uv 

' \ 

.. 
• 

c 

.... 
' ' ' 

c 

.... 

100 200 3.QO 

dose to the v1rus (JfmL) 



FIGURE 26 

UVER of UV'd HSV-2 as a function of UV 
dose to the virus in XP excision deficient 
fibroblasts. 

XP 25RO 

The survival of UV'd HSV-2 was determined in 
XP excision deficient cells which were 
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unirradiated (panel A, sotid curves) or irradiated 
with a UV dose of 0.5 J/m (panel A, dotted curves). 
The ratio of virus survival in irradiated vs 
unirradiated cells was the reactivation factor. 
RF was plotted as a function of the UV dose to 
the virus. (panel B). 
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FIGURE 27 

UVER of UV' d HSV-2 as a function of UV 
dose to the virus in XP variant fibroblasts. 

XP 4BE • 

The surv.Yal of UV'd HSV -2 was determined in 
XP variant cells which were unirradiated (panel 
A, sol~d curve ) or irradiated with a UV dose of 
10 J/m (panel A, dotted curve). Ratios of virus 
survival in irradiated vs unirradiated cells were 
the reactivation factors-at that dose. RF was 
plotted as a function of UV do.se to the virus 
(panel B). 
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This was the reactivation factor. In figures 24-

27 the results of UVER experiments are plotted as 

RF versus UV dose to the virus. 

For the normal strain CRL 1221 (figure 24) 

the RF is very low reaching a maximum value of 1.78 

at JOO J/m2 to the virus. 

Two CS strains were tested, GM28J8 and CSJBE. 

Maximum RF values of 6.56 and 5.27, respectively, 

were obtained at a UV dose to the virus of JOO J/m2 

for GM28J8 and 200 J/m2 for CSJBE (figure 25). 

An excision deficient XP cell strain, XP25RO 

was tested. A maximum RF of 19.9 was obtained at a 

UV dose to the virus of 100 J/m2 (figure 26). The 

excision proficient XP variant strain, XP4BE was 

also tested. Maximum RF of 5.72 was observed at a 

UV dose of 200 J/m2 (figure 27). 

D EFFECT OF UV IRRADIATION OF HSV-2 ON HOST CELL 

REACTIVATION OF VIRAL ANTIGEN FORMATION 

In order to determine whether the biological 

endpoint measured by different assays had any effect 

on the measurements of relative HCR ability, an ex

periment was performed to assay HCR of UV'd HSV 

by viral antigen formation. This could then be 

compared to the results obtained by plaque assays. 

Cells were prepared by seeding the contents 

of one confluent 75 cm2 tissue culture flask into 
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eight 8-well chambered slides. When the monolayers 

were confluent, dilutions were prepared of unirrad

iated and irradiated (50 J/m2) herpes virus. Four 

slides of each cell strain were infected with unir-

radiated virus and four with irradiated virus. At 

various times after infection (12, 18 and 20 hours) 

cells were fixed and were stained for immuno-

fluorescence as described in Materials and Methods. 

Cell monolayers were examined under a fluorescent 

microscope and cells (or foci of cells) which stained 

positively for Vag were counted. These numbers were 

used to calculate the titre of the virus (as in 

figure 2) in terms of Vag forming units per milli

litre (Vfu/ml). Vag forming units per millilitre 

were plotted against time ~igure 28A) for both un

irradiated and irradiated virus. It can be seen 

that Vag formation had reached a plateau at 18 hours 

for both unirradiated and irradiated virus. The 

surviving fraction was calculated (Vfu/ml irradiate~ 

Vfu/ml unirradiated) at each time point and was 

plotted in figure 28B. 

In table 4 the D0 values of Vag formation at 

20 hours post-infection and plaque formation are 

listed for 3 of the cell strains tested. The values 

for plaque formation were taken from table 1. The 

values for Vag formation were calculated by the 

formula 
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Figure 28 

HCR of viral antigen forming ability of UV'd 
HSV-2 in normal, CS and XP fibroblasts. 

CRL 1221 
GM 2838 
CS lBE 
XP 25RO 
XP 4BE 

The number of V-antigen positive foci were 
scored using a fluorescent microscope. In 
Panel A the open symbols represent unirrad
iated virus and the closed symbols represent 
virus irradiated with a UV-dose of 50 J/m2. 
In panel B the surviving fraction was calcu
lated as the number of V-ag positive foci for 
irradiated virus/unirradiated virus. 
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where D is the dose of UV given to the virus. In 

this caseD= 50 J/m2• It can be seen that the Do 

values are higher for Vag formation than for plaque 

formation. This indicates that Vag formation is more 

resistant to UV irradiation. It can also be seen 

that the relative HCR ability of the two DNA repair 

deficient strains is the same for both assay systems. 



TABLE 4 

HCR OF HSV-2 VIRAL ANTIGEN FORMATION IN HUMAN FIBROBLASTS 
Do (J/m2) % HCR of Normal (CRL1221) 

XP 25RO GM 2838 (CS) CRL 1221 (N) XP 25RO GM 2838 (CS) 

Vag 17.7 29.7 48 80 

Plaquing * 11 21 27 41 78 

* values taken from table 1 

....... 
0 
()j 
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HOST CELL REACTIVATION 

The ability of a DNA-damaged virus to initiate a 

productive infection depends to a great extent upon the 

nature of the host cell. Since viruses are severely lim

ited by their small size in the number of functions they can 

code for, they depend upon the host to provide many func

tions. One such function is DNA repair. It has been shown 

that for very small viruses with extremely limited coding 

capacities (i.e. SV40) that HCR is severely decreased in 

cells from patients with XP as compared to normal cells 

{Aaronson & Lytle, 1970). These cells have been shown to 

have severely decreased DNA repair ability as measured by a 

number of criteria including unscheduled DNA synthesis 

(Cleaver, 1968), post-UV colony-forming ability (Andrews 

et al., 1978b), excision of pyrimidine dimers (Cleaver & 

Trosko, 1970) and loss of dimer specific endonuclease sites 

(Paterson et al., 197J). Together, these results imply that 

the reduced HCR of virus is due to the inability of the host 

repair mechanisms to remove DNA damage from the viral genome. 

Reductions in the HCR of UV'd virus when infected in

to XP cells are also seen with larger viruses such as aden

ovirus (Day, 1974) and HSV (Lytle et al., 1972). However, 

as the size of the virus increases, the sensitivity to dam

aging agents does not increase in the manner predicted by 

simple target theory. 
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NORMAL HUMAN FIBROBLASTS 

The HCR of UV'd HSV in 5 normal human fibroblast 

strains (see figure 9 of Results) was found to exhibit a 

2-component survival curve. This is similar to results 

obtained by other workers for the survival curves of UV'd 

HSV in mammalian cells (Lytle and Benane, 1974; Albrecht 

et al., 1974; Hallet al., 1980). The curve consists of an 

initial steep component and a subsequent less steep com

ponent. The reason for the two components is not known. 

It has, however, been shown that multiplicity reactivation 

and heterogeneous virus populations are not the cause 

(Lytle, 1971). Some factors such as contact inhibition and 

depleted growth medium will decrease the zero dose inter

cept of the second component (see section A.II. of Results) 

without altering the slope (Lytle & Benane, 1974). It has 

also been found that differences in the HCR found at dif-

ferent stages of the cell cycle were not sufficient to ac

count for the existence of a 2-component curve (Lytle and 

Schmidt, 1981). It should be noted that some investigators 

have reported the HCR of UV'd HSV to have a single component 

response (Takebe et al., 1974; Selsky & Greer, 1978). 

The various parameters describing the HCR of the 

normal cell strains were calculated as described (see sec-

tion A.II.a. of Results) and presented in table 1. 

The D0 of the first component ranged from 26-36 J/m2 

with a mean value of 29 J/m2 • These values differ from those 
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obtained by Lytle and Benane (1974) which were reported to 

range from 10-19 J/m2 • These differences may be due to the 

difference in irradiation conditions. In experiments by 

Lytle (1971) virus was irradiated in PBS, whereas, for this 

study, virus was suspended in~ -mem without serum for 

irradiation. Other differences may include the methods of 

dosimetry or the times at which plaques are scored. Lytle 

and Benane (1974) counted plaques of unirradiated virus at 

3 days and irradiated virus at 4 days as compared to the 

2 days employed in the present study. 

The D0 of the second component ranged from 81-101 J/m2 

with a mean value of 94 J/m2• This was again different from 

other reports of D0 values ranging from 32-53 J/m2 (Lytle 

and Benane, 1974) and 27-32 J/m2 (Lytle et al., 1983) for 

normal human fibroblasts. 

The mean D0 of the second component was 3.2 X greater 

than the mean D0 of the first component. This agrees well 

with earlier reports (Lytle & Benane, 1974) in which the Do's 

of the second component of the UV'd HSV survival curve in 

various normal human fibroblasts was 3-4 times greater than 

the D0 's of the first component. 

In some studies of the HCR of UV'd HSV (Selsky and 

Greer, 1978; Takebe et al., 1978) the survival curves obtained 

were consistent with single component kinetics. Whether this 

is equivalent to one or the other of the two components seen 

in this study and others (Lytle and Benane, 1974; Albrecht 

et al., 1974; Hallet al., 1980) will be discussed below. 
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Selsky and Greer (1978) employed a protocol similar 

to that used in this study except that UV'd virus was quick

frozen and stored at -70° until use and plaque formation was 

enumerated at 72 hours after infection rather than 48 hours. 

They reported D0 values of approximately 150 J/m2* for 

normal fibroblasts on survival curves with only a single 

component. In the work of Takebe et al. (1974), virus sus

pensions were made in PBS supplemented with 5% calf serum. 

Some experiments were performed with an agar overlay and 

plaques were counted at 5 days. In other experiments, a 

liquid overlay containing human gamma globulin was used (as 

in the present study) and plaques were counted at J-5 days. 

The presence of only a single component may be due 

to the fact that the virus survival was never reduced to 

less than 1%, the survival at which the second component 

manifests itself in normal human fibroblasts (Lytle, 1971; 

Lytle and Benane, 1974; Hallet al., 1980; this work). 

If the D
0 

of 150 J/m2 is equivalent to the first compon-

ent of the survival curve for the work of Selsky and Greer 

(1974), the reason it is so large compared to the values 

reported here may be due to the later time at which plaques 

were scored. Since the first infectious cycle of UV irrad

iated HSV ( >200 J/m2) is delayed from 20-24 hours to approx

imately 40 hours (Ross et al., 1971; Elgin et al., 1980), 

the later scoring time would allow for the development of 

plaques which would have been unnoticed at 48 hours, thereby 

* estimated by author from figures in Selsky & Greer (1978) 
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increasing the apparent survival, and thus the Do, of the 

virus (see also Lytle, 1971). This argument also applies 

to the work of Takebe et al. (1974), where the D0 for normal 

fibroblasts was 110 J/m2*. 

It is also possible that only the second component 

is being seen. The similarity in Do values (150 J/m2 and 

110 J/m2 compared to 94 J/m2 in this work) suggests that 

this is possible. How the first component is eliminated is 

unclear but it has been shown that cell culture conditions 

can effect the contribution of the first component (Lytle 

and Benane, 1974). 

Results similar to the present work, concerning the 

survival of UV'd HSV in normal cells, was obtained by Coppey 

and Menezes (1981) using an assay for viral progeny. It 

was reported that a dose of 400 J/m2 will reduce the survival 

of HSV-1 in normal human fibroblasts to 0.1%. This compares 

with an extrapolated survival of 0.2% in this study (see 

figure 9 of Results). The D0 of one normal fibroblast strain 

in that same study was approximately 100 J/m2 for the second 

component.** Though it is similar to the Do value obtained 

in this study it should be noted that the irradiation con-

ditions used by Coppey and Menezes (1981) could not be deter-

mined and the assay for virus survival was virus yield. This 

assay is performed at relatively high m.o.i. (0.2-0.5 p.f.u./cell) 

which has been shown to increase the survival of UV'd HSV 

(Coppey and Nocentini, 1973; Hallet al., 1980). 

*calculated by author from Takebe et al. (1974) 
**recalculated by author from Coppey and Menezes (1981) 
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Assuming that the radiosensitivity of double-stranded 

DNA viruses is directly proportional to their genome size 

then it would be expected that the Do would vary as the in-

verse of the molecular weight. 

One can attempt to calculate the "expected Do" for 

HSV based upon the knowledge of the adenovirus D0 and the 

molecular weights of the two viruses. One caution that should 

be noted is that the UV survival curve for adenovirus is only 

a single component curve. Using similar irradiation con

ditions, UV-light sources and UV-light dosimetry, the Do 

of the plaque forming ability of UV'd adenovirus type 2 (Ad 2) 

in human fibroblasts has been found to be 234 J/m2 (Day and 

Ziolkowski, 1981). Based upon the larger molecular weight 

of HSV compared to Ad 2 (100 x 106 daltons ~ 23 x 106 dal

tons (Spear and Roizman, 1980)), the expected Do of HSV can be 

calculated to be 50 J/m2 • This value is obtained on the 

assumption that the only factor affecting the D0 is the tar

get size (i.e. the molecular weight). Other factors which 

might affect the Do include the GC content of the virus and 

the numbers of AT rich control sequences. 

It can be seen that the actual Do values are 29 J/m2 

for the first component and 94 J/m2 for the second component. 

This indicates that, for the second component, HSV is less 

sensitive to UV-inactivation than predicted on the basis of 

its size. This decreased UV sensitivity may indicate that 

HSV DNA repair is less dependent upon host cell mechanisms 

than is Ad 2. 



The validity of directly comparing the values used in 

these observations with those of other investigators is 

questionable since differences in experimental conditions 

(e.g. dosimetry, irradiation conditions, etc.) may be res

ponsible for differences in D0 values. 

The extrapolation number of the second component 

ranged from 0.08-0.34 with a mean value of 0.20 (table 1 of 

Results). These values are expressed as a surviving fraction. 

Lytle et al. (1983) have reported values ranging from 0.024-

0.061 with a mean value of 0.042. The reason for these 

differences may be related to differences in cell culture 

conditions. Such differences have been shown to affect the 

extrapolation number of the second component of an HSV sur

vival curve (Lytle and Benane, 1974). 

COCKAYNE SYNDROME FIBROBLASTS 

The HCR of UV'd HSV in CS cells displayed two com

ponent kinetics (see figure 10 of Results) similar to that 

observed in normal cells (see previous section of Discussion). 

Two component survival curves for UV'd HSV in CS cells has 

been reported by others (Lytle et al., 1983). It has also 

been reported that the HCR of UV'd Ad 2 in CS fibroblasts 

displays two-component kinetics (Day and Ziolkowski, 1981; 

Rainbow and Howes, 1982). 

The D0 's of the first component for the two CS strains 

tested were 23 J/m2 and 21 J/m2 for CS3BE and GM2838 res

pectively, corresponding to relative HCR values of 77% and 

http:0.08-0.34
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72% (see table 1). These values were found to be not sig-

nificantly different from those obtained for normal cells 

(P=0.367 and P=0.374). There are no other published values 

for the D0 of the first component of the UV survival curve 

of HSV in CS cells with which these results can be compared. 

For the second component, the Do's of the CS cells 

were 117 J/m2 for CS3BE and 93 J/m2 for GM2838. These values 

were not significantly different from the mean normalD0 

(P=0.385 and P> o.4o respectively). In terms of per cent 

normal HCR, the CS strains were capable of performing 124% 

HCR (CS3BE) and 99% HCR (GM2838). 

Coppey and Menezes (1981) reported that a UV dose of 

300 J/m2 would reduce the survival of HSV in CS cells to 0.1%. 

This was lower than the 400 J/m2 dose required to reduce HSV 

survival by the same factor in normal cells. Although a D0 

value cannot be calculated from the information in their re-

port, it can be noted that this is a lower survival than is 

observed in this study for the same dose (see figure 10 in 

Results). Differences in methodology have been discussed 

previously (see Normal Human Fibroblasts of Discussion). 

Lytle et al. (1983) reported D0 values averaging 

22 J/m2 for two CS strains. The differences between the 

results reported here for CS cells and those of Lytle et al. 

(1983) are of approximately the same magnitude as the dif-

ferences between the results for normal human fibroblasts as 

discussed earlier. 

The important question, which these experiments have 



attempted to answer, is, does a difference exist between 

the HCR abilities of normal and CS fibroblasts. 
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Other reports of the HCR ability of CS cells have 

differed in their conclusions. Hoar and Davis (1979) re

ported no difference in the adenovirus HCR ability of CS 

cells. Day et al. (1981), using a similar though not iden

tical plaque assay reported that CS cells were reduced in 

their HCR of adenovirus. In addition, Rainbow and Howes 

(1982) reported reduced HCR of adenovirus V-antigen in CS 

cells. The reduction (expressed as % remaining HCR relative 

to normal cells) ranged from 14-J4%. The HCR of HSV in CS 

cells was first assayed by Ikenaga et al. (1979) who re

ported no difference from normal cells. A recent report 

(Lytle et al.,l98J) found a significant difference in the 

HCR of HSV between normal and one CS cell strain but not 

with another CS cell strain. The level of HCR for the second 

component was found to be 71% (CSJBE) and 8J% (CS2BE) for the 

two CS strains tested (Lytle et al., 198J). 

The HCR of UV'd HSV in CS cells is less than in nor-

mal cells. Whether they are significantly different is not 

yet certain (this study; Ikenaga et al., 1979; Lytle et al., 

198J). The HCR of UV'd adenovirus in CS cells is significantly 

reduced when assayed by Vag formation (Rainbow and Howes, 1982) 

and by some plaque formation studies (Day and Ziolkowski, 1981) 

but not all (Hoar and Davis, 1979). One possible interpre

tation of this data is that HSV has available to it some DNA 
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repair function that is not available to adenovirus. 

An alternative argument may be made, that differences 

in the biological endpoints of the two assays (i.e. Vag and 

plaquing) may account for the observed differences, rather 

than differences in the viruses. To pursue this question, 

HCR of UV'd HSV was determined by Vag formation. These ex

periments indicated that the relative level of HCR of UV'd 

HSV was the same for both assays (see table 4). 

XERODERMA PIGMENTOSUM FIBROBLASTS 

The HCR of UV-irradiated HSV in XP fibroblasts dis-

plays the same two-component kinetics observed for normal 

and CS cells in this study. This has also been observed by 

other workers (Lytle et al., 1972). The D0 's of the first 

component of the survival curve in excision deficient XP 

strains ranged from 11 J/m2 for XP25RO (group A) to 14 J/m2 

for XP4RO (group C). This represented from 38-48% HCR as 

compared to normal cell strains. This is similar to the re

sults of Lytle et al.(l972) where an XP group A cell strain 

was found to express 33% HCR in the first component. The 

first component D0 was found to be significantly different 

from normal for one of the XP group A strains and the group D 

strain (XP25RO, P < .005; XP6BE, P < .0005) but not for ihe 

group C strain. 

The D0 's of the second component ranged from 26 J/m2 

(XP6BE) to 51 J/m2 (XP4RO) for the excision deficient XP 

strains. The corresponding per cent HCR ranged from 28 to 



120 
54%. This is again similar to early work by Lytle et al. 

(1972) in which an XP cell strain was found to express 34% 

HCR in the second component. More recent work (Lytle et 

al., 1983) also reports 32% HCR in the second component of 

a single XP cell strain (XP2BE group C). Although relative 

levels of HCR in this work agree well with those of other 

reports, the absolute levels of UV sensitivity of HSV 

(i.e. Do) are very different. Possible reasons for these 

differences have been discussed. 

Studies of the HCR ability of XP cells have been per

formed using a number of different viruses. The survival of 

UV'd simian virus 40 (SV40) in XP cells of different com

plementation groups was found to range from 13% (XP group A) 

that of normal cells to 59% (XP group E) of normal, depending 

upon the complementation group (Abrahams and van der Eb, 1976). 

Similarly, the survival of plaque formation of UV'd Ad 2 in 

XP cells ranged from 3.4% (group A) to 47% (group E) of 

normal levels of HCR (Day, 1974). All of the work mentioned 

above was done using some form of a plaque assay. Other 

assays also detect a greatly reduced HCR of UV'd virus in 

XP excision deficient cells. These methods include T antigen 

formation and transformation frequency of SV40 (Aaronson & 

Lytle, 1970), detection of alkaline labile Ad 2 DNA damage 

(Rainbow, 1977) and Ad 2 V antigen expression (Rainbow, 1980). 

The observation that UV'd Ad 2 is only reactivated to 

approximately 5% of normal levels in XP group A cells and 

that HSV is reactivated to more than 30% of normal levels in 
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XP group A cells has suggested to some authors that HSV may 

be less dependent upon host-cell DNA repair mechanisms than 

is Ad 2 (Selsky and Greer, 1978; Rainbow, 1981). The data 

presented in this work confirm the level of HCR of UV'd 

HSV in XP group A cells and thereby support the suggestion 

that HSV is less dependent upon host functions than Ad 2. 

This greater independence may be attributable to either a 

virally coded function or a virally induced function. 

Reports of single component survival curves for UV'd 

HSV in XP cells (Takebe et al., 1974, 1978; Selsky and Greer, 

1978) yield similar values for HCR ability compared to nor

mal cells. 

XERODERMA PIGMENTOSUM VARIANT FIBROBLASTS 

The HCR of UV'd HSV in XP variant fibroblasts displays 

the same 2-component kinetics observed for all cell types in 

this study (see figure 12 of Results). In the work of Selsky· 

and Greer (1978), the XP variant strain CRL1162 (XP4BE) dis-

played a survival curve consistent with 2-component inacti

vation, although the authors did not comment upon this fact. 

The D0 of the first component was 24 J/m2 (see table 1 

of Results) for the one strain tested, XP4BE. This rep

resented 83% HCR compared to normal cells. This value was 

not significantly different from normal (P=O.J90). 

The Do of the second component was 81 J/m2 , representing 

86% HCR. This value was not significantly different from 

normal (P=0.244). This value for per cent HCR is consistent 
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with the value of 80% HCR* obtained by Selsky and Greer (1978). 

It is, however, higher than the values obtained by Takebe et 

al. (1978) who used different strains, values for which, 

ranged from Jl%-55% HCR. 

Studies of the HCR ability of different viruses in 

XP variant cells have been performed, SV40 is reactivated to 

95% that in normal cells (Abrahams and van der Eb, 1976). 

Using a plaque assay Day (1974) found the XP variant cells 

(XP4BE) could reactivate UV'd adenovirus to 69% of normal 

levels, a value similar to that obtained for other XP variant 

strains in the same study. Using the same cell strain but a 

different assay (i.e. Vantigen) Rainbow and Howes (1979) 

found that UV'd adenovirus was reactivated to 62% of normal 

levels. 

HOST CELL REACTIVATION OF UV'D HSV-2 VIRAL ANTIGEN FORMATION 

In attempting to compare the HCR of UV'd HSV-2 from 

this study with the HCR of adenovirus in CS cells there 

arises the question of whether the biological endpoint of 

the assays utilized modifies the results obtained. In plaque 

forming assays the parameter measured (namely infectivity) is 

far removed from the repair events. A viral antigen (Vag) 

assay, on the other hand, measures an event much closer to the 

actual repair process (Rainbow, 1978). 

To address this question, a single experiment was per

formed to measure the HCR of UV'd HSV Vag. This was performed 

over a period of 12-20 hours post-infection so that any effects 

* estimated by author from figure in Selsky & Greer (1978) 
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caused by the UV-induced delay in the HSV replication cycle 

(Ross et al., 1971) could be included. 

The number of Vag positive foci increased from 

10-18 hours post-infection and appeared to reach a plateau 

for the period from 18-20 hours (see figure 25, upper panel). 

The surviving fraction of XP group A cells (XP25RO) at all 

times was lower than the CS or normal strains. 

In order to compare the relative HCR of UV'd HSV in 

normal, CS and XP cells as assayed by plaquing and Vag for

mation the D0 's of Vag survival were calculated as described 

in Results. Using these results the per cent HCR compared 

to normal cells could be calculated (see table 5). Because 

the single UV dose used was within the range of the first 

component, these per cent HCR values were compared to those 

for the first component of plaque survival. 

The D0 values for the various strains are all higher 

for the Vag assay than for the plaquing assay. This is in 

agreement with the work of Elgin et al. (1980) whose results 

suggested that the later in the infectious cycle a function 

occurs, the more sensitive it is to UV-irradiation. They 

related this to the relative target sizes of the different 

functions. The same phenomenon can be seen for adenovirus for 

which the D0 of the HCR of UV'd virus in normal cells is 

2J4 ~ 40 J/m2 (Day and Ziolkowski, 1981) for plaquing and 

410 + 80 J/m2 for Vag (Rainbow, 1980). 

When the relative HCR ability of CS and XP cells is 

compared between Vag and plaquing assays the values obtained 
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for% HCR are the same for each strain (see table 5). This 

correlation between relative HCR levels using assays of dif

ferent biological endpoints for the same virus has also been 

seen with adenovirus. Day (1974) reported that XP group A 

cells had ).4% HCR when assayed for plaque-forming ability. 

Rainbow (1980) reported that another strain of XP group A 

cells had 6% HCR when assayed for Vag forming ability. This 

correlation between plaquing and Vag for HCR of UV'd Ad 2 

has been. seen for XP complementation groups A-F and variant 

( Rainbow , ·19 81) • 

CAPACITY 

To determine whether a cell strain is deficient in 

its responses to UV-irradiation, ionizing irradiation or 

chemicals which produce DNA damage, the most common method 

is to assay for post-exposure colony-forming ability (cfa). 

(Lee and Puck, 1960). One of the major disadvantages of 

this method is that certain mammalian cell strains have 

inherently poor colony forming ability. Also, cfa assays 

require that the cell is isolated from its neighbours, a 

state entirely different than that found in intact tissue. 

Finally, the cfa assay requires the cell to divide in order 

to be scored. 

A number of authors have used an alternative assay 

to determine the cellular response to DNA damaging agents 

(Lytle et al., 1976: Coppey & Nocentini, 1976: 1979; Coppey 

et al., 1979a: Coohill et al., 1979). This assay determines 
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the ability of treated cells to support virus infection 

(capacity). This can be measured in a variety of ways in

cluding one-cycle virus yields (Coppey & Nocentini, 1976) 

and plaque-forming ability (Lytle et al., 1976; Coohill 

et al., 1979). The advantages of this method include the 

fact that cells are in contact with their neighbours, a 

model more closely resembling the in vivo situation. In 

addition, cells are not required to divide in order to en

umerate their capacity. That capacity is a DNA dependent 

parameter has been shown by Coohill et al.(l977) on the basis 

of the action spectrum of capacity inactivation. 

EFFECT OF DELAYED INFECTION ON CAPACITY 

Initial experiments to determine the capacity of nor

mal and CS fibroblasts were performed with various intervals 

between irradiation of the cells and their infection with 

HSV. These experiments demonstrated that for the UV doses 

employed (i.e. up to 15 J/m2) normal human fibroblasts were 

able to recover their ability to support HSV infection when 

given sufficient time (96 hours) between irradiation and 

infection (see figure 14 of Results). Note that no increase 

in capacity was evident by 48 hours. Similar recovery of 

capacity after UV-irradiation has also been reported for 

monkey-kidney cells (Bockstahler et al., 1976). and normal 

human fibroblasts (Lytle et al., 1976; Coppey ~ al., 1979b). 

The capacity of CS cells (see figure 14 of Results) 

was lower than that of normal cells when they were 



infected immediately after irradiation. This was not un

expected since CS cells have lower post-UV colony-forming 

ability (Andrews et al., 1978a) and cfa has been shown to 

respond in a manner similar to capacity for UV-irradiated 

XP cells (Lytle et al., 1976; Coohill et al., 1981). As 
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the recovery time was increased to 48 hours the capacity of 

CS cells decreased further. Again, this was not unexpected 

since repair deficient XP cells had been shown to decrease 

in capacity with increasing time after irradiation (Lytle 

et al., 1976). At 96 hours after irradiation the capacity 

of CS cells increased to approximately the same level ob

served for immediate infection. The inability of CS cells 

to completely recover capacity correlates with the obser

vation that UV'd CS cells do not recover their ability to 

undergo semi-conservative DNA replication (Tanaka et al., 1981). 

The fact that CS cells do not recover capacity even though 

they have normal rates of unscheduled DNA synthesis (UDS) 

(Wade and Chu, 1978, 1979; Andrews ~ al., 1978a) confirms 

the earlier observation for the various XP excision defic-

ient cell strains (Lytle et al., 1976) that levels of capac

ity correlate more closely to cell survival (i.e. colony

forming ability) than to UDS. This suggests that cell death 

may be, in part, responsible for loss of capacity. 

The cause of the decrease in capacity of CS cells at 

48 hours after irradiation remains unclear. However, since 

the greatest difference between normal and CS cells was ob

served at this time, all subsequent capacity experiments 
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were performed at 48 hours after irradiation. 

NORMAL HUMAN FIBROBLASTS 

The capacity of four different strains of normal 

human fibroblasts to support HSV plaque-formation was 

tested. Capacity was measured at 48 hours after irradiation 

(see figure 15 of Results). Low dosesof UV ( < 2.5 J/m2 ) 

did not reduce the capacity of normal cells. In some exper

iments the capacity actually increased at low doses of UV. 

Similar responses have been observed by other workers for 

normal human fibroblasts (Coppey et al., 1979b). Such a 

response is also typical for post-UV cfa of normal human 

fibroblasts (Andrews et al., 1978a; Wade and Chu, 1978, 1979). 

At higher UV doses (> 2.5 J/m2 ) the capacity of normal 

fibroblasts to support HSV plaque formation decreases expon

entially with increasing UV dose. This response has also been 

obs~d by others for the capacity of normal human fibroblasts 

(Coppey et al., 1979b) as well as their post-UV cfa (Andrews 

et al., 1978a; Wade and Chu, 1978, 1979). 

The DJ7 (see Capacity section of Results) for the ca

pacity of the normal strains tested ranged from 8.6 J/m2 to 

12.4 J/m2 with a mean value of 10.7 J/m2 (see table 2 of 

Results). In contrast, Coppey et al. (1979b) found that 

normal human fibroblasts had a D37 of approximately 25 J/m2*, 

using a virus yield (per cell) assay and cells infected 36 

hours after irradiation. 

The D37 of colony forming ability for normal fibroblasts 

*estimated by author from figure in Coppey et al. (1979b) 



ranged from 5.0-6.5 J/m2* (Andrews et al., 1978a) and 

5.0-5.5 J/m2* (Tanaka et al., 1981). 

COCKAYNE SYNDROME FIBROBLASTS 
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The capacity of HSV plaque formation of four strains 

of CS fibroblasts was determined at 48 hours after irrad-

iation. The capacity of all CS cells decreased exponentially 

with increasing UV dose and no shoulder region was apparent 

for the response curve of any strain (see figure 16 of Results). 

This is similar to the cfa response of CS fibroblasts, which 

also does not display a shoulder (Andrews et al., 1978a; 

Wade and Chu, 1978, 1979; Tanaka et al., 1981). 

The n
37 

of the four CS strains ranged from J.l J/m2 

(all strains except CSJBE) to 5.1 J/m2 (CSJBE). The relative 

capacities, expressed as a per cent of the mean normal n37 , 

were 29% and 47.7% respectively. The n37 of CSJBE was found 

not to be significantly different from that of normal cells 

(P=0.077) but all other CS strains were significantly lower 

(P~0.002) than normal. Although the n
37 

of CSJBE is not 

significantly lower than that of normal cells, the major dif

ference in the shape of the capacity response curve indicates 

a deficiency in the capacity of CSJBE. 

The n37 of cfa of CSJBE (1.5 J/m2*) has been found to 

be slightly higher than that of some other CS strains (including 

CSlBE (0.7 J/m2*), which has also been used in the present 

study) (Tanaka et al., 1981). The relative cfa of these CS 

strains was JO% for CSJBE and 14% for CSlBE. This again 

*estimated by author from figures in Andrews et al., (1978a) 

and Tanaka et al., (1981) 
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reflects the possible relationship capacity and cfa as ob

served for XP cells of different complementation groups 

(Lytle et al., 1976). In fact, Tanaka et al. (1981) showed 

that CSJBE and CSlBE belong to different complementation 

groups. 

This data indicates that, for CS cells, capacity is 

a better indicator than HCR of cellular sensitivity to UV-

irradiation. 

XERODERMA PIGMENTOSUM FIBROBLASTS 

The capacity of four different XP cell strains to 

support HSV plaque formation was determined. The four cell 

strains represented the excision deficient complementation 

group A, C and D as well as the excision proficient XP variant. 

Capacity was determined at 48 hours after irradiation. 

The capacity of all excision ~eficient XP cell strains 

decreased exponentially with increasing UV dose (see figure 17 

of Results) with no shoulder apparent for the UV doses tested. 

Similar responses have been noted by other workers (Lytle 

et al., 1976; Coppey et al., 1979b). Using lower UV doses 

(i.e. below 1 J/m2 ) Coohill (1981) demonstrated a shoulder for 

some XP strains. 

The capacity of the excision proficient XP variant 

cell strain was not affected by low (< 5 J/m2 ) doses of UV 

light. 
? 

When the UV dose was greater than 5 J/m- the capacity 

of XP4BE decreased exponentially with increasing UV-dose (see 

figure 17 of Results). This shoulder on the XP variant 

curves, similar to the normal strains was also observed by 



1.30 

Coppey et al. (1979b) for two different strains of XP variant 

fibroblasts. 

The D
37

•s of the XP strains were 0.4 J/m2 for XP25RO 
- . 2 

(group A), 0.96 J/m2 for XP6BE (group D), 1.98 J/m for 

XP4RO (group C) and 6.7 J/m2 for XP4BE (variant). The rel-

ative capacities, expressed as a per cent of the mean normal 

o
37 

were 3-7%, 9%, 18.5% and 62.6% respectively. Just as for 
A J 

CS cells, capac~ty is a more sensitive assay than HCR for 

determining cellular repair ability. All of these values 

were significantly different from normal (P<0.0005) except 

that for the XP variant strain, XP4BE (P=O.l39). 

Although there were slight differences in the o37 
values reported by Lytle et al. (1976) the relative capacities 

were in good agreement. The XP group A strain was the most 

UV sensitive in terms of capacity, next was the group D strain 

and next the group C strain. This is the same order of sensi-

tivity observed in the present study as well as those of 

Coppey et al. (1979b). Furthermore, these results reflect 

the UV-sensitivity of colony-forming ability of XP cells 

(Andrews et al. 1978b), where the o
37

•s* of cfa for XP(A), 

XP (D), XP(C), XP variant and normal cells were approximately 

0.25 J/m2 , 0.5 J/m2 , 1.2 J/m2 , 2.5 J/m2 and 6.5 J/m2 res-
1 

pectively. The corresponding relative cfa values were 3.~%, 
7.7%, 18.5% and 38%. 

The capacity of cells to support HSV plaque formation 

can be reduced by UV-irradiation. Normal human fibroblasts 

* estimated by author from figure in Andrews et al. (1978b) 
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are able to recover capacity over the range of doses used in 

this study if given sufficient time after irradiation. Cells 

from patients with CS or XP did not recover capacity (Lytle 

et al., 1976; this work). This may be related to the ob

servation that while normal fibroblasts are able to recover 

normal rates of semi-conservative DNA synthesis (Rude and 

Friedberg, 1977), neither cs cells (Tanaka et al., 1981) 

nor XP cells (Rude and Friedberg, 1977) possess this ability. 

Furthermore, AT cells, which are hypersensitive to cell kil

ling by ionizing radiation (Paterson and Smith, 1979) are 

not reduced in capacity to support adenovirus Vag formation 

after treatment with ~-rays (Jeeves and Rainbow, 1983) and 

semi-conservative DNA synthesis is not inhibited (Painter, 

1981). These results suggest that inhibition of viral DNA 

synthesis has factors in common with inhibition of cellular 

DNA synthesis and that the capacity of cells is a good in

dication of the sensitivity of DNA synthesis of the cells 

themselves. 

The relative levels of UV-sensitivity of capacity are 

similar to those of post-UV colony-forming ability both for 

CS cells (Tanaka et al., 1981; Andrews et al., 1978a) and 

XP cells (Andrews et al., 1978b). This suggests that capacity 

and cfa may be related in that cell death is, in part, res

ponsible for loss of capacity (Lytle et al., 1976). 



132 

UV ErlliANCED REACTIVATION 

The phenomenon of enhanced reactivation of virus in 

mammalian systems is in many ways similar to that seen in 

bacterial systems (Weigle, 195J). Many of the details have 

been presented already (see Enhanced Reactivation of Virus, 

Introduction). 

The magnitude of the UVER response will depend upon 

a number of factors. Because it may be an inducible res

ponse (Radman, 1980) the ability of a culture to respond 

may depend upon the state of growth of the cells and the 

time allowed for induction to occur. Both of these pos

sibilities were investigated. If UVER is a response to DNA 

damage then the amount of damage produced may affect the 

level of induction. Different irradiations of both the 

cells and the virus were performed. 

EFFECT OF DELAYED IRRADIATION 

It has been shown (Lytle and Benane, 1974) that the 

amount of HCR expressed by human cells can change with in

creasing time after subculture (or attainment of confluency). 

Contact-inhibition was also shown to be related to levels of 

ER (Lytle et al., 1974; Hellman et al., 1974). 

When experiments were performed to determine the 

effect of delaying irradiation after plating on ER, cells 

were plated at a density such that they were confluent within 

1 day. Cells irradiated with a range of UV doses, were in

fected 48 hours later with HSV and levels of ER were determined. 
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Maximum ER was determined each day and it was found that as 

the cells remained confluent longer, they expressed lower 

levels of UVER (see figure 20 of Results). 

The results of this experiment support the suggestion 

that as cells become more contact-inhibited their overall 

repair levels decrease. This is essentially similar to the 

results of Lytle and Benane (1974) in which levels of HCR 

decreased with increasing time after confluency. In addition, 

work correlatingtbe level of contact-inhibition (i.e. in 

tumour cells vs normal fibroblasts) with the level of UVER 

(Lytle et al., 1974; Hellman et al., 1974) showed that highly 

contact-inhibited cells such as fibroblast displayed lower 

levels of UVER than tumour cells. 

EFFECT OF DELAYED INFECTION 

It has been reported by a number of authors (Lytle 

et al., 1976) Coppey and Menezes, 1981; Bockstahler et al., 

1976) that the observed levels of ER were maximum at a par

ticular time after irradiation of the cells. Similar ex

periments were performed in this study using normal and CS 

fibroblasts. In this experiment cells were treated with in

creasing doses of UV-light and then infected at various 

times after irradiation. The maximal ER (see figure 19 of 

Results), for all doses to the cells, was found to occur at 

48 hours after irradiation. This agrees very well with the 

work of Coppey and Menezes (1981) who found that the maximal 

ER of HSV-1 in human fibroblasts occurred at 36 hours. 
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Their results indicate little difference in ER between 36 

and 48 hours. Though there have been other reports of in-

creased ER with delayed infection, no other report determined 

the time course of ER in human cells. 

UVER AS A FUNCTION OF DOSE TO CELLS AND VIRUS 

Conditions that were considered to be optimum for the 

measurement of UVER were chosen as a result of the experi-

ments described in the preceding section. Cells which had 

been plated 1 day previously were irradiated with various 

doses of UV-light and infected 48 hours later. 

The level of ER in human cells depends upon both the 

UV dose to the cells (Lytle et al., 1976; Coppey and Menezes, 

1981; Lytle, 1978) and the UV dose to the virus (Coppey and 

Menezes, 1981; Lytle and Knott, 1982). Experiments were of 

two basic types in this study. Either the dose to the virus 

was constant and the dose to the cells was varied or the dose 

to the cells was constant and the dose to the virus was var-

ied. 

The two main parameters used to describe UVER curves 

are the maximum RF and the UV dose at which that maximum 

occurs. 

NORMAL HUMAN FIBROBLASTS 

For normal human fibroblasts the maximum RF usually 

occurred at a dose of 15 J/m2. The only exception was the 

cell strain Hff which had maximum RF at 10 J/m2 . Enhanced 

reactivation factors were determined for the normal strains, 
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when the virus survival was reduced approximately 100 fold. 

Values for RF ranged from 0.97-1.46 (table J). Lytle et al. 

(1976) reported that the maximum UVER of plaque forming abil-

ity of UV'd HSV in normal human fibroblasts was approximately 

2, occurring at a ~/ dose to the cells of 20 J/m2 and a virus 

surviving fraction of 2.7 x 10- 2• These values agree very 

well considering the differences in the assay system (plaques 

of ~~irradiated virus scored at J days and irradiated virus 

at 4 days post-infection) and the fact that infection was 

delayed for four days after irradiation. Another report of 

UVER of UV'd HSV in normal human fibroblasts found maximal 

RF at a UV dose to the cells of 15 J/m2 (Coppey and Menezes, 

1981). The RF values reported ranged from 1.8-7.5. There 

were however, major differences in the procedure. The assay 

used was viral progeny, using high m.o.i. (0.5-2.0 pfu/cell). 

As discussed earlier (see Host Cell Reactivation of Dis-

cussion) this assay allows for multiplicity reactivation of 

virus. Also, the virus was given a dose of UV sufficient to 

reduce its survival to 10-J in unirradiated cells. In the 

present work, when virus survival was reduced to approximately 

10-J greater RF values were obtained for all cell strains 

tested. A maximum RF value of J.J8 was obtained (see figure 

22 ) at a UV dose to the cells of 15 J/m2• 

The efficiencies of ER were calculated for the UV dose 

to the cells which produced maximal RF (table 5). At virus 

survival levels of approximately 10- 2 , the efficiency of ER 

http:0.97-1.46


VIRUS 
SURVIVAL 
LEVEL 

10-2 

10-J 

NOfu'VlALS 

TABLE 5 

Efficiency of UVER for plaque formation 
by UV-irradiated HSV-2 

CELL STRAIN 
CSJBE GM28J8 XP4BE XP25RO 

0.006-0.08 1 0.25 0.25 0.29 0.16 

0.18 0.21 0.24 0.40 N.D. 2 
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1At the UV dose to the cells eliciting maximum UVER efficiency 
was calculated as described by Devoret et al. using the 
formula E= ln RF where RF is the reactivation factor 

ln SFu 

and SFu is the surviving fraction of UV'd HSV in unirradiated 
cells. 

2 not determined at this survival level 

http:0.006-0.08
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ranged from 0.006-0.082. These values are much lower than 

that obtained by Lytle et al. (1976) from which the effic

iency of UVER of UV'd HSV was calculated* to be 0.22. At 

( . -3) lower virus survival levels l.e. 10 , the efficiency of 

a single normal cell strain was 0.183. Values calculated 

for the efficiency of UVER of UV'd HSV from the data of 

Coppey and Menezes (1981) yielded an average value of 0.196 

for the normal strains tested. 

If the UV dose to the cells was kept constant (i.e. 

that eliciting maximum RF) and the dose to the virus was 

varied, it was found that as the UV dose to the virus in-

creased, the level of UVER increased (figure 24), although 

the increase was not great. This has been found before for 

human cells (Lytle et al., 1976: Lytle and Knott, 1982; 

Coppey and Menezes, 1981). 

UVER of UV'd adenovirus in normal human fibroblasts 

(Jeeves and Rainbow, 1983)determined as a function of UV 

dose to the cells, reached maximum RF levels of 3.1 ~ 1.2 

at a virus survival of 6.1 x 10-3 and ·uv dose to the cells 

of 10 J/m2 - 15 J/m2 • The observation that maximal ER 

occurred at the same UV dose as for this study (note that 

dosimetry and UV source of Jeeves and Rainbow (1983) was. 

identical to that used in the present study) indicates that 

this aspect of ER is a reflection of some cellular f~~ction 

and is independent of the virus used to assay. 

*values calculated by Jeeves (1981 ) . 
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COCKAYNE'S SYNDROME FIBROBLASTS 

All of the CS fibroblast strains tested in this study 

expressed maximum UVER at a dose of 5 J/m2 . The RF values 

-2 4 obtained at a virus survival level of 10 ranged from 2. 0 

for GM7J9 to J.2J for GM28J8 {table J). 

The only other report of UVER of UV'd HSV in CS 

cells is that of Coppey and Menezes {1981) at a virus sur

vival level of 10-J. The dose of UV given to the cells to 

produce maximum UVER was 5.0 J/m2 for all CS strains re

ported. The range of RF values was 2.0-4.0. The UVER of 

HSV UV'd to a survival level of 10-J in CS cells in the 

present study was 4.57 for GM28J8 and J.J9 for CSJBE {fig

ure 22). 

Determination of RF as a function of the UV dose to 

the virus indicated that just as for normal cells (Lytle 

et al. , 19 76; Lytle and Knott, 19 82; Coppey and Menezes, 

1981), the level of UVER increased with increasing UV dose 

to the virus (figure 25). 

The efficiency of UVER of UV'd HSV in CS cells was 

calculated for this study (table 5 (at 10-2 and 10-J virus 

survival levels)) and for the data in Coppey and Menezes 

(1981). The efficiency of GM28J8 and CSJBE was 0.25 for. 

both at 10- 2 virus survival and 0.24 and 0.21 at 10-J virus 

survival. For the four CS strains tested by Coppey and 

Menezes (1981) the efficiency ranged from 0.10-0.20. 

The UVER of UV'd adenovirus in CS fibroblasts (Jeeves, 

1981) was maximal at a UV dose to the cells of 5 J/m2 for 

http:0.10-0.20
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one of the two strains tested (CSJBE) and 2.4 J/m2 for 

the other strain (CSlBE). The RF values for the two strains 

fell on either side of the values obtained for normal fibro-

blasts. 

XERODERMA PIGlfLENTOSUM FIBROBLASTS 

The maximum UVER of XP fibroblasts depended upon the 

complementation group of the cell strain. Group A fibro

blasts (XP25RO) had maximum UVER at 0.5 J/m2 and the RF was 

2.07. In other reports (Lytle et al., 1976) group A fibro

blasts had maximum RF of 2.5 at a dose of 0.4 J/m2 and 

(Coppey & Menezes, 1981) 7.0 at a dose of 0.1 J/m2 . Dif-

ferences in methods between these two reports and the present 

study have been discussed above. 

Group C fibroblasts (XP4RO) had a maximal RF value of 

2.JJ at 2.5 J/m2 in this study. Others reported values were 

1.5 at 5 J/m2 (Lytle et al., 1976) and 4. 8 at 2.0 J/m2 · (also : 

strain XP4RO; Coppey and Menezes, 1981). 

Fibroblasts of group D (XP6BE) expressed an RF value 

of 2.58 at 1.0 J/m2 in this study. Similar values of 1.5 at 

1.2 J/m2 (Lytle et al., 1976) and 3.9 at O.J J/m2 (Coppey and 

Menezes, 1981) have been reported from other laboratories. 

Efficiencies of UVER of UV'd HSV at a virus survival 

of 10- 2 in the present study were 0.16 (XP25RO), 0.21 (XP6BE) 

and 0.18 (XP4RO). At virus survivals of 10-3, Coppey and 

Menezes (1981) obtained efficiencies of 0.28 (XP group A), 

0.20 (XP group D) and 0.2J (XP4RO, group C). 
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XP variant fibroblasts (XP4BE) were found to express 

maximal UVER at a dose of 10 J/m2• The RF value obtained 

at this dose was 2.45, when the virus survival was 10-2 in 

unirradiated cells. One other report of UVER of UV'd HSV 

(Coppey & Menezes, 1981) found that three XP variant strains 

(including XP4RO) expressed greatly increased UVER, with RF 

values of 17.5-26.0 at a UV dose of 15 J/m2 and a virus sur

vival level of 10-3. Subsequent experiments using virus 

survival levels of 10-3 also demonstrated high RF values 

(19.72) for XP4BE, a variant strain (figure 22). 

The efficiency of UVER in XP variant cells for virus 

survival levels of 10-2 was about 0.29 (table 5). At lower 

virus survival levels (10-3) the efficiency was o.4o for 

this study and 0.41 for Coppey and Menezes (1981). 

The level of UVER in XP variant cells was found to 

increase as a function of the UV dose to the virus, both in 

the present study (figure 27) and in Coppey and Menezes (1981). 

The UVER of UV'd adenovirus (Jeeves, 1981) in XP 

fibroblasts also depended upon the complementation group. 

Group A fibroblasts expressed maximal UVER at UV doses 

0.5 J/m2 , group D at Nl J/m2 and XP variant between 5 and 

10 J/m2• 

For most of the normal and CS strains determinations 

of maximal RF were made at the highest UV dose at which 

plaque formation still occurs. Therefore, it cannot be cer-

tain if RF values were continually increasing or if they were 

peaking. Some strains (e.g. GM2838 and CS3BE) actually 
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peaked and RFs started decreasing (figure 21). The same is 

true for some XP strains (e.g. XP4RO and XP6BE). Different 

UVER assays (Coppey and Menezes, 1981; Jeeves, 1981) found 

that for most strains tested, RF values actually did reach 

a peak. 

Despite minor variations in maximum RF values, de

terminations of the dose of UV to the cells at which that 

peak occurs are very similar. This similarity is found not 

only when using the same viral probe (this study; Lytle et al., 

1976; Coppey and Menezes, 1981) but also when using a dif

ferent virus (Jeeves, 1981). This argues strongly in favour 

of using the UVER assay as a measure of cellular response of 

different cell strains to irradiation. 

The suggestion that ER represents the expression of a 

mammalian analogue of bacterial "SOS" repair (see discussion 

by Radman, 1980) is supported by many pieces of evidence. 

The coordinate expression of both ER and EM in human cells 

(Suet al., 1981) and the parallel expression of ER of UV'd 

HSV and induction of latent sv4o in a single cell line 

(Zamansky et al., 1980) are similar to phenomena seen in 

bacteria. The ability of cycloheximide to block EM (Das 

Gupta and Summers, 1978) and both ER and EM at the same time 

(Suet al., 1981) suggests that these functions require pro

tein synthesis for their expression and that they are therefore 

inducible. 

Recently, rUskin and Ben-Ishai ( 1981) have looked at 
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the induction of plasminogen activator (PA), a highly 

specific serine protease which has been closely associated 

with cellular transformation, neoplasia and tumor pro

motion (Reich, 1978). It was found ( IVI iskin and Ben-Ishai, 

1981) that no:rrnal human fibroblasts expressed very low 

levels of FA and that exposure to UV did not increase PA 

le-vels. However, XF cells exposed to UV showed greatly 

increased levels of PA. Excision deficient XP strains were 

maximally induced by doses of UV ranging from 1-4 J/m2 . 

Excision proficient XP variant strains were maximally in

duced for PA. synthesis at doses of UV of 15 J/m2 or greater. 

In addition, it was found that maximum induction of PA syn

thesis occurred at 48 hours after irradiation and that PA 

induction could be inhibited by cycloheximide. 

The parallels between the expression of ER (this 

study) and the induction of PA (Miskin and Ben-Ishai, 1981) 

by UV-irradiation are very striking and suggests that the 

two phenomena may be different aspects of the same process, 

namely, mammalian SOS repair. 

The ability of human fibroblasts to repair UV-light 

induced damage has been characterized in cells from normal 

and sunlight sensitive patients. The assays used have 

quantitated the ability of these cells to repair damaged 

viral and cellular DNA. 

The DNA repair defect associated with XP has been 

well characterized. Some strains are excision deficient and 

unable to remove pyrimidine dimers (Cleaver & Trosko, 1970). 



Others are excision proficient but hypersensitive to UV 

killing (Andrews et al., 1978b). 
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For the most part, the repair abilities of XP cells, 

both excision deficient and proficient, as determined in these 

studies has been in agreement with other published work. The 

ability of XP excision deficient cells to repair damaged 

viral DNA is greatly reduced (Lytle et al., 1972, 198); Day, 

1974; Abrahams and van der Eb, 1976; Rainbow, 1980) while 

XP variant cells are only slightly reduced in their ability 

to perform this function (Day, 1974; Selsky and Greer, 1978: 

Abrahams and van der Eb, 1976: Takebe et al., 1978; Rainbow 

and Howes, 1979). The sensitivity of XP cells to UV-irrad-

iation has been found to be increased compared to normal. 

Measurements of capacity (Lytle et al., 1976; Coppey et al., 

1979b) and UVER (Lytle et al., 1976; Coppey and Menezes, 

1981) made in earlier studies as well as in this study 

correlated well with other measures of cellular DNA repair 

ability (Andrews et al. , 19 78b) • 

CS cells are thought to harbor some DNA repair defect. 

Most of the attempts to characterize the defect produce only 

negative answers (Schmickel et al., 1977; Wade and Chu, 1979; --
Lehmann et al. , 19 79 ) • 

The sensitivity of CS cells to UV-irradiation has been 

well characterized as being increased compared to normal 

cells. This has been accomplished using UVER (Coppey and 

Menezes, 1981) and post-UV colony-forming ability (Andrews 
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et al., 1978b; Wade and Chu, 1978, 1979: Tanaka et al., 1981). 

Results obtained in this study on UVER and capacity of CS 

cells substantiate the observation that they are hypersen

sitive to ultraviolet irradiation. 

The ability of CS cells to repair viral DNA appears 

to depend upon the virus. Repair of adenovirus was markedly 

reduced in CS cells compared to normal cells according to most 

reports (Day et al., 1981; Rainbow and Howes, 1982) though 

some report no difference (Hoar and Davis, 1979). For the 

repair of HSV in CS cells a small decrease has been noted, 

but this difference was not significant in most studies 

(Ikenaga et al., 1979; Lytle et al., 198J). In this study, 

the repair of HSV by different CS strains was not significantly 

reduced compared to normal strains. 

Taking into consideration the evidence that CS cells 

are deficient in some unknown aspect of cellular DNA re-

pair and the observation that CS cells cannot repair adeno

virus as well as they repair HSV, two possible explanations 

arise. One is that HSV infection may induce a host repair 

function not normally seen. The other is that HSV may code 

for its own repair function. Further evidence for an HSV in

duced or coded repair function comes from the observation 

that while the HCR of UV'd adenovirus is approximately J-7% 

for XP group A cells (Day, 1974; Rainbow, 1980), the HCR of 

UV'd HSV is approximately JO% in XP group A cells (Lytle et 

al., 1972; Selsky and Greer, 1978; this work). This suggestion 



has been made by other authors (Selsky and Greer, 1978; 

Rainbow, 1981). 
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The observation that CS cells are able to repair UV'd 

HSV as well as normal cells (this work; Lytle et al., 1983; 

Ikenaga et al., 1979) but that UV'd adenovirus repair is 

reduced in CS cells (Day et al., 1981; Rainbow and Howes, 

1982), is probably not a result of the differences in 

the endpoints of the assays. Two different assays, plaque

formation and Vag formation, have been used for both viruses 

and yielded similar results. The same observation has been 

made for XP cells (Rainbow, 1981), that is, that assays for 

plaque-formation and Vag formation produced similar estimates 

of relative repair ability. 

Interest in mammalian inducible repair responses stems 

from their possible connection with mutagenesis and carcin

ogenesis (see Radman, 1980; Echols, 1981 for discussion). 

UV-enhanced reactivation (UVER) is oneof a variety of puta-

tive inducible repair responses, analogous to some aspect of 

bacterial SOS repair. Other possible induced responses in 

mammalian cells are enhanced mutagenesis (Das Gupta and 

Summers, 1978, 1980; Lytle et al., 1980; Sarasin and Benoit, 

1980; Day and Ziolkowski, 1981; Su et al., 1981) and pro

viral induction (Bockstahler and Hellman, 1979; Zamansky 

et al., 1980). 

This study has demonstrated that CS cells are capable 

of UVER. This report and one other (Coppey and Menezes, 

1981) therefore suggest that the defect present in CS cells 
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does not affect their ability to be induced for UVER. The 

observation that CS cells are induced for maximum UVER at a 

UV dose lower than normal cells (this study; Coppey and 

Menezes, 1981) might suggest that their greater relative 

cellular sensitivity to UV-light induced DNA damage leads to 

the induction of "SOS" responses at lower UV doses. The 

appearance of maximal UVER at low UV doses for XP cells has 

been interpreted in the same way (Lytle et al., 1976). 

The possible relationship between defective DNA re-

pair associated with human diseases and carcinogenesis is a 

very attractive hypothesis (Echols, 1981; Setlow, 1980; 

Friedberg et al., 1979). Patients with XP orCS are hyper

sensitive to sunlight (Robbins et al., 1974; Schmickel et 

a~, 1977) and cells from these patients are hypersensitive 

to UV light in vitro (Andrews et al., 1978a,b). Cells from 

XP patients have been shown to be hypermutable by UV-light 

(Maher et al., 1976) but the mutability of CS cells by UV

light has not yet been definatively demonstrated (Wade and 

Chu, 1979; Arlett, 1980). Characterization of the mutability 

of CS cells is important since it may relate the DNA repair 

defect of CS cells with the observed cancer incidence of CS 

patients. CS patients are not at increased risk for UV

induced skin cancers (Guzzetta, 1972) whereas XP patients 

are (Robbins et al., 1974). Therefore, differences in repair 

ability and fidelity may only be one aspect in the etiology 

of tumors. Recent evidence suggests that immune survetrrance 



147 

and the induction of immune dysfunction by UV-light may 

be important factors in the development of UV-induced skin 

cancer (Kripke, 1979; Bridges, 1981). 
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