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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 D37 values for the delayed capacity curves
were in the range 8.6-12.4 J/m2 for the normal strains, 3.1-5.1
J/'m2 for the CS strains, 6.7 J/m® 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

2 and 1077 in unirradiated cells. Max-

survival levels of 10~
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/m® 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


http:0.40-1.98

functions. In addition, the possible existence of an in-
ducible DNA repair response is discussed in terms of the

results of this study.
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INTROCDUCTION



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, 1968). Minor products
include single strand breaks and DNA-protein crosslinks
(Smith, 1977). Higher energy, ionizing radiations such as
X or X-rays produce single and double strand breaks (Hutchin-
son, 1978) as well as alterations in the bases and sugars
(Ward,1975). 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, 1978).

The effect of these lesions may be to alter the coding
sequence of the DNA or ability to be replicated or transcribed.
The final consegquence of this damage may be the death of the
cell or, in the case of mammalian cells, the initiation of
cancerous growth (Setlow,1980).

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

taining the integrity of the DNA, that organisms have evolved



many DNA repair mechanisms. The current understanding of the
enzymology of bacterial DNA repair is quite detailed (Grossman
1981, Little and Mount, 1982). 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,1981). Analysis of these repair mechanisms is hampered
by the relative lack of cellular mutants deficient in these
processes (Hall & Mount, 1981). DNA repair processes may be
particularly complex in mammalian systems due to the structure
of chromatin and the nature of eukaryotic replicons (Hanawalt
et 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
has been foﬁnd 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 Br-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,



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.

BACTERTAL 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 & BenlIshai, 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 (300-600 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 E 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,



a)

b)

c)

FIGURE 1

THE PROCESS OF ENZYMATIC PHOTO REACTIVATION (PR)

cyclobutane pyrimidine dimers produce a bulky lesion in
DNA,

the dimer is specifically recognized by DNA photolyase
(PR enzyme). The dimer-enzyme chromophore absorbs
visible 1light.

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,3B)
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 23).

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



A)

B)

C)

FIGURE 2

EXCISION REPAIR

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

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

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 coll 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 interrupted 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 gradient 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
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FIGURE 3

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, 1973)

supports this conclusion.

S0S_FUNCTION

A variety of treatmgnts 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 Weigle reactivation (WR)
and Weigle mutagenesis (WM) (Weigle, 1953) whereby UV-irrad-
iated bacteriophage X 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)

12
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FIGURE 4

A schematic of bacterial SO0S induction

A)

B)

c)

D)

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

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

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

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 A re-
pressor (Little et al., 1980) (Figure 4B). Derepression
allows the expression of the S0S genes (Figure 4C) at high-
er levels and their SO0S functions are expressed (Little &
Mount, 1982). When the damage is repaired (Figure 4D) the
protease activity of rec A disappears and the lex A re-
pressor accumulates and represses the S0S genes (Little

et al., 1980).

The best understood SOS response is prophage induction
(Craig & Roberts, 1981). The viral repressor (X-Iepressor)
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 X.zepressor cleavage and prophage in-
duction.

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,
1978).

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

14
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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 replication is usually blocked by pyrimidine dimers,
(Figure 3B) a cell which has been SOS induced is able to syn-
thesize past the dimers (Caillet-Fauquet et al., 1977). The
blockage results from the 3' - 5' editing exonuclease activ-
ity associated with bacterial DNA polymerases (Villani et al.,
1978). It is possible that in induced cells the 3' - 5' edit-
ing activity is inhibited allowing random inseftion 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., 1976).

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

16



(Wagner 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 those in bacterial cells (Lehmann
& Karran, 198l1). 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(Linﬁahl, 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 (Linn et 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

17
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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
repailr synthesis by isopycnic sedimentation, bromouracil in-
corporation into repair sites followed by 313 nm-1light 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 E. 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' - 3' exonuclease activity purified
from a human lymphoma line was stimulated by polymerase (Strauss
et al.,  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, 1977) designated & , 8 , )(/ and § . The § polymerase
is probably the mitochondrial polymerase (Grossman, 1981) and
as such is the best characterized. The role of the othér poly-
merases in DNA repair is not clear. The recently described

B’polymerase (Byrnes et al., 1976) has yet to be implicated
in repair. The & and ﬂ 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 2l. (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
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of other selective inhibitors produced conflicting results

(Castellot et 2l., 1979).

The evidence provided by aphidicolin inhibition exper-
iments using in vivo systems (Pedrali-Noy & Spadari, 1980)
has led to the belief that,5 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

Y 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-
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 REPATIR 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.
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SOS_FUNCTIONS IN MAMMALIAN CELLS

The observation of phenomena analogous to the S0S func-
tions of bacteria (Little & Mount, 1982) have suggested that
repair processes similar to the SOS system of E.coli exist
in mammalian 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 H1 (Su et al., 1981). Enhanced reactivation
has been observed in human (Lytle et al., 1976), monkey (Bock-
stahler et al., 1976), marsupial (Lytle & Benane, 1975) and
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 g;.,.l981).

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
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multiplicities of infection). It would seem that, for HSV,
enhanced mutagenesis is dependent upon UVER and MR. These

are in turn dependent upon de novo 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.i1., 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 Bennett, 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 SV40, the UVER of
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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 E.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
iﬁsights 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 assoclated
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 PIGMENTOSUM (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-UV coclony forming ability (CFA) (Andrews et al.,
1978b) and by reduced rates of unscheduled DNA synthesis (UDS)
{Cleaver, 19€8). The presumption that these are indicative of
reduced excision repeir is supported by further evidence that
£P 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., 1973).

The exact defect of XP is uncertain at present. However,
it is known that 2 number of complementation groups exist
(see Friedberg et 2l., 1979 for listing) indicating that a
number 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 variants though reduced in post-

UV CFA, show normal (100%) or near normal {80-90%) levels of
UDS (Friedberg et al., 1979).

Consistant with their reduced ability to perform excision

repair, XP cells have been shown tc be reduced in their ability
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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 SVA40
(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 3% 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., 1975; Wagner et al.,
1975). Another defect which has been identified is the re-
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.

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 UV-irradiation compared to normal cells.

In addition to being hypersensitive to UV light, XP cells
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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 ethyl nitrosourea (Cleaver & Friedberg, 1976),
methylmethane sulfonate and N—methyl—Nl-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 1l4-
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.,

1978a) 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).

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 (Schmickelet 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

adeno virus is reduced compared to normal cells (see Rainbow, 1981).
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The repair defect for the majority of XP cells has been

found to be an inability to perform excision repair (Cleaver
& Trosko, 1970). CS cells, however, have not been found to

be defective in any of the aspects of excision repair (Andrews
et al., 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 specific repair defect associated with this dis-

ease remains obscure.

OTHER REPAIR DEFICIENT SYNDROMES

ATAXTA TELANGIECTASIA (AT)

The major clinical symptoms of AT are progressive ataxia
and extensive loss of 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 X -irradiated adenovirus
(Rainbow, 1978) and herpes virus (Henderson & Long, 1981) is
apparently normal. Pretreatment of 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 X -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 X ~-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
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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. 1) 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). 3) 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)

In theory, when a DNA-damaged 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, 198l). 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,
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The HCR of UV'd herpes virus in XP cells is also re-
duced compared to normal cells (Lytle et al., 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). PFor 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 3 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 et al., 1980), ataxia telangiectasia (AT)
(Rainbow, 1978) and Huntington's chorea (HD) (Rainbow, 1981).
Using an adenovirus plaque assay Day et 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 et
al. (1981), Hoar & Davis (1979) found no difference between the
HCR ability of normal and CS cells. Similarly, Ikenaga et al.
(1979) found normal levels of HCR of herpes virus (using plaque
assay) for the one CS strain tested. A recent report (Lytle et
al., 1983) 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 clono-
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
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can be restored in both types of cells by delaying infection
after cell treatment (Lytle et al., 1976; Coppey et al.,
1979a).

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.,

1976; Coppey et al., 1979b).

ENHANCED VIRUS REACTIVATION (ER)

The pretreatment of mammalian cells with a variety of
DNA damaging agents UV (Bockstahler & Lytle, 1970), X-rays
(Bockstahler & Lytle, 1977), X -rays (Jeeves & Rainbow, 1979a,Db)
chemical carcinogens (Lytle e