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INTRODUCTION 

I first came ac ross xe roderm a pigmentos um 
(XP) in 1967 at a t ime when I was interes ted in 
radiation dam age to DNA and its enzy mat ic 
repair. It see med reasona ble to suppose t hat XP 
was a radiat ion -sensit ive heredi tary di sease, anal­
ogo us to radiation-sensit ive mu ta nts well known 
in microorganisms (C leaver, 1968). To prove or 
di sprove t his suppos it ion we had only to ap ply t he 
reasonably well -advanced techniques for study of 
t he exc ision-repair system in bacte ri a (F ig. 1) to 
X P . Now t ha t experiments on most as pects of 
repair in XP have been performed , we can acc u­
rately rega rd XP as a hum an ana log of t he 
bac teri al stra ins des ignated as UVR- , HCR ­
(Cleaver, 1968, 1969, 1970a, b, 197la, b, 1972b; 
Reed et a l. , 1969; Setlow et al. , 1969; Bootsma et 
al. , 1970 ; Cleaver and Trosko, 1970; Epstein et 
al. , 1970; Goldstein , 1971) . 

In a subject like this, which ranges widely over 
the fields of medicine, genet ics, radi obiology, 
virology, and biochemistry, the compl icat ions, 
strengths, and weaknesses of eve ry ex peri men tare 
hard to assess fully. I sha ll t herefo re briefly a llude 
to some areas in which t he work done on XP i 
mis leading or equi vocal. 

OBSE RVATIONS AND DISCUSS ION 

Biochemical Systems Involv ed in Repair of Ul­
t raviolet (UV) Damage 

T here are t hree genetically dete rmined UV 
repa ir systems in bacte ria: t he exc is ion repa ir 
system (muta nts of t his syste m include UVR- , 
H CR - a nd POL- ), the recombination repair 
system (REC - ), a nd the photoreactiva tion 
system (PHR-). Photoreactivation need not con­
ce rn us since t he system is completely a bsent in 
man and other mammals except marsupi als (C lea­
ver, 1966; Cook a nd McGrath, 1967). S ince mu­
ta nts of the REC - syst em have redu ced viability 
even in the absence of UV (Haefn er, 1968), such 
mutations in ma n would hardl y be via ble. The 
cases described by Jung (1970) can be di s­
coun ted because their clinica l symptoms of UV 
sensit ivity are ve ry slight, a nd he has yet to show 
tha t the ce lls from such pa tients exhibi t increased 
UV sens it ivit y or any biochemica l features that 
would corres pond to an REC- mutation . 

Mutations in the exc is ion repa ir system have 
been ident ified in cases of XP, a lt hough m any of 
t he cases in vestigated proba bly represent differ-
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ent mu tations . Considerable differences ex ist 
among unrelated pat ients (Boo tsma et a l. , 1970; 
Cleaver, 1970b, 197la, 1972a) and three distinct 
vari ants a re now known. All t he vari a nts a ppear to 
be a utoso mal recess ive diseases characte ri zed by 
greatly increased sensit ivity of t he sk in to U 
li ght; t he skin of exposed regions shows a h icrh 
in cidence of UV -induced malignancies of ;II 
forms : keratoacant homas, squa mous carcinom as 
sarcomas, and melanomas (Hebra and K aposi , 
1874; El-Hefn aw i et a l. , 1965; Rook et a l. , 1968) . 
T wo less co mmon vari ants have s imil ar ski n 
sy mptoms: one, which is a lso defective in rep a ir. 
has addi t iona l severe neurolog ic involve men t (the 
DeS anctis-Cacchione syndrome) (DeSanct is and 
Cacchione, 1932); t he other appea rs to have no 
defec t in the excis ion repa ir system (Burk et al 
1971 ; Cleave r, 1972a). Except where explic i t!~ 
desc ribed , t hi s latter va ri ant is excluded from 
most of the general di scussion of t he cha racteris­
t ics of XP . 

Detect ion of Excision Repair 

A number of experim ental tests have been made 
of the model of exc is ion repa ir ori gina lly derived 
for bacte ri a (Fig. 1) (Boyce and Howard -F la nders 
1964 ; Pettijohn and H anawalt, 1964; Setlow a nd 
Ca rri er, 1964). 

1. Are individual fib ro blasts sens it ive to U 
ligh t (Cleaver, 1970b; Goldstein , 1971)? 

2. How well do fibrob lasts support t he growth of 
UV-d am aged viruses (host ce ll react ivation) 
(Ra bson et a l. , 1969; Aaronson a nd Lytle, 1970)? 

3. Are UV photo produ cts (cyclobuty l pyrimi­
dine dimers) formed and removed from D A 
(Setlow et a l. , 1969; Cleaver, 1970a ; Cleave r and 
Trosko, 1970)? 

4. Are single:st rand ga ps made and joined 
during exc ision? 

5. Are short reg ions of new bases inserted in to 
DNA (unscheduled synthes is, repa ir replication) 
to repl ace excised dimers (C leaver, 1968, 1969. 
l 970a; Reed et a l. , 1969; Bootsm a et a l. , 1970· 
E pstein et a l. , 1970)? 

I believe t hat defini te answers to a ll of t hese 
questions exce pt 4 a re now ava il able. Al t hough we 
kn ow what to ex pect as an a nswer to t hat que . 
tion, the one reported at tempt to s tudy s ingle­
strand breaks in XP cells fa iled because of com­
plicat ions in t he tec hniques and extreme va riabil­
ity in t he published data (Setlow et al. , 1969). 

Simil ar res ul ts have been obta ined in skin 
fibrobl as ts (C leaver, 1968, 1969, 1970a, b, 197Ia. 
1972b ; Reed et a l. , 1969; Setlow et al. , 1969: 
Boots ma et a l. , 1970; Goldste in , 1971) , epi t helial 
cells (Epstein et al. , 1970), and lym phocytes (Burk 
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FIG. 1. Model for excision repair of UV and other 
dam age to DNA bases . In this form of the model, 
excis io n and repair replication proceed in concert so that 
large s in g le-strand regions of DNA are never exposed. 
T he exc is ed region in human DNA is subsequently 
degra d e d to short ac id -soluble lengths (less than 15 
bases) (Cleaver and Boyer, 1972), but the patch is 
conside r a bly larger (up to about 300 bases). (Cleaver, 
197la, 1972b; · Cleaver et al. , 1972) . Reproduced from 
Cleaver ( 1971a), by permission of pu blisher. 

et a l. , 1971) from XP, and presumably the 
bioche mical defect is present in a ll cells of t he 
bod y . 

Sensitiv ity of XP Cells 

T h e m ajor clinica l sympto m of XP is a high 
incide n c e of UV-induced skin cance rs, which 
could b e due to systemic factors other t han the 
inh er e n t p ropert ies of individua l cells (Rook et a l. , 
1968). It is important to demonstrate t hat t he 
gen otype has some phenoty pic expression in indi ­
vidu a l c ells. The main method at our disposal is 
colo n y formation by single cells , bu t unfort un ately 
pri m a r y f ibro bl asts have a low pl at ing effi ciency 
(a m ax imum of 10 to 20 percent) (C leaver, 1970b, 
1972a; Goldstein, 1971) . Use of this method pre­
supposes t hat t he cells t hat fo rm co lonies are a 
rando m s ample of the population and are typ ica l 
of t h e whole population in te rms of t heir UV 
sen sitiv i ty. G rant ing t hese ass umpt ions XP fi­
broblasts a re, wi t h few except ions, much more 
sens it ive to UV light t han norm al ce lls (Fig. 2) . 
However , cell s from ce rt ain cases of XP (three 
iden t ifie d to date) (Burk et a!. , 1971 ; Cleaver, 
1972a) diff er in that their UV sens it ivity is normal 
This is a n indi cation that t hey are not defective in 
any r e pair system since defects in any repair 
syste m in bacteri a invari ably resul t in increased 
UV sen s i t i vity (Kondo et al. , 1970). 

If we consider th e sens itivity of norm al cells 
(D.,t about 30 ergs/mm 2

, Fig. 2) and the dose rate 

t D.7 is t he dose at which 37 percent of the irradiated 
population s urvives. 

of UV at the earth's surface, we can see that we 
are exposed to a hazard from solar radiation to 
which we are quite sensit ive. Solar radiation con­
tains UV equivalent to about 1 to 2 ergs/mm 2/ min 
of 254 nm wavelength (Harm, 1969; Trosko et al. , 
1970). Thus, most unprotected human fibroblas ts 
would be killed after 30 to 60 min in direct sun ­
light . This illustrates how crucial the various 
shielding and protective mechanisms in the skin 
are and how poten t ia lly dangerous a re any large­
scale technological ventures tha t might alter the 
UV dose rate at the earth 's surface. 

B ioch em icaL Asp ects of Exc ision R epair 

The two main aspects of exc ision repair t hat can 
be studied biochemically are t he excision of UV 
photoproducts from DNA (Fig. 3) and t heir re­
placement by t he insertion of new bases in to 
DNA . The latter can be studi ed either by t ri t iated 
thymidine (3HTdR) labeling and autoradiography 
(unscheduled synt hesis) or by density labeling 
wit h t he heavy analog of T dR, bromourac il deox­
y ribos ide (BrUdR) (repa ir replication ). Another 
method of studying repair replication has recent ly 
been in t rodu ced whereby the BrUdR-containing 
repair regions are se lectively broken (BrU photo­
lys is) (Regan et a!. , 1971), but I will concentrate on 
t he t wo former methods. 

In XP, UV photoproducts (cyclobuty l pyrimi ­
dine dimers) a re form ed in D NA bu t , unlike those 
in norm al ce lls, few are excised after irradiation 
(Fig. 3). A small amoun t of excis ion may still 
occur because the method has low reso lu t ion. As a 
consequence of the reduced excision , fewer bases 
are inser ted in to DNA by unschedul ed synthes is 
(Fig. 4) and repair rep li cation (Fig. 5). Exc ision 
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FIG. 2. Survival curve for normal and XP human 
fibroblasts irradi ated with UV light (254 nm). Normal 
cells • , .A; XP6 (low repair) e ; XP1 4 (normal repair) 0 ; 
XP16 (normal repair) 0. Reproduced from Cleaver 
(1972a) , by permission of publisher. 
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FIG. 3. Fraction of thym ine-conta ining cyclobu ty l 
dimers in DNA of norm al and XP fibroblasts immedi­
ate ly and 24 hours after irradiat ion. Norm al ce lls 0; XP 
cells e. 

repair ap pears to be quantitatively reduced, but 
only in a small number of cases is it completely 
undetectab le (C leaver, 1968, 1969, 1970a, b, 
1971a, 1972b; Bootsma et al., 1970; Farrington et 
a l. , 1971). 

When agents other than UV light are used to 
da mage DNA, t he response of XP cells indicates 
t hat t hese ce lls can repair only rad iation or 
chemi ca l damage that involves chain breaks (Ta­
ble). The responses to various agents (Table) are 
analogous to Escherichia coli mutants UVR- , 
HCR- (Kondo et al. , 1970) . This, together with t he 
known detail s of exc is ion repa ir of UV damage in 
XP cells, is consisten t with the hypothesis that 
XP cells lack an enzyme that ini t iates excis ion of 
base damage by endonucleolytic attack (C leaver, 
1969; Setlow et a l. , 1969). There is no direct 
evidence on isolated enzymes to confirm t his 
hypot hes is, but at present it is the s implest 
hypothesis consistent with a ll the availab le evi­
dence. Recent assays of DNA and RNA poly­
merase activi t ies in XP tissue were done wi th 
extracts that were, unfortunate ly, too impure to 
a ll ow any defini t ive conc lusions to be reached 
(Muller et al., 1971a,b) . 

Attempts at Therapy In Vitro 

XP patients can be given only palliative and 
prevent ive treatment for their disease; several 
attempts at experimental therapy of XP cells in 
vitro have thus far been unsuccessful. The first 
attempt was to integrate SV40 virus in to XP cells 
and assay exc ision repair in t he t ransformed cells. 
AI t hough several characters under vira l cont rol 
are expressed (T ant igen, loss of contact inhibi ­
tion), the genet ic defect characteristic of XP 
remained unchanged (Bootsma et al. , 1970; 
Cleaver, 1970b; Farrington et al., 1971). Moreover, 
the rate of transformation of XP cells by SV 40 was 
s imil ar to t ha t in normal cell s (Aaronson and 
Lytle, 1970). 

I have recently atte mpted to apply the experi­
menta l des ign of Ashkenazi and Gartler (1971) 
who showed that crude sonicates of norma l fibro­
blasts could replace the missing enzyme activity 
of cells from Lesch-Nyha n patients. Such experi­
ments, repeated under almost ident ical condi t ions 
but with XP ce lls, fa iled to revea l any replace­
ment of missing enzymatic activ ity in XP cells 
(C leaver, unpublished experiments). The use of 
the UV -specifi c endonuclease, which ini t iates re­
pair in Micrococcus luteus (Kaplan et a l. , 1969), 
has also failed (C leaver, unpublished experi­
ments). 

Prenatal Diagnosis 

Recently, in cooperation with t he Pediatric 
Depart ment (Dr. R. R. H owell ) of Johns Hopkins 
University and Oak Ridge National Laboratories 
(Drs. R. B. Setlow and J.D. Regan) , we developed 
a ·method for prenatal diagnosis of XP. Since 
this disease is asympto matic in heterozygous 
carriers, prenatal di agnos is is of use for pregnan­
cies only when an XP child has already been 
di agnosed in t he fami ly. Conseq uent ly, in view of 
the rari ty of XP, prenatal di agnosis of t his en ti ty 
is a technique useful in only a few clinical sit u a­
tions. From our experience in th is initi a l t rial , we 
know t hat t he m ajor delay in di agnosis is the 
period required for tissue cul t ure of ce lls obtained 
by amniocentesis. Once cells have been cul tured , 
any of the methods used for studying exc is ion 
repair can be used to determine the nature of the 
cells. The most sensitive method is, without 
doubt, autoradiography for unscheduled synthe­
s is: this requires a few dozen cell s in an autorad io­
graph and an exposure t ime of 2 or 3 d ays (with 
high specific activi ty 3HTdR, above 15 Ci/mmole). 
Other feas ible methods include isopycnic gradi­
ents (which require some 106 cells) and BrU photo­
lys is (which requires between 103 and 10' cells) 
(Regan et a l. , 1971). Since the techniques of un­
scheduled synthesis measurement and isopycnic 
density gradi ent centrifugation might be used di­
rectly on cells obtained by amniocentesis, t he de­
lay in volved in establishin g tissue cultures may 
be avoided. 

In genera l, I believe t hat in terms of precision 
and ease of ap plication prenatal di agnosis is best 
executed by means of autoradiography. 

Homozygous and Heterozygous XP Variants 

In most cases of XP, exc is ion repair is reduced 
in the homozygotes but unaffected in the paren t 
(presumed to be hete rozygous) (Cleaver, 1969. 
197Gb, 1971a, 1972b; Bootsma et al. , 1970). There 
are , however, some exceptions . In three hom ozy­
gous cases, repair replication has apparently been 
normal (Burk et al., 1971; Cleaver, 1972a) (Fig. 5). 
Two of t hese cases are male siblings (XP13. 
XP14) . These variants of XP could rep resent 
mutations in a later stage of repa ir than repair 
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F IG. 4. Unscheduled synthesis (DNA repair) demonstrated autorad iographically in heterozygous and homozy. 
gous XP fibroblasts labeled with ' HTdR (10 I'Ci/ml, 15 Ci/ mmole) for 3 hours after 260 ergs/mm 2 UV li ght (254 nm) 
Exposure time a pproximate ly 7 days. Top: heterozygous XP cells; bottom: homozygous"XP cells. 

replication (see Fig. 1) or in some other UV repair 
system, or they could be mosaics. Cul tured ce lls of 
these variants have norm al UV sensitivity (F ig. 2), 
which would exclude t he possibi li ty of any defects 

in DNA repair. Studies on lymphocytes from 
XP16 show no distinct classes of repairing and 
nonrepa iring ce lls, whic h make mosaicism an 
unlikely possibi li ty (Burk et al. , 1971). S uch XP 
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FIG. 5. Relat ive amounts of repair replication per­
form ed during the first 4 hours after irradi ation with UV 
light (254 nm) . Repair replication measured by _the 
incorporat ion of ' HBrUdR (20 JlCI/ml, 3 llg/ml) mto 
DNA of norm al density in isopycnic gradients (Cleaver, 
J970a, b, 1972a; Cleaver et al. , 1972) . Top: (normal and 
homozygous cells)-norm al fibroblasts !:J. , HeLa cells 0, 
XP6 • . XP13 A, XP14 e. Bottom: (heterozygous 
cells)-XPH15 0, XPHl D , XPHK !:J. , XPH llM e, 
XPHllF • · Dashed line is the same as line drawn in 
top fi gure. Reproduced from Cleaver (1972a), by per­
mission of publisher. 

va ri ants th erefore a ppea r to be biochemically 
distinct from most of t he cases thus far studied 
and in vo lve a n as yet unkn own bioc hemica l de­
fect . 

Al though most heterozygotes studied show nor­
m al repa ir, in two (husband and wife from the 
same rur a l co mmuni ty-H11M , H11F) t he 
a moun t of repa ir replication sa turated at a lower 
level t han in norm al ce lls when high UV doses are 
used (C leaver, 1972a) (Fig. 5). This resul t indi­
cates tha t t he maximum a mount of re pa ir atta in ­
a ble in the heterozygotes is limi ted by their parti a l 
enzym at ic defec t . A similar s it uat ion occ urs in 
heterozygotes of phenylketonuri a, wh ere a partial 
enzy ma ti c defi ciency is detectabl e with phenyl­
a lanine loading tests (Hs ia et al. , 1956). 

As t he total number of cases of XP invest igated 
increases fur t her vari ants and co mplications will 
proba bly,be uncovered . Va ri a bili ty is t he norm in 
human heredi ta ry diseases, and we have only 
begun to exp lore t hi s facet of XP. Severa l of t he 
cases un a mbiguously di agnosed as t he DeSancti s­
Cacchione syndrome cannot perform any detecta­
ble a mounts of repa ir replication (C leaver, 1968, 
1969, 1970a, b, 1971a, 1972 b) and thus may repre­
sen t la rge deletions in t he affec ted gene, whereas 
other cases with pa rti a l repa ir ca pac ity could 

re presen t base change mu tat ions. But t he two 
m ain forms of XP are complemen tary defects 
(deWeerd-K astelein et al. , 1972). 

Carcinogenesis in XP 

We cannot leave t he subject of XP without some 
comments on carc inogenes is, beca use t he high 
level of act ini c s kin cance r is the outst anding 
clinical symptom of this di sease. Now tha t the 
euphori a that greeted t he identifi ca tion of t he 
major bioc he mica l defect in XP has faded , we 
must admi t that only limi ted insights in to acti nic 
carcinogenesis in XP have been gained. One 
possibili ty, in v iew of the norm al repa ir seen in 
many m a li gnan t ce lls and in XP vari ants, is t hat 
defective repa ir is irrelevan t to carc inogen esis . 
Gran ted that genetic changes of some sor t under­
lie carcinogenesis and that defective repa ir h as 
some clinical rel evance in XP, XP data can b e ex­
t rap olated in two directions: (1) genetic cha n ges 
may arise through muta tions or chromosom al 
cha nges resultin g from unrepa ired da m age in 
DNA ; (2) unrepaired da mage to DNA may poten ­
tia te t he t ra nsform ation of ce lls by on cogen ic 
viruses. Both of t hese directions are experimen ­
ta lly testable and so me ev idence has a lready been 
adv anced . 

UV li gh t induces both chromatid breaks and 
exchanges in XP cells (Fig. 6), bu t prec ise quan ­
t it a t ive d at a on t he relat ive yields in norm a l and 
XP cells are not yet ava il a ble . Some preliminar y 
work · on chromoso me a berrations reporte d by 
Farrington et al. (1971) gave only t he y ield of 
aberrat ions a t 30 hours after irradiat ion and m ay 
t herefore prove misleadin g in a comparison of 
norm a l and XP cells. Because of variat ions in 
sens it ivi ty during t he cell cycle and possible 
differences between norm a l and X P cell growth 
rates and ce ll cycle dura tions, t he rel at ions hi p 
between defec tive repa ir in XP and UV-induced 
a be rrat ions ca n be asce rta ined only if t he y ields at 
several UV doses are determined ove r at least a 
wh ole cell cycle. From wha t we know of UV 
mutagenesis in E. coli UVR- (Kondo et al. , 1970), 
XP cell s will proba bly show a hi gh UV -induced 

T ABLE I 

Excision repair in XP cells damaged by radia tion and 
chemical agents 

Age nt 

uv light 

Methoxypsoralen plus 
visibl e I ight 

X-rays 
BrUdR plus UV li ght 
Methyl methane sulfonate 
Methyl-ni tro- ni lrosoguan i-

dine 

Level of excision repair 

Reduced (Cleaver, 1968, 
1969) 

Reduced (Parrington 
et al. , 1971) 

Normal (Cleaver, 1969) 
Normal (Cleaver, 1969) 
Norm al (Cleaver, 197 lb) 
Norm al (Cleave r, 197lb) 
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Frc. 6. Chromat id brea ks and exchanges in XP cells (XP6, low repa ir) 28 to 3!J hours a fter irradiation with 39 
ergs/mm 2 UV light (254 nm). 

m u tation rate , but wi t h present techniques t his 
will b e difficult to prove. 

Many agents can act as pot ent iatin g fa ctors in 
carcinogenesis; t here are several examples of ion­
izi ng r ad iat ion and UV light increa ing the rate at 
wh ic h a n oncogenic vi rus t ransforms irradi ated 
cells (Pollock and Tod aro, 1968; Lytle et a l. , 
1970 ). This co uld a lso be a factor in XP ; un ­
repa ired UV d a mage in skin could accelerate vira l 
carcinogenesis. Whether or not genet ic changes or 
viral tra nsform at ion have import ance in car­
cinogenesis wil l be a matter for fu ture experiments 
to resolve. 

SUMMARY 

Xer o d e rm a pigmentosum is a n autosoma l reces ­
sive hum a n skin disease whose outstanding clini ­
cal symptom is a n increfjsed frequ ency or act ini c 
carc in ogenesis . The most common form of XP has 
a reduced capacity for excis ion re pair of UV 
damage to DNA; lhe site of t he defec t is at t he 
in it ial stage of the repair pathway . These XP ce ll s 
are prec isely analogous to bacte ri a l stra ins UVR- , 
HCR- . Two minor va ri ants of the disease with 
similar s kin sy mptoms are known. One has a s imi ­
lar but complementa ry defect in exc is ion repa ir 
an d addi t iona! severe neurologica l sy mptoms. 
The other apparently has normal exc is ion repair 
and n orma l UV sens itiv ity in vitro. From con­
sideration s of resolut ion and our ex perience in one 
test case, prenata l diagnos is of XP is practicable, 

and autoradi ography (to measure unschedul ed 
synthesis) is the most reliable and sens it ive 
method to use a lthough several other methods are 
also applicable. 

Carcinogenesis in XP may develop through t he 
unrepaired d amage in DNA which leads to genetic 
changes ( mulations, chromosome aberrat ions) or 
viral t ra nsformation. 
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