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In the preceding paper, methods for detecting sister chromatid
exchanges (SCEs) (Latt, 1973; Perry and Wolff, 1974), and some applica-
tions of the SCE test were described. While this test is being widely
used in investigations of the properties of carcinogens and mutagens, the
molecular mechanism and biological significance of the exchange events is
still unknown. It is therefore important that we attempt to assess the
relations of SCEs to chromosome aberration formation, DNA repair processes,

and mutation.

i SCE and chromosome aberrations

Autoradiographic studies had shown that SCEs were induced by chromo-
some damaging agents such as UV (Rommelaere et al., 1973), X-rays (Gatti
and Olivieri, 1973), or incorporated tritium (Gibson and Prescott, 1972),
but it is now clear that high frequencies of chromosome aberrations are
not necessarily associated with large numbers of SCEs. In investigations
of SCE,'aberrations and repair, it was of interest to examine not only
experimentally induced chromosome damage, but also situations where there
is a high level of spontaneous chromosome damage, as_in the rare hereditary
disorders ataxia telangiectasia (AT), Fanconi's anaemia (FA) and Bloom's
syndrome (BS). Soon after the description of the new staining techniques
for differentiation of sister chromatids, it was shown that although BS
cells had very high spontaneous SCE frequencies (Chaganti et al., 1974),
the SCE levels in cells from the other chromosome instability syndromes,
AT and FA,were normal despite the large numbers of chromosome aberrations
(Galloway and Evans, 1975; Chaganti et al., 1974; Sperling et al., 1975).
It was also shown that while X-rays induced large numbers of chromosome
aberrations in Chinese hamster ovary (CHO) cells, there was only a slight

increase in SCE frequency (Perry and Evans, 1975). Conversely, after



treatment with chemical mutagené, extremely high levels of SCEs were-pro- |
dUCe& in cells showing minimal amounts of chromosome damage (Latt,31974;
Kato, 1974a; Solomon and Bobrow, 1975; Perry and Evans, 1975).

| A detailed examination of “hérTequin~sfained“ chromosomes,estabTished‘
~ that SCE is not an fntegrél.part of the prbcess of aberration formation; '

'since the exchanges OCCUrred at the sites of only a prbpoﬁtion oF'X—fay;

induced chromosome breaks (Wolff and Bodycote, 1975). Similarly, in cells .

from patients with Bloom's syndrome (BS),ra1though there-were very high'
frequenc1es of spontaneous SCEs and of aberrations (Chaganti et al., 1974),
“the 10cat1ons of SCEs were not related to the distribution of break points
1nvo]ved in chromatid interchanges (Schroeder, 1975).

| Further evidence for differing origins of X-réy—induced SCEs éndv.A
: aberratibns_came from obserVationsAon theitiming bf SCE induttion with

respect tb_the'ce1? cycle. Cells treated with X-rays during G2 contain

many chromatid aberrations at the subsequént metaphase (M1), whereas after

“exposure to UV light a peridd of DNA synthesis is necessary béforé the

. lesions are éxpréssed as aberratidns that are_then»viéible at‘fhe second .
“mitotis (M2); (Ikushima and Wolff, 1974). The induétion of SCEs also re-
fquifes a DNA replication period (Wolff et a1', 1974) so that X~1rrad1at1on
of cel]s in G2 did not affect SCE 1evels at M1 (Perry and Evans, 1975)
despite the obvious chromatid damage.

:’A discrepancy between chromosome bfeakfng ability and potency in
induction of SCEs has been demonstrated for a Eange of chemica]s in UV-
sensitive xeroderma pigmentosum (XP) cells (WO1ff et al., 1977). Like W
light, the mutagen 4-NQO (4-nitroquiﬁoline-l—oxide) induced abnormally
high levels of chromosome damage in XP cé]]s, and both UV and 4-NQO

caused exaggerated increases in SCE levels in XP cells compaked with




normal cells. However this disproportionately large increase in SCE
levels was also seen after exposure to chemicals such as MNNG (N-methyl-
N-nitro-nitrosoguanidine), & monofunctional alkylating ageht that pro-

duces ohly normal amounts of chromosome damage in XP cells.

i1 _SCE and DNA Repair

-The above observationé suggest that fhe lesions that ultimately result

in SCE formation are induced more efficiently by UV and some cﬁemica]s

than by X-rays; It is likely that SCEs arise'és a.consequence of lesions.
- such as crosslinks that cause deformatfons or "kfnks".in the DNA backbane, |
and this would explain the inefficiency ofvionising radiations in stimuTa-v
tion of SCE, since thé predomfnant lesions induced by X-réys'are'single- and
double-stranded DNA breaks that’afe usua11y.rejoined:very rapidly.

"The agents that ihduce SCE élso pfovcke DNA repair, and it was sug-
éested that SCE.might reflect somélce11u1ér repair mechaniém (Kato, 1973;
Bender ég_gl.; 1974; Wolff et al., 1974). An association with post-repli-
cation répair (PRR) seemed possible because PRR in bacteria involves re-
combination, and because UV-induced SCE 1ev¢15 were said tp be depressed
by caffeine (Kato, 1973), thought to be an inhibitor of PR in some cell
types. An»éssociation betweén repair capacity andlmeiotfc recombination
) had also been suggested because of observations on chiaéma frequency and
radiation sehsitivity in barley (Riley énd_Mi11er,:1966) and in a human male
(Pearson et al., 1970).

o Studies on harlequin chromosomes-described byIWOlff and Perry (1975)
demonstrated that SCE does not‘resu1t frbm Qingle DNA straﬁd excﬁange as
_ postulated by Bender et al. (1973), and the results were consistent with

the toncept that SCEs are doub]efstranded exchange eVents.



Unfortunately the mechanism of PRR in mammalian cells is unknown,

and the inyo]vement of re;ombination has been questioned. bpfﬁng bacterial
recombination repair, géps that are left in the néw]y synthesised DNA .4
strand dpposite lesions such as dimers, are fil1ed:1n by'recdmbination‘
- with the complementary DNA strand (Rupp et ail., 1971)} However there is
some evidence that in mammalian cells these gaps éré filled in by'gg_ﬁg!g

. DNA synthesis (Lehmann; 1972), rather than by strand exchange. An alter-

.native model- invokes the process of strandldisplacement\énd branch migra-'
© -tion, where an intact DNA strand from the sister ch:rbmatid is "borrowed" ..
| to funétion as a femp]ate and thus bypass the 1esion (Higgins gi_gl,, 1976){
| The evfdence that. recombination occurs in mammalian somatic cells - -
.inc]udes the_apparent t?ansfer‘of damage induced b& UV in the DNA; to
. "daughter" strands synfhesiSéd gf;ég irfadiation;‘ The p}esence of dime}s in
the newiy syﬁthe51Sed DNA was inferred from the existence of Siteskéuscep-
tible to a’phage endonuclease known to "nick" DNA af sites adjacent to  |
dimers (Buh] and Regan, 1973; Meneghinf and.Hanawalt,_1976). 'Second1y,'the
recombihation models described by Whitehouse (1965)'and by Holliday (1964) '
require an intermediate "hybrid" or heteroduplex bNA molecule, and.there |
is-some evidence that such a molééu]e exists and that the.émouﬁt of hybrid
- DNA is increased after treatmént with UV (Rommelaere éhd'Miller-Faureﬁ, .
1975) or with Mitomycin C (Moore and Holliday, 1976).
. Studies on the X.chromosome of Chineée hamsfer cells indicated that

the sites of SCEs{induced in BrdU;substituted chromosomes by fluorescent
‘ _,Iighf,corresponded to the regions undergoing DNA syhthesis'at the time of
i]]umin;tion‘(Kato, 1974b). Sihce it_is also clear that a peribd of DNA"'
synthesis is necessary for .a lesion to manifest itself és a SCE, some

'initiating event at the replication fork seemed ]iké]y (Perry and Evans,




7.1975). Any process that increased the susceptibility of DNA that is"
partia]iy denatured duringAreplication might,thué‘increaée,the numbers of
SCEs generated. The depresSéd rate of DNA chain e]ong&tion detected in
cells from patients with Bloom'é syndrome.(Hand and Gerhan, 1975; Gianelii
et al., 1977)xmay thus contribute to the high'spohtaneous-rate‘of SCEs 1in

these cells, as the‘vu1nerab1e uncoiled DNA may be exposed for longer
heriods than is normai;providing increased'obportuﬁities for exchange.
It is intereétfng; ﬁowever, that whi]é,the rate of DNA'chain elongation
méy decrease during "senescence" of'cé1ls in vitro (Petes et al., 1974), -~
theré'is only one report of raised SCE levels in "old" tissue culture
ce1]s_(Kato and Stiéh, 1976). In studies of jg_ngrg’ageing, the exact |
"passage 1eve1" of the cells tested is impqrfaht, as this has been shown
to affect markedly the results of tests for repair capacity (Péinter‘gg.
al., 1973). o |

~ One approach to investigating the pbssible association of SCE and
_repair is to‘examine*repair-deficiént ée1ls.such as excision»defective XP
cells. Repair defects are also imp]jcated in AT and in FA (table 1) yet
in these diseases and in.XP,»“béckgroﬁnd" SCE levels are normal (see
table). It is noteworthy that in BS cg]]é, where SCE-levels are extreme1y~
high, there is as.yet no evidence for a'specific repair defect, but normal
semiconservative DNA synthesfs is itself disturbed (and and German, 1975;
Gianelli gg.gl,; 1977). Studieé of induced SCEVfrequencies in repair-
»deficient cells may yie]d'more information than "background" Tevels (téb]e
1). Lymphocytés ffom patients with FA are apparently inefficient in
removal of crosslinks induced by Mitomycin C (MMC) (Sasaki and Tonomura,
'1973) and are also unable to produce normal high levels of SCEs in reéponse

to MMC (Latt et al., 1975) (table 1).' In contrast, cells from AT patients



-show a norma] SCE response to MMC, ethy] methane su]phonate (EMS) and the'
cytotoxic drug Adr1amyc1n (AM) ; [Ga]]oway, in press] |
~ The conflicting evidence on SCE, aberration induction; and'repéir

" led to the idea that‘there is more than one major pathwéy invo]ved in-SCE
production, and some recent exper]ments on Chinese hamster D—6 ce]]s were.
designed to test this hypothe51s Kato (1977) made use of the ab111ty of
fluorescent light to induce strand breaks specifically in DNA subStituted
~with BrdU.: By manipu}ating cell cultures, it was possfb]e to illuminate
duriﬁg S-phasé, éhromosomes that had incorporated BrdU into either one or
three out of the-four‘DNA polynuc1e6tide'strands.' The brereﬁlication DNA
was unifilarly substituted with BrdU in both cases. If SCE occurred only
when the replication fork reached a strand‘break, the frequency of'light; .
induced SCEs would be the same in both tybes ofAchromosomes since there‘r
should be similar numbers of rep]icétion forks. However, ff SCE also . .
resulted from strand breakage in replicated DNA, the more heaviT& substi-
tuted chromosomes, havfng more strand breaks, should show more SCEs. The .
resulfs of fluorescent light i]]uminatioh dﬁrihg the S phase (6 h before -
harvest) showed very Tittle differenée in SCE‘frequencylbetWeeh the two
types of'chromosomes; although the trifilarly substitutéd chromosomes haq
~a slight excess of SCEs. This was interpreted és showing that strénd
‘breaks at the_fepfication forks were the predominant cause of SCEs under

. these conditions; but that there was alsc a small confributiqn by breaks

in pqst-rep]ication DNA; The latter suggestion was aﬁnarentjy confirmed by-
the levels of 1fght-inducéd SCEs after treatment with caffeine, a compound
which inhibifs repair in‘certain systehs. .Fo11owing a,post-treétmeﬁt with
“caffeine, the mofe‘highly—substituted chromosomes showed many»more'SCEs than

the'1i§ht1y substituted ones, suggesting that if repair of the light-induced




damage were prevented by caffeine, the 1esions‘remainin§ in the replicated
‘DNA were able to induce SCEs. In view of the fact that SCE cannot be
1nduced by exposure durlng G2 to mutagens or fluorescent Tlght, it seems

that the lesions can provoke SCE in new]y-rep11cated DNA only wh11e cells

are st111 in § phase, and not in G2 chromatin. The 1mp11cat1ons of Kato's

results are that caffeine may inhibit excision of fluorescent~light

~induced damage, but does not prevent some postereplicatioh repair mechanism .

that is responsible for SCE prodqction. The results suggested that the
amount of unexcised damage remaining in the DNA was reflected in the SCE
~ frequency, in eccordance with the concTusioﬁs of Wolff et al. (1977) from
fheir experiments with chemfca] mutagen treatment of eicisionAdefectiVe'XP

cells.

iii SCE and Mutagenesis

~ There is much discussion at present about possible assays for muta-

gens'and carcinogens, with the important aim of finding reliable tests to

screen potent1a1]y dangerous compounds. SCE‘frequencies are a very sensi-.

tive test of exposure to some mutagens and the scope of the test in vitro
~can be‘widened to detect compounds that require’metaboTic activation
(Stetka and Wolff, 1976b; Natarajan et al., 1976)'by_the inclusion of a
preparetion of liver microsomes (Ames et al., 1973).' The'ievels of SCEs
may also be assessed following jﬂ_!jgg_exposure to chemica1 compounds by
culturing blood lymphocytes in the presence of BrdU (Perry and Evans, 1975;
Stetka and Wolff, 1976a). It is also possible te treet the‘test animals

with BrdU and obtain sister chromatid differentiation in direct preparations

of cells from bone marrow (Vogel and Bauknecht, 1976) and testis (Allen and

Latt, 1976).



‘WOPk is in progress“tojcomoare results of several tests for muta-
genicity and carcinogenicity, using a wide range of chemicals, and it ts
already known that "the ability of an alkylating agent to induce SCEs

seems to bear no simple direct relationship to its efficiency in inducing

point mutations in bacteria'KPerry and Evans,'1975) . Also some compounds,,

such as acety]am1nof1uorene (AAF) did not increase SCEs in CHO ce]]s even
in conjunction with a metabo11c act1vat1ng system.(Takehisa and WOlff, 1n
press) although a similar mlxture was known to be mutagenic in the

Salmonella test of Ames (Ames et‘gl,, 1973). It is therefore crucial that

we ascertain whether SCE truly reflects mutagenic events in mammalian cells.

Some SCEs occur éi the sites of gross chromosomal ‘aberrations and must

be assoc1ated with mutation in’ these cases at 1east - If recombination is

| 1nvo]ved in the generation of SCEs, there is the poss1b111ty of errors Just .

as mutations are associated w1th recombination in hacteria (w1tk1n, 1969)
“and in meiotic yeast ceils (Magni, 1963).
In some interesting new work on Chinese:hameter_cells, the freouencies
of mutation to azaguanine resistance at various doses of chemical mutagens

were compared with SCE 1eve1s (A.V. Carrano, persona] commun1cat1on) The

~ chemicals tested showed differing potenc1es as mutagens that fell. 1nto the ;

same relative order as the1r efficiencies in induction of SCEs However,
certain compounds were much more effective in one test than in the other,
probably due to the variety of DNA lesions produced. Clearly certain types
of damage are more likely to provoke SCE than others. | | '4'.
It wi11 be necessary to test thoroughly the correlation of SCE with

various specific typee of mutation, autosomal or sex chromoéome-]inked,
frameshift, deletion, or_point mutations, hefore we can draw conciusions -
on the mo]ecu1ar events jmp]iceted, but clearly the processes involved in

SCE'formation are complex.
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fn conc]usioﬁ; we méy say that,SCEs.are not simply related to chromo-
; some aberrations or to any one known repair mecﬁanism- They.may'inVOlve
i' & recombination event, often instituted at the Fep?ication fork, but also
i . provoked by any unrepaired’damage in the repiféated DNA. The molecular -
mechanism of SCE is unkn@Wn and the investigation of the relationship of

| , SCE to mutation is only beginning to yier‘information,



Table 1 -The "Chromosome Instabi]ity Syndrbmes"'and Xeroderma Pigmentosum,

Ataxia , B Fanconi's Bloom's

Xeroderma
Telangiectasia Anaemia 'Syndrome .. Pigmentosum
Spontaneous Chromosome Aberrations B U S A ny
High "Béckground“‘SCE : ' =558 _ "4-7 ' .' +8 -9
Increased Sensitivity To:* | . | 27
X and y-Rays _ S s, - 26,29 s 12,13
Anoxic y-Rays o S e
uw ' - - | ' 17,22 L 418,19 - 42w $4513
Chemical Mutagens =~ . - $18 0 +9 20,21
. (Mbnofunctiona] Alkylating Agenfs) +13 T 19,29 -5
Repair Defect**
Strand-Break Rejoining . . -4
Cross-Link Removal S - 19
Excision:
| UV Damage - L2z - v'+¢i5"' o 170 (_a)sz'+13
y' Damage . I ; . pEb28 :
“Anoxic y Damage 4 : S 22 $18 A
~ Post-Replication Repair - e (#2)30 3 -
" Photoreactivation . 428




Footnotes for Table 1

*  Chromosome aberrations or cell survival.

*% +

defect identified.

]

o=

apparently normal.

% at high doses of UV.

++ in two out of four patients.

a "Variaht" XP with normal excision repair.

Some of the data.in this table are conflicting, possibly due partly

to differences among laboratories in methods and criteria used, but also

partly:to possible genetic heterogeneity in these diseases.
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