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i : . ABSTRACT 4 e

lier studies on the carcinogenic effects of monofunctional ,

~ a

alkylating agents in Swiss mice have shown-that a single intraperitoneal

- s

injection of methylnitrosourea induces thymic lymphoqas,.pulmonary ade-
nomas and various other tumours; the yield of tumours has been seen to

increase if it is~given in split doses. It has also been observed that

methylnitrosaurea, after the tumour-inducing dose, causes temporary

thymolymphoid and myeloig.degeneratidn which is followed by rapid recov-
ery of the tissues. X single dose éf methyl.methanesulphoﬁéte,fon thé
-othen'hand, has not been ;hown to induce tumours .

The pr;sent‘study was Lndertaken to isolate the céusal vents
in the gerfesis of thymic lymphomas and,puImoﬁary adenomas in. Swis .éice. '
For this purpose, the tﬁo agents, m;thylnitrosourba and methyl methane- :

sulphonate, were compared from three points of view: their ability tp .
induce tumours, their ability to cause target tissue Ehanges, and the‘
nature of their feactions with-DNA. ¢ .

- [N

With regard to the first point, methyl methanesulphonate was

tested in a sub-Lpso dose injected intraperitoneally; whethér given in

a single dose or in weekly doses for 5 weeks, it was.fOUnd incapable of

inducing tumours of any kind. ' o

| . ]be second poiht was assessed by ﬁ?unting the number of nucleated

cells in the bone marrow obtained from one full length fenur and by noting
" " the weights‘;f‘thz-us and of‘splbeq at different times, e.g., 1,3,6,10,15,

and 20 days, after“ilsingle i;iraperitoneal injection of a sub-LD., dose

of ;ethyl nothanesulphonaté. Methyl methdnesulphonate did not produce

iii




of reducing the weight of thymus. For better evaluatiof, three other .

agents, ‘e.g., ethylnitrosourea, ethyl methahesulphdﬁ%te and methylnitro-

sonltroguan1d1ne were also tested by the Ssame cnlterla. Ethylnitrosour;

ea, the only other agent known to induce thym1c lymphomas was able to

cause both bone marrow and thymus changes. ' .\J/\\~‘
The nature of the reactions with DNA was studied by isolating
DNA from liver, gut, kidney, bone marrOQQ‘thymus, spleen and lung at

different time 1ntervals up to 12 hours ?;110w1ng a single sub LD;, dose
of either ( C)-methylnltrosourea or (14C) -methyl methanesulphonate given )
intraperitoneally, hydrolysing the DNAs by a modified technique, separ-
ating the methylated purines by a new two-stége.descending péber chromat-
ography using af;ew solvent and detecting and quant1tat1ng the products _ph -
by radioactive assay. The analyses revealed: greater generation of 06-
methylguanine 1n all tissues by methylnltrosourea greater efficiency of \-—\\
plkylation by methylnitrosourea: significant tissue differences in -the
leQef of 7-methylguanine and ppssibly in the level of 06-methylguanine

d —fblle;ing treatment with meéhylnitrosourea: preferential removal of‘s-
metﬁyladenine over other methylated bases parti;ﬁiarly'in liver and kidney
and relative lack éf removal in bone,marrow and spleen following treatment
with methyl methanesulphonate and probably mgthylnitroso&rea.

Both 06-nethy1guanine.aﬁd 7-methylguanine can induce a 'trans-

Ation' Gmutation but the probabiliti 6@ such an event is'ﬁuch greafb% with
06-lethylguanine than with 7-methylguanine. Even then, the presencé of

06?nethylguanine in-tissues that do and dthers that do not develop tumours

Shows that it is not"the only faftor in neoplasias. An additional factor

is the reparative hyperplasia in the target organs. -
g St L ‘
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2 .

The other factors that may contribute to the<§nduction of

4

tumours by methylnitrosoﬁrea are: higher efficiency of'alkylatidﬁ com-
pared to methyl methanesulphonate; slowiugﬁgf DNA ‘repair; and immuno-

suppression, B n

LN

) v

It would seem, therefore that multiple factors are involved in

the genesis of ﬁéthylnitrosourea—iﬁducég thymi¢ lymphomas; the initial
. - 4 »
event is ﬁrobably a permanent change in the DNA of target cells while

the promotional stage is repreéented by #issue prolifefation and -immumno-

L) . ©
’ ™ v < .

suppression. ‘ : :
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I. INTRODUSTION AND PURPOSE OF THE THESIS
Despite great efforts 1n cancer researéh,.the progress to-
wards an understanding of this major nedica; problem appears to be’_rela—
tively slow. ' The quest for newer knowledge relevapt to the problem éonti.n_-
ues unabated in differe’nt discipliines of bioneflical sciences by individ-
uals and by groups of workers elfp@\l‘oying a wide. var‘ie;y of inducing aéents
ar_id experineﬁtgl systems. It seems to be an obligation on all ‘to try to
offer helpful c.ontributions on poséibie mechanisms of carci.no'genesis\l;n‘\ .

the hope that a true understanding will more rapidly emerge. It was in

o

this spirit the present work was undertaken.
i The historic‘discovery .that cahcef cquld be induced by pure

chemicals of known structure (Kennaway, 1930) was g;-e\e'ted ‘wit-h'nixcix opt-

imism. It was hopéd that these chemicals, synthesized from radioactive

materials and reacted with livingp cells, would quickly ipdicate the cell-

¢

.ular targets responsible for carcinogenic transformation. Although the
eariy p:_‘o-ise‘of*ﬂ\e discovery of chemical carcinogene'si-s‘ has not been
fulfilled, it'ha‘s érovided valuable information on the possible molecular
mechanisms of carcmogenesxs. Alkylating cai-cinogens are of’paarticuﬁlar '
interest since this gmup includes some of the chellca'lly smplest agents.
Methylation see_ls to be of further_lnterest because of its sisplicity and
beckuse bioaethyi_atim is a fundamental natural process. For those car-
c:lnogen's that require, ntabolis- in order to exert their biological effects,
the reactive -etabolitas n:y also be alkylnzing agents (as with N,N-dialkyl-
nitrosnlines Magee and Barmes, 1967), aralkylating agents (as with aromatic
hydrocarbons, Dipple' et al., 1968), or arylating agents (as with certain

al'utic smines; Miller and Miller, 1966). Thus, for a wide range o

_n 7
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carcinogens, comparisons with simple' alkylating age'n(ts may be useful in

studying the mode of'actSon; Thefalkylating agents seem also of specialg
/ § . :

“

significance because some are found in the human environment or are pro-
qhged '_following ingestion of certain_foods and chemicals and may i)e céuses
of humar tumours. :

The present investigation was: conduct‘ed in purebred Swiss-
derived mice with two simple alkylating agents, methylnitrosourea and
methyl methanesulphonate, because some bafic experimental techniques were
already established in this laboratory with this strain of nicé. mich in-

formation oh the effects of this type of carcinogens in this experimental

system was avai}};le (Freij, 1970; Joshi and Frei, 1970; Frei,-1971a‘- 1971b;

Frei and Joshi, 1973), there was apparent tissue specificity of tumour in-

duction of some of t{\e:e ’égen!:s (Frei, 1971a) which could be use§ as built-
in contr;>ls in the study of th}ir effects within the same aninaig and be-
cause the pure-bred mice were availaple in large numbers. This background
knowiedge helped in designing the e;cperiments and permitted omission of

some experimental steps. ' .

The carcinogenic effects of me;hylnitrosouma and methyl methane-
sulphonate were cobmparegl from three points of view: the.first 3ealing ~ith ‘
the induction of tumours, particularly thymic lymphomas, the.second dealing
with the changes in’ tisdsues bélieved to be involved in tlge aevelop-ent of
thymic lymphdtas e.g., bone marrow and thymus, and the third dealing with

the nature of the reactions with DNA of tissues.

$
A d

It should be mentioned here that many workers in this field of
research use the terh leukgemia and lymphoma interchangeably. Although

leukaemia and ly;nphoui ‘are related, the literature on spontaneous and

induced neoplasms ‘of the reticular system of tHe mouse (Gardner et al.,

-
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1944; Moloney, 1959; Rappaport and Baroni, 1962; Metcalf, 1966b; Kaplan,
1967 ;' Frei, 1970; Joshi; 1970) shows that the murine tumours originate in

the thymus and may metaseesize to the lymph poges;~spleen and bone marrow
if they have not choked the mouse first-b; filling up its chest. Appér—
ently only when bone marrow metastases have developed do neoplasxxc cells
appear in the blood stream producing a true leukaemia. In this sense, a
leukaemia is ihduced tut it is not always present. These tumours should,
thefefore, be designated as thymic Iynphonas - Other terminology that may
appear in therfﬁriew of the literature shouldub/’lnterpreted with these
comments in mind.
The ;urpose of this thesis is to report'the results of inves-

tigations which, it is hoped, have provided new and valuable information

.on the mechanism of carcinogenesis.
' Pl



II. REVIEW OF LITERATURE

In an attempt to avoid repetition, the pertinent Iliterature
on alkylation carcinogenesig.with respect to the development of thymic
lymphomas in mice wilklbe reviewed when the results of the apéropriate
experiments are discussed. The literature on other aspects relevant to
thé subject is reviewed below. ' > ’

A. Early studies of chemical carcinogenesis

While the awareness of the existence of cancer‘as a disease
goes back to the recording in an Egyptian pap}rus of the fiftethh cen-
tury B.C. ( cited by Oberling, 1944), a cause and effect relationship
between- an environmental situation and a cancer resulting from it‘was
f{rst recd?ded only relatively recently. In 1775, Percival Pott, a;
English'surgeon, made the femarkable»observation of- the prevalence qf
scrotal carcinoma in chimney sweeps and he attributed this to their occu-
pational exposure to soot. In 1820, similar lesiams were observed am;ngst
workers in English factories which treated minerals containing arsenic- and
Ayrton Péri} indicated the noxious nature of the vapours of this element.
Towards the'end of the niﬁééeenth{century and the start of the twentieth
century many reports of -human cancerous lesions from various professional
origins were produced (quoted from Hueper, 1942: skin tumours in paraffin
workers - Von Volkman, 1875; mule spinners' cancer of abdominal wall and
of scrotum due to shale oil - Bel;, 1876; bladder cancers among workers

in the dye industry - Rehn, 1906). Attempts were also made, although

unsuccessful, to induce cancers on animals by the application of chemicals




(quoted from Hfleper, 1942: Hanau, 1889; Lubarsch,”1890; Cazin, 1894;
Borsch, 1900; Stahr, 1907; Haga, 1913). -

Between 1910 and 1914, successful rnduétion of tumours in
animqls was achieved for the'first time by thrée d@fferent meaﬁs:
physicél agents.(x-rays: Marie. Clunet and Lapointe, 1912 quotin: their
report of 1910) chemical agents (tar: Yamagiwa and Ichlkawa, 1917 quot-

-1ng their 1914 report), and 1;y1ng agents (fowl tumour virus: Rbus, 1910)

—

The initta] success 6% Yamagiwa and Ichikawa with experimental
chemical carciﬁogenesis was échiqved bf the repeatéd application of tar
to rabbit's ears. In the following years, ghis fundamental discovery was
conf1rmed and extended to other species of animals, in partxcular the

. mousé (Tsutsu1, 1918). From 1920 to 1930, elaborate investigations were
carried out by the English school and these led to 'the induction of skin
tumours in mice upon application of a'pure hydroéarbon l,g,i,s-gibenzan-
thracene (Kennaway, 1930). Only five yearsAlater, the_car;inog;nic activ-

.ity of the first of the visceral ca}cinoéens, o-aminoazotolueme for the
‘liver of rat, was reportgg by Sas#ki‘a;d Yoshida (1935).. LaFer Hueper.
and his associates (1938) demonstrated that 2-naphthylahine was carcino-
genic for the ur1nary bl?dder of dogs. The succeeding yeaxs had seen
studies on the mechanism of action of these and -any other chemical car-

cinogens develop on a broad international baSJS.

B. S nest‘theoﬁes of chemical carcinogenesis

The theories of chemical cdrcinogenesis may be grouped under
four headings the somatic mutation theory, the genetic regulat1on theory, _

"the latent virus theory, and the 1-unological ‘theory. ,

.n
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The concept that neoplasus arise from' mtations"" in somatic .
cells has long beéen a pogular theory of cancer causatlon (Boveri, 1914
Bauer, 1928, 1963). The nodern understandlng of the chemcal basis of J
mutatlon has enhanced its acceptance as a satlsfactory theory “for the
/mechamsa of action of chelucal carcmogens partlcularly smce chemcal
carcinogens or their metabolites ‘have been frequently found ,to have mu-
tagenic properties (Ciays:on, 1962). Neverthe'less'; other theories compete |

* strongly in directing experimental approaches on the genesis and nature ,
h ." . -

of neoplasia. -

Quasi-permanent and heritable changes in genome ekpceseion
without changes in the genome itself provide another metllod for the de-
’velopment and perpetuation ofA clones of cells with altered growth charac-
teristics (Jacob and Mom;d, 1961; Monod et al., 1963; Pitot and H_eide\lberger‘,
'1963; Gelboin, 1967; Heinsteia, 1969). .

Viral activity as the basis for the origin of chemically in-
duced ‘peoplasi: is also a pogular idea since nany carcinogenic viruses are
now known. Accoi-di_;lg‘“to this concept, the chemical carcino'gen activates
a latent virus or causes the expression of ab of all of an integrated
viral genome which can then induce neoplastic changes through eithef of the
two .previms~lechmisne (Igel et al., 1969; Huebner, and Todaro, 1969;
Telln, 1971). - r

The 1-molog1ca1 theory suggests that chemical carcinogens
alter’ the selection pressures in the cellular environment and th perait
the latent t.uiour cell clones to grow; this may be achieved either’by
changes in the antigenic pattemn of cells (Green:. 1954, 1958) or by .

immunosuppression '(Prehn. 1963).




C. -Alkylating agents i

-

a) Groups, mechanisms, and biological effects: From the chemical

point of view, the biological alkylating agents are a diverse group of

&
L3

organic compouhds which commonly include: sulphur and nitrogen mustards; .
.methanolamides; epogides and ethylegqimines; lactones and related compounds; D
alkyl methanesulphonates;. the nitroso cempounds; diiphatic herazo, azo

and azoxy compoundf and-triazenes; pyrrolizidine alkaloidsj and ethionine

and the halogenated‘hydroc;rbons. All have the common property of alky- -
lating a variety of sites in piological materials under physiological con-

ditions.

- - NI .
Alkylation is the replacement of a hydrogen atom in a moleculd

by an alkyl radical or the addition of the radical to.a molecule contain-
ing an atom in a lower valency,;tate; the carbon atom tﬁrough which fhe
attachment is ma#e becomes a fully saturated one. Agents that fhay act
this way either per se or after conversion in vivo, ;re included in this
class of cdmpounds. In the -alkylation process the doﬁqr molecule tngﬁher
with its ;lectrons becomes more or less detached f;om'the alkyl group_and
=tﬁe positively cﬁarged radical- usually a carbonium ion : then seeks elec-
tron; e.g., reacts with nucléophiiictcentres. Depending upon the number
of fu;ctional alkyl groups present,the agents may be monofunctional, bi-
functional or polyfunctiona;? According to the concept attributable to
Ingold (1953, 1970), two general types of reaction are described:' In-the
first, SN;, the driving force for the reaction is the soivent which‘dig-
sociates the carboniqp ion and the mechanism of alkylation is unimolecular.

The carbonium ion is an extremely unstable and reactive species and is,

therefore, indiscriminate in its combination with nucleophilic centres. In

" the second, SNZ,,n coiplete separation of the carbonium ion does not occur

o
* ¥
.
.
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but a transition complex is formed involving both reactants and the sub-
stitution takes placé in a bimolecular process. Under this concept, it
may be deduced that 'if alkylating agents react through SNf mechanism, a

widér’spéctrum of groups will be attacked than when the bimolecular SN2
mechanism operates exclusively. More recent theories ﬁave abandoned the
clear-cut distinction as outlined abOVe,‘and attribute the diffefence
bgtween the vario?s reagents to the relafive rates of jion-pair formation
and of the reactién of the ion-pair with-the nucleophile (Sneen anq;Larseﬂ,
1969). However, the geﬁéral'distinction between SNl and SN2 typés is still
pertinent to the present discussion. . ]

As a cI?ss the alkylating agents have generaliy proved to have

potent cytotoxic and mutagenic activities; some of the agents have car- °©

cinogenic activity as well (Ross; 1962; Loveless, 1966).

b) Cellular targets of alkylation and the possible modes of their

action with respect to carcinogenesis: Studies on the alkylation
of cellular constituents ig_xizgiindicate that DNA, RNA, and proteins are
all alkylated folhbogt thé’saﬁe extent as measured per unit weight (Brpokes
and Lawley, 1961). Although each of the thfee lacrbTolecuies has been
postulated to be thé significant target of action of chemical carcino%fns,
the recent rapproachment between the viral and ché;ical theories of car-
cinogenesis made possible by the discovery of RNA-dependent. DINA polymer-
ase in the'oncornavirumes (Baltiu;)re, 1970; Temin and Mizutani, 1970),
has strengthenea the view that the significant taréet of carcinogens is
the genome as represented by l:NA: The subsequent review will, therefore,

deal mostly with the alkylation of DNA, \

- .

=4




It hasibeen postulated that the alkylating carcinggens react
directly with the bases of DNA (Brookes and Lawley, 1964).( The sites of
alkylation of base residues in DNA in vitro and iﬁ_xi!g;a nqw known to
include: in guanine N-7, 0-6, and &-3; in adenine , N-1, and N-7;

;né in cytosine N-3 (Lawley, 1972). The N-7 at§m>of guanine is the prin-
cipal Sité of alkylation in all cases dut the proportions of the various
sites alkylated have been shown to differ significantly for the two types
of agent, SN1 and éﬂz, in particular at the 0-6 atom of guanine (tawley
and Thatcher, 1970; Lawley et al., 1971; Lawley, 1972). Initially it

appeared that the 0-6 atom of guanine is reactive only to the SN, ragents

1.2
(Loveless, 1969; Lawley and Thatcher,‘IQZO; Lawley et al., 1971) but re-
cently more refined analytical methods have revealed a low reactivity of

-

o
the atom towards SN, agents (Lawley and Shah, 1972a).

2
Alkylation at N-’ atom of guanine moieties in DNA increases the

acidity of the N-1 atom of the alkylated ghanine so that the apount of the

‘ionized. form present at neutral pH will be increased in comﬁarison with

the normal base (Lawley and Brookes, 1961). When in this ionized state,

the alkylated guanine can form a base pair with thymine involving forma-

tion of two hydrogen éonds'and having the dimensions required by the Watson

and Crick structure of DNA. The result of anomalous base pairing of this

type during DNA replication would be to replace the affected G-C pair by an

A-T pair and this error will be continued in subsequent replications; Wave

mecianical,calculapions of the electronic distribgtion in the G-C pair -

also lead to the conclusion that a proton would tend to be lost from the

N-1 atom of the alkylated guanine residue, buf'in addition it has been

suggested that this proton is transferred to the complementary cytosine

base, with the simultaneous transfer of a proton from the amino group of
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cytosine to the extranuclear oxygen atom of guanine (Nagata et al., 1963).

The difference between the predictions of these two hypotheses is that, as
both bases of fhe alkylated G-C pair éreﬁihought to be changed to the an-

omalous tautomeric forms simultaneously, bofh;the newly synthesized DNA

strands would be changed, each giving new molecules having the original ¢
- :

st

G-C replaced by the A<T base pair. ’

The second most reactive site of alkylation in DNA is at.N-3
of adenine moietie; (Lawley and Brookes, 1963). Neither the ionization
nor the wave-mechanical theories §uggest any definite molecular mechanism
for anomalous base-pairing by the alkylated adenine.

The second mispaiT¥fng base is the 06—aikylguanine: (Loveless;,
1969). It has been sﬁggested that it could lead to atypical base-pairing
because the N-1 position of guanine which is involved in the hydrogen bond-
ing with cytosine would no longér bear a proton after 06-alkylation.

The third potential cause of anomalous ﬁ%sdvpairing is that of °
the amino form of_3-alkylguanine‘(Lawley et al., 1971). This product has
been shown to be formed in small amount by both SN, and SN, agents in vitro
(Lawley et al., 1971) as well as in vivo!(O'Connor et al., 1973). Since
this base would probably pair normally iﬁ the iming form, and the predom-
inant tautomeric form is not known,‘the possibility of its miscoding.could
be very low and may be even zero (Lawley, 1972). N

There is also a strong evidence for niScod1ng when polynucleotide
conta.uung the modified base, 3-alkylcytosine (S-mthylcytosme), is em-
ployed in polymerase system in yitro (Ludlum Wilhelm, 1968; Ludlum, ~

1970, 1971) This product. has bcen shown to be fbr-ed 20 about the same i

extent as 3-alkylguanine by both SN and SN2 agents in vitro and in vivo

:’/
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(Lawley, 1972). It has beeh suggested (Ludlum and Wilhelm, 1968) that the
~Rintroduction of a positive chaige'ip the tdpplate in fhegregion of a1ﬂ§lated

- base might alter local ‘structure sufficiently to-allow incorporation of a
o " s ‘
noncomplementary nucleotide. . i -

The speculative anomaly in b4se-pairing can operate as long as

o

the alkylated base remains attched to the DNA molecule. Adkylation of
both guanine.and adenine has been shown to fyesult in s16w ydrolysis of

the products from the macromolecule (Lawley and Brookes, 196 )% While this
. ] . . A

depurination may result in chain fission and thus in inactivation of the-

. . DNA, it is possible ;ﬁg; it could result in mitation either dué to a base
pair déletion (Kreig, 1963; Corbett et al.,1970) of due to filling of the

deficiency at random (Bautz - Freese, 1961). In the produgtion of these
e )
¢ point mutations, it might be expected that monofunctional alkylating agents
< . T, - . .

would be more effective than the bifunctional- agents. . N .

&= ’
“In RNA, the reactive sites have been found to be the same as DNA

and agé;p the principal siée of reaction is N-7 of guanine (Lawley, 1972).

«

RNA can act as a template for RNA replications (Burdon and Sme}lie, 1962;
Montagnier and Sanders, 1963) but the relevance of RNA directed RNA syn-

‘thesis to the conlrol of cell division is not known. The mote significant
function of RNA may be that of a repressor in ggneti%;control of'énzxme R
a -

synthesis (Jacob and Monod, 1961) or the particular case of t-RNA as the
repressor'inﬁthe control of RNA igp%hesis (Kurland and ﬁhaloe, 1962).

Whether RNA acts in this way is uncertain since proteips are now being

<t AY

considered as more likely agents for this role (Monod et ak., 1963; Pitot

g and Heidelberger, 1963)-. Thg.gore_rgcent work by Axel et al, (5267) has
stimulated reconsideration of the older concepts. - It has béen demémstrated

é < -

that liver t-RNA obtained from rats fed gn the hep;to—carcinoﬁen ethionine

- .
< °
- . £

° 4
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is deficient in a minor leuC1ne t-RNA and -such loss of am1no aclq!accept-
/ance capaclty is spec1f1c. Qu1te a few reports 65; now ava11ab1e show1ng

: ¥
. that seyeral carcinogens preferentially attack the t-RNA fraction of the

target \tissue (Farber, 1968; Ortwerth and Novelli, 1969; Agarwal and Weiri-.

étéin, 1870)."" In the light of*this evidence and‘the present concept that
'\*‘certalnhaSPects of cell regulat1on and dlfferéit1at1@n are normally exerted

\G’
£t the level of translatlon rather than transcr;ptzon (We1nste1n, 1920),

it is conceivable that RNA could be a 51gnrf1cant cellular target. ’
“ Besides the p0551b1e role in the control of genetzc express1on,

proteins could also be the sk§h1f1cant cellular receptors from the po1nt

of viéw of the 1nnunolog1cal theory of carcznogene51s The alkylating
agents could be carc1nogens as a result Qf thelr ability to react wlth .

tissue-specific antlgens (prqtelns) chqu1ng thelr spec1f1cities Thére

)

is experiméntal ev1dence that blfunctxonal dlkylatlng agenfs can nodlfy
- the immunological propert1es.of proteins tﬂatkins and Normall,. 1952) ,.

although the sites hf«alkylatiom involved were not specified. §ubsequant

- o

. 2. o T e
" studies .on the alkylation of proteins in Vitro and in vive have shown that'-‘—
-

the thiol group of glutath1one is readily alkylated (review Harington,
- . N - '
1967), others (Stein and Moore, 1946; Winduueller et al., 1959) have shoun

l that,alkylat1on ofssulphur of méthionine and the ring nitrogens of histl- ”

dine also occurs. Nhatever the site of alkylation, the extent. of reaction

with protelns wlthin the cells is low and, unless conaiderable selectivity

occurs, litticwz;qlogzcal damage ldght he expocted.

o

n;v‘ ¢) Handling of the da-q_- Our present knowlodg"o sof noieculnr bio'logy

-
a
B

-

tells us that RNA or protein, if da-aged nay bc discardod bocauso both naq/”‘

’

ro-olecules occur in multiple copies and .can be rogﬂnoratod frol DNA. Hence
no spec:fic -echpnis-s of rqpcir of alkrlation dana;c of theso pély-ers




ﬁrown ané Blackley, 1972; Medvedev, 1972).

_ ment mitations ~(Lave1ess, ‘1966)'. e R

s .. :
PO R B

- are known, conside’red necessary or sbught‘ gfter. : .

- 5 "
" DNA, in contrast, at least on the basis of genetid studies, is

S~ .
a unique nolecule and' when danaged may be 1rre::_1f1§bly lost or changed;

in either event the u1t1nate .outco;e would be detrimental to the cell um-
less son;e repai“r iaroc,e;s operates., Therg is some evidence that some types
of DNA may be represented by multiple id(entical copie;but the significance

-

of these observations is yet to be eﬁtabhshe? (Britten and Davidson, 1969;
The stimlus for the search of possible repau' meéchanism after
chemcal damage stemmed from the denonstratmn that the DNA damaged by
elther U.V. or X-ray 1rradlat13n (pyrlludlne dlners and X-ray breaks) couéld
1Ld by a "cut. and patc¢h” repau' lechaiusn (P-ettljohn and Hannawalt,

& -

1964; Painter and Cleaver, 1967) and présent ev1dence suggests that alky—

be repai

'l-a/tlon dmge of DNA lay be smlarly repaired (Roberts et al., 1968; Hahn

et al., 1968; Ayad et al 1969' L1ebemano3et al.-, 1971 ;-Epx and Ayad, 1971;

Roberts. et”al., 1971; Roberts, 1972). o | RN
0 ‘It w be antiupated that faxlure to repalr or a faulty repau-

of alkylation Jaaage of DNA eould Lead to e1ther point mtauons or seg-

- -~

‘ 3 -7 N ) ) / N
. ., . %o Ta.,
d) I-tmosupprgssion: Alkylating carciuogens are 1mnosuppressants

(Malagren et al., 1952; Parmisni et al., 1971; Gryschek, 1971) ‘in Sqmeon ’

with other carcinogenscrrehn. 1963; Stjernswa:d 1965, 1966, 1967; Salaman -

3

md Nodderb‘rowu 1966; Ball et al., 1966 Chan et al., 1968;. Ceglowski and
- n/b .
Friednn 1968) While not all immunosuppressants are kiown to be carcin-

v,

ogenic, -such i—mompprusmts as eorticostemids have begn shown to

1

potmim cheadcal cn‘claogeuesis with uthylcholmthrene (Sulzberger et

/. L
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al., 1963) and/ to induce -efastases of tumours that would not ordinarily .
\// fetastasize (Agosin et al., 1952). In fact, all known imsmosuppressants
are known to ter the naiignaﬁt adaptation (review: Gatti and Good, 1970).
It is conceivabje Ehat 8 successful carciﬁogen should not only be capable

. of transforming its t'aiget cell, it should also effectively suppress or

~  misdirect the hos{'s immmologic mechanisms of surveillance and rejection o

against the possible new antigens of the transformed clone.

, . €) Virus activatieg: is phenomenon represents one of the most

intriging aspects of tumour induction by’ alkylating aqgents and other chem-

ical carcinogens. The present ideas of virus onoogenes:.s congeive that the

—

AN
viral genone remains integrated with the host genome (Dulbecco, 1965;
. /- Huebner ;md Todaro, 969' Temin, 1971) arialogously to the prophage of micro-
* ’
or{anisus. It could be that any agent “that would react with the genetic

matenal would bé capable of activating the virus. Bifunctional alky-

latmg agents have been shown to be capable of releasmg lysogenic phage
in E. col1 (Lwoff 1953), and Endo et al. (1963) have shown that within a
;o i seneS»of derivatives 6f 4-nitro-quinoiine l-oxide, this ability is closely

cor'related wit_l},carcinbgeniﬁt);. Tumour-virus activity has also been shown .
. after‘ imaﬁnﬁ: ufith ‘nny é‘ﬂne’r carcinogenic dlaical#‘marm-'(;her:a‘, 1967}
Zimmermans et. al., 1969, Bergs et al., 1970; Ball and McCarter, 1971).
Gont.rary reports are also available whm glsible virus activation eould
not be d de-onst;'ated ‘fter a tumour induc:lng dose of = ‘alkylating carcin-
ogen (Frei ?l al.,_1973). Purther. the putative tumanr virus has beon deu-
ase

- > osttgted in nbml tissues ('l'eitz et al., 1971; Ball 'and llcCirter, 1971'
“ Torre. and Porta, 1972; Frei et al., 1973). These contradictory obsem-

tions may lead to the redefining of.the tpu “virus activation" s funct-

o -, . . -
-
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ional expression of the viral information. This need not -ean numerical

enrichment only. The nature of this activation’, whether it means inser-

tion of multiple copies of viral genome in the host genome, attachment of
- viral gendme at specific sites of host genome, removal of viral repressor,

or virus mutation, is not yet known, and no molecular mechanism for the

process has yet been proposed.

“ f) Tumour fnduction: The reports of Boyland and Horning (1949), -
/ .
Heston (1949, 1953) and Griffin et al. (1951) of the 1nduct10n of tumours

(local sarcouas. lynphonas and pulmonary adenc-as) in. expennental amnals
(rats and uce) following subcutaneous or intravenous injections of a num-"
ber gf nitrogen mustards (HN2 and HN3) or following exposure to'sulphur
mustard initiated thg interest in more elaborate exPerinental studies with
‘other alksriating agénts. .-Ethylerhneilines and epoxides, lactones and related
compounds, nitroso compounds, aliphatic hydrazo, azo and azoxy compounds
and triazenes, pyrr?lizidine alkaloids have since been explored for car-
cinogenicity in a more systematic way.

' From studies of the carcinogenic action of a series of monofunc-
tional ethylenei\-l{e; toge-ther with the pol)?funétiénal co.po'uﬂd .triethy-
le';le-;alnine (TEM) Nalpo“le and his.co-workers (1954) concluded that a
mumber of coqounds tested could induce sarco-as on 1nJect10n, but the

very much lower dose of TEM needed to produce a significant yleld of tum-

ours compared with the dose used with the monofunctiomal agents, emphasized
the grester potency of “the polyfunctional compound. - -

, ' Hcddov' (_19$8) obsérved the induction of subcutaneous sarcoma in
-ouse, rat, and ha-ster on injoct,ion of the diepoxide, 1 2 3 4-diepoxybu-

tane as well as‘by a number ofjbiftmctimal aromatic nitrogen mstards
‘ : 8
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Van D;uren and co-workers (1963, 1965, 1966, 1967a, 19§7b) studied the .
carcinogenié aétivify of various epoxides, lactones and peroxy co-poﬁnds
in mice and rats hyiboth local application an& subcutaneocus injection. . -
Whether-locally applied or gi;en subcutaneously only local tumours were

vebserved.M!Dickens and Jones (19611 studied the activity of various lac-

)

tonesd;ontaining 4-, 'S-, and 6-membeyed rings in rats by repeated subcu-
taneous injection. Although the 5-membered ring lactones .showed higher
activity than the 4-membered ring lactones only local tumours were induced

and the investigators concluded that these compounds are slow acting car-

A ]

cinogens.

<
The carcinogenic activity of the hydrazo, azo, and azoxy com-

pounds and triazenes was investigated by Preussmann et al. (1969) in rats.

Hydrazomethane and azoxymethane on repeated subcutaneous or oral admin-

istration selectively produced carcinoma of the colon and rectum, whereas

’

the correspoﬁding ethy! - compounds produ;pd malignant tumours of the brain,
the olfactory bulb, the breast and‘fhe liver and .leukaemias but never in-
teiyinal carcinoma. l-phes;lsS,S-dimethyl-triazene, afte? oral as well as
subcut aneous injection iriduced malignant tumours of the braip and nervous
system in BD rats. The carcinogenicity of cextain triazenes was further
demonstrated by tﬁe induction of malignant ?;aney tumours in single dose

.

experiments. . Cos - \

°

<« The hepatocarcinogenic action of certain pyrrolizidine alkaloids
was studied in chickens by Campbell (1956) and in rats by Schoental and
Bensted (1963). A single oral dose was seen to producé'hepato-:s in the

‘experinént al animals. ~ ,
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- The tumour {inducing ability of the nitroso compounds was dis-
covered by Magee and Barnes (1956). These compounds have been found to

be extraordinarily active and almost all organs seem -to be susceptible

‘if the rig}xt compound is given (Druckrey et \al., 1967; Reviews: Magee

and Barnes, 1967; Magee and Swann,1969; Magee, 1969). _The range of
animal s;pecies found to be susceptible to the induction of tumours is
remarkably wide (SMI and Osswald, 1967) and inciudes the monkey
(Kelly et al., 1966‘)‘. These oo\q)ounds have not only been shown to in-
duce tumdurs aft?r only one dose (Magee ;irld Barnes, 1962; Drpckrey et 7
al., 1963) but ha\}e also shown remarkable organ specificity in their
carcinogenic action (Druckrey et al., i967). "For example, when given
in a singlq sub-lethal dose, di-éthylnitrosa-ine induced kidney carcino-
mas, whereas when given'in divided désqs it induced liver carcinomas (Magee
and Barnes, 1962); dibutylniérosa-ine induced  bladder cancer in the ‘rat

°

(Druckrey et al., 1964b);. diethylnit'rosa-ine induced t-'u-ours of the

respiratory tract in hamsters (Herrold, 1964).
b4 ‘ .

g) Methyl nitroso ‘compounds: N‘-aethyl-N-nitrosourea {MNUA), w_’_ich

» .
was extd&sively used in this study, is such a compound and belongs to
the subclass 'alkyl nitr;s"ides'. The structural formula is:

t . . ' -

G
~N-N=0

0= 'C’
m_z . . B}
Nitroso compounds are photosensitive and MNUA is no exception
to this generalization. From the study of photolysis of some of the

nitroso compounds, it has been suggested that the mtroso group is sp11t

off as a radical and is upidly coave:t'ed into nitrous acid (McCalla et




-, y »- ' 18

al., 1968).

. This conlpomfi,is unstable in aqueous solution and according
to Druckrey et al. (1967) its half life at 37°C is 125 hours at pH 4.0,
24 hours at i)H 6.5, 1.2 hours at pH 7.0 am'i 0:1 hours at pH 8.0.

Although studies on the metabolism of LﬁUA in vivo have yet

to be undertaken, the probable metabolic pathway has been s.uggested
(Magee, 1968; Druckrey et al., 1969) on the basi‘s of observations\with
diméthylnitmsaminej (DMN). The metabolism of DMN was studied in [rats,
mi;:e and rabbits by Magee (1956) using the polarographic method ¢f Heath

and Jarvis (1955) and by Dutton and Heath (1956) in the rat and pthe

mouse using (MC)'-DLN. It has been suggested that the j step is

an enzymatic activ'ation predominantly in the liver (Didtton and Heath,

1956; Magée, 1956 ; Magee and Vandekar, 1958). generating the reactive in-
Eer-ediaf:e mnone;\ylnitmsmine (Heath and Dutton, 1958) or methyl "
dia;ohydroxide (Austin, 1960). This may b‘é supposed to fgz;ct per se,

or to ionize to give diazomethane, which may also rei&: or further dis-
sociate yielding the carbonium ion (Magee and Barnes, 1967). Magee and
Barnes (1967) have proposed that di;izonethane,is the active agent in
methylations by N-methyl-N-nitroso coupoun;ls. but Lijinsky and his
a.;sociates (1968) have shown that with CDS”-labelled DMN in vivo the’
methyl group entered 7-ne£hylguanine intact. Lingens et al. (1971)

" have reported analogous findings f.OI' lethylnitros.onitroguanidilie_ and DNA
in E.coli. It seems likely that methylations by N-methyl-N-nitroso
compounds , {n general,, ar; mediated by the methyl diazonium.ion. with

_ WA, the only dissimilarity-suggested is_the initial ;tep 6f breakdown,
which unlike DMN is siiply chemical, and the same common alkylating spec-
ies is produced. 'In any case, whatever may be the reactive form, MNUA

Pl ’
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predominantly reacts through the SN1 mechanism. The proposed metabolic

pathways of DMN and MNUA are shown below:

. Dimethylni trosamine . Methylnitrosoufea

i,

ce t nononethyl;litmsanine i nethyldiazohydroxide
y A ¥ .
G N, > OGN,
. diazomethane : s methyl diazonium
. ) ] ) C & = -
- tHy )

methyl cation

LS

Recently, all N-alk)lrl N-nitrosourea.s have been re\pt;rted te -
carbanoylate DNA beses besides alkylation (Serebrydny1 and Mnatsakanyan,
1972). The authors have suggested that these reactlons might be signif-
icant in inducing mtatior_ls. T e ' '

' The other possible decomposition products of MNUA are: fo‘k'- -
maldehyde, nitrous acid Hydroxylaaine derivative, hydrazine denvatxve

(revill lhgee apd Barnes, 1967), urd lethanol (Swmn, 1968). Except
&

-
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- the lungs (Pillinger et al., 1965; Cumming ”‘98-“’“' 1970).

20

formaldehyde and methanol ill‘ other decomposition products have, at
times, ~been incri-ina;:ed as potential carcinogenic forms. ’

MNUA is one of the most potent and versatile carcinogens, Its
tumour inducing ability is shown in Table 1. |

[

h) Methyl lethanesuljahonate (MMS): -It is the methyl ester (primary)

of methanesulphonic acid and has the structural formula:

0
i [ S
H, -0-S-CH pas

0

4 - L 4

It acts as a monofunctional alkylating agent because in reaction the

L)

alkyl-oxygen bond undergoes fission. fta reacts by.the S_N2 mechanism

whereas the ethyl ester reacts by the mixed mechanism. For secondary

~esters the SN, mechanism predominates (Ross, 1962). Hudson (1959) has

1

suggegted that this variation is dué totdifférences in the structure of
the transiti‘on complexes. |
Unlike MNUA,. MMS is not remarkably sensit.ive to light or to
pH; its half life at 37°C is about § ilmrs at pH 7.0 (Lawley and Thatcher,
1970). . L "
Pesid;s t{he relea;e of the alkyl;ting sp;cies and .consequent
alkylation qf the cellular mcronoléqfles, the oth?f .break\down produc'ts
of MMS are methanol (Pillinger et al., .1965; Cumming and Walton, 1970)
and -ethmesuiphonic acid (Cumming and ﬁalton, 1970). llathnnesu‘lphpnic

acid in the concentrations usually involved in the biological experiments

- is rapidly and almost coppletely. excreted unchanged in the ‘urine (Trams et .t

al., 1959), while the’methanol is largely oxidized to 0, and excreted by

«:',- o-.,_é‘ .
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SEGC; es ¢
Rat

_‘Intestine

TABLE 1

Carcinogenicity of N-methyl-N-nitrosourea

Organ
Skin

Stomach

Kidney -

~

Brain § Nerve
tissue

Treatment

Local. applications

Single intragastric -

dose in citrate
buf fer

Single intraportal
dose

A few oral doses -

~

A few intragastric
doses in phosphate,
saline '

Single intragrastric
dose in citrate
buf fer

Single intravenous
dose:

Single intraportal
dose

Sjngle intragastric
dose’ in citrate

- * buffer

Single intraportal
dose . '

A few oral doses in

‘buffered drinking
. water ' .

Single intravenous

' dose

Repeated irtravenous
doses

References -

Graffi et al.
(1967) %&

Leaver et, al.
(1969)

Lijinsky et al. .
(1972)

Druckrey et al.
(1961)

Schreiber and
Janisch (1967)

Leaver et al.
{1969) °

Druckreéy et al.
(1963)

Lijinsky et al.
(1972) o

Leaver et‘al.
(1969) " R

Lijinsky et al.
(1972)¢

Thomas et al.
(1967) v

YJanisch and
Schgeiber (1967)
Druckrey et al.

(1964a, 1965,
1967)

Stroobant and
Brucher (1968)

-
Contd....
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N TABLE 1 Contd.... ¢

Species Organ
Lymph node,
Thymus, Liver,
Oral Cavity,

[}

Mouse

Hamster

Rabbit

Guinea
pig

Testis, Uterus
§ Soft tissues

§kin

- Lymphoma

Stomach

Lung

Skin”®

s

Brain § nerve
tissue

Stomach and
Pancreas

Treatment

¥

Single intraportal

dose '

Single intraportal

Local applications

e

Local applications

Single subcutgneous
dose .

Single subcutaneous
‘or intrace;ebral
" dose

Single intraperitoneal

dose

Single or repeated
intraperitoneal
doses

A few'oral doses

Single subcutaneous
or intracerebral
dose

Single intraperitoneal

dose

Local applicatioms

Repeated intravenous
doses .

A few oral doses

Fs
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Referenc@”’

\
Swenberg et al.
(1972)

Lijinsky et al.
(1972)

Lijinsky et al.
(1972)

Graffi et al. .
(1967)

Graffi and Hoffmann
(1966)

Terracini and
Stramignoni
(1967)

Kelly et al.,

(1968) -
Frei (1970, 1971a) -

Joshi and Frei
(1970)

Druckrey et al.
(1961) )

Kelly et al.

(1968)

Frei (1970,
1971a)

Graffi et al.
(1967)

Janisch and

-Schnaiber (1967)

Druckrey et al.
(1968)




23
MMS is khown to be a weak carcinogen and its tumour inducing

ability is summarised in Table 2.

-

D. Historical aspects of lymphoma

Hodgkin's disease (not under this name) was the first neoplas-
tic lesion of the haemopoietic syste; to be récognised in man; the mor-
bid changes of the affected organs(in this disease were first described
by Hodgkin (1832). Cas¥s of leukaemia were reported almost simultan-
eously by Craigie and Bennet (1845) and by Virchow (1846). Considering
that the haematological changes were part of a definite pathologicai
process involving certain organs of the body Virchow (1846) int:éduced
the term leukaemia. He recognized two forms of leukaemia; in one, the
smalljférms of white cells predominatéd and enlargement of lymph nodes
was COmmON; ;n the second, the large white cells increased in number
and splenomegaly occurred. Myeloid leukaemia as a disease entity was
established by Neumann (1870). Kundraat (1893) recognised lymphosarcoma
(malignant lymphoma) as a ‘disease entity diffgrent from leukaemia.

The earliest r&port of murine lymphoma was by Eberth (1878).
Haaland® (1905) gave the best‘of the early descriptions of the disease,
noting the excessive enlargement of lyubh nodes, a mediastinal tumour,
and infiltration of liver, kidney and spleen. - .

P

E. Spontaneous ly-bho-a in mice

-

AKR and CS8 are the two strains of mice that have an q:fr 90%

incidence of spontanecus lymphoma of the lymphoblastic type (Potter and

Richter, 1932; Metcdlf, 1966;). Potter et al. (1943) found that the in-

-
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TABLE 2 ~ . T
/Carcinogenicity of Methyl methanesulphonate
- O
’ iy
) . ®-.
o Species Organ - Treatment References
. | , i
Rat ' Brain § Nerve Single intraperiton- Swann and Magee
tissues eal and three intra- (1969) s
' peritoneal doses “
Mouse Lung, Liver, - Continued oral doses Clapp et al.

Stomach and (1968).
Leukaemias Q
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involved- also the lymph nodes, gpleen, liver, and other paxzénchymatous

phomas Aby DMBA (7,12-dimethylbenz[a] anthracene). Buring experiments with

” ’ A
- . '

25
itial neoplastic changes involved the lymph nodes and the ljiver.. - Although

. the disease becgme widespread in'the, later stages, no mentiomw of thymus .

involvemerntt was made in the paper. It is now, known that_in AKR 1lymphoma
the thymus is the site of origin and the peripheral bloed may or may no#
show increased number of abnorglal cells (Metcalf, 196%a). In mice of the

- . » - !
SJL/J strain spontaneous lymphoma is of retic<ulum cell type and originates

in the mesenteric lymph nodes and in Peyer's patches (Siegler and Rich,

. :
1968). In mice of the CFW strain spontaneous lymphoma is extremely rare
- o hd 4 LA I

and exclusively thymic in origin (Frei, personal commmication).

°©

t

F. Induced lynpﬁﬁma in mice

b

&) %adiation: The first successful induction of malignant lymphoma

resulted from irradiation (lﬁrebs et al., 1930). Kaplan (1967) has ex-

» - c .
tensively studied radiation indu%ed lymphoma; it was thymic in origin and
a5

‘ 4
organs. : e
- . 0 ’ - ./f Q
° b) Chemigdls: Kirschbaum ef al. (1940) and Walburg (1971) studied
lymphomas induced by methylcholanthrene. Fiore-Donati et al.. (1961)

o [+}

reported induction of lymphomas in new bord# mice by urethane. Rappaport
g . * ° p
and Baroni (1962) and Ball and McCarter (1968) were able to induce Iym- -

skin pa‘pillogé production in JCR mice by painting anthralin (1,8,9-tri-

hytﬁoxymthragehe) in acetone)} Yasuhira (1968) observed the development

of 6ther tumours including lywphomas. Purther, the incidence was seen

to increase by intrsperitoneal injection. Lymphomas have alsé been shown

-to develop in adult and new born mice following "t reatment with methyl-

4

o ’ 7 )
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nitrosourea (Graffl and Hoffmann, 1966 ;- Terraein:i .and Stramignoni, 1967;

~Ke11ey et al. 1968, Frei, 197&, Joslu and Frei 1970)’ and also after -

treatment with dimethylnit rosourea (Hiraki, 19 7).

¢ Fae [4 . A
¢) Viruses: Gros,s (1951) moculated a group of new born C3H mice
with a cell-free filtrate prepared fmn ly'uphomatous tissues of AKR

" mice w1th 5pontaneous or transplanted lyuphona‘ 'Within 24 to 35 weeks:

o7

about '28% of the mce developed lymphom while the. 1nc1dence m the con-

trols “was very ‘low (less thg’ro 5%) . I.ater Gross/(1957) developed a po-

tent stable stram of the nms by repeated cell-free _passage m sus-
ible mice pemttlng the confzrlanon of v1ra1 etielogy of mnne

- lymphoma. In the same Year Friend (1957) reported the de}lopnent of a

b1phas1c'dlsease followmg the 1nocu1at1on of a Swiss st:ain with‘cell-

E

/ ’ -
free extracts of £Krlich/ascites carcinoma. 'l‘he disease was cha acter- -
. : o P .

ized by splenic 'enl‘argenent; the firet phase ‘w,a's~ gssociated with diffuse

: ’ Q

prolifération of erythroid cells and the second phase was associated with

iffuse proljferation of the reticulum cefls. Rausther 9962) 1solated

. . . N [N /\'

i potent’ virus fr?: splenic iis-sues of BALB uieevand the disease was
also l:iphasi‘c. In the i’irst phase there was huée splenmedal’y due to‘ ’
prohferation of erythroid‘cells and in the: second phase spleen. lylph/

nodes and thy-is were enlarged due to proliferation of ly-phoid éells: ,

- There were several other reports of lyg:hma induction in :ice uponin_

oculation of cell- free extracts prepared /fro- a tran“splantsble uouse
sarcoma (Moloney, 1959) and fro- an X-ray indueed lylphoua of" CS7 hlack
fuce (Lieberman  snd Kaplm. 1959) ‘ k large ) 'of reporta‘

dntuon of lyq)hous by coll-free uterials fron a varioty of s0u '
have since Appemd in t"he hterabure (euviev. llich 1965‘). :

-
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d) Hormohes: Lymphomas induced by oestrogeni‘c ho'rno have been -
described by Gardner et al. (1944). The thynus was- the s.lte of origin
w1th dxssemnatlon to other /Iy-phmd tissues. Law (1947) reported an

1ncreased incidence of spontaneous lymphomsa in C58 mice by orch1dectomy

ﬁ mature males or by adrenalecto-y in.immature males and females. <In

parallel to the observation of Law (1947), the incidence of radiation-

rd
f

" induced lylphona was seen to be reduced by the adnumstrat}on of testo-

sterone (Block 1966) ‘ T S

‘e) Viruses in chemically and hormonally induced 1lymphomas:

Several reports have appeared in the 11terature 1ndtcat1ng that cel 1-

free extracts prepareq from chencally induced lymphomas in mice (Irino

“et al., 1963; Toth, 196%; Ribachi and G1raldo, 1966; Haran-Ghera, 1967;

: Ball and McCarter, 1971) and p0551b1y even oestrogm 1nduc.ed lymphomas

(Kunu et al., 1965) induce lynpho-as in the recipiefits. This evidence

may suggest that* stralns of ‘mice with a low 11§1dence of spontanqous

" lymphoma harbour a latem: viriis  and that exposure.to various ph¥sical

\

-

and che-:ncal agents a,ctxvates the virus leadm-g to the developnent of

lymphoma. ’ : : . -

.o - . - A
£) "Co-binttion' of agents inducing ly-pho-as' Kirschbaum et al.

(1953) inmtigated the effects: of three leukae-ogens - x-rays, oestro~

genic hor-ones and nethylcholmthrene in BALB/ c, CBA and DBA .mice. ,,In

. BALB/c. und CBA ,ice,"'x-rays aud oostrozenic homnes ;ctod synergist-

7

»

tcauy uhilo uthyld\olmthrm was ineffoctiye. ‘On the other hand, if

DBA mice oe,stragen.‘:c hormones enhanced the oncogenic potency of methy?-

. cholanthrens_ and X-rays. Othea' workers (Toth & al., 1962; Nishizuka

| and Sluss,.1966) have also demnstr‘a'ted"thq’sy.nerﬁs'ti;: effects of com-

-3
[

-7
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‘bmat1on, of lymphoma-inducing agents such as x-rays nethylcholanthrene,

. and DMBA and hor-ones. .

G. DNA analysis

a) Isolation and purificatibn: DNA occurs naturally in association

1~

with proteins and its séparation from them and from other celluiar con-

stituents such as RNA-and polysaccharide comstitutes ‘the problem of iso-

lation. . The problenm is furthcr influenced by the sensitivity of DNA to
> A .
degradation by cfhanges in pH, by physical damage and by nucleases present
. ' »

in the cell. Du‘r'ihg isolation of DNA, it is therefore essential to use

“Teagents that #nhibit or prefe;‘ably put out of commission the mucleases -

, t+ developed by Kay’and his associates (1952).

and at the same ti-e_ieave the native structure of DNA nearly intact. Q
The use of deter_gent for iwibit_ing of enzymes, breaking of the
DNA-protein complex and removing of proteins was introduced by Marko and
! i -3 -

Butler (1951), and a similar method using sod:mh dodécy.l sulphate was

The detergent method, al-

though widely used, is rather time cénsiming.

N

The phenol method of

Q3

apérticul“arly suited for use with small s.piegof nammalian tissues.

-

“Kirby (1957, 1959) §s technically easier than the detergent method and is

The- .
yield of DNA and the amount of residual protein depend upon the salt used
in association with ph.eno‘l and ,pﬂ)iﬁcﬂly the bes’t 're's{ult is qbtained by
using a salt such as 4-anin;>salicylate (Ki.rby'. 1958). Addition of ’8-
hydroxyqumolme and m-cresol to‘the @ml results in an iqn-ovod de-
protexmzmg lixture (Kirby, 1962, 1965). .

. Other tpqxcprptein,/cmtplin;tibn with p‘lalys'agchaf-idu is;

occasionally a-difficulty in the parifig,.uon of INA. They cah be re-
moved from DNA of most memmalian tissues by the nthuyethml-ph;sphato
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I & J‘L’,,
procéedure: (Kirby, 1956) or by ultracentnfugatlon (K1rby, 1964) P

Separat1on of DNA from RNA may be achieved by incubating with
ribonuc_lease anc]' then precipitating the DNA with cold 2-ethoxyethanol
Kirby, 1967); alternatively, nol thalein diphosphdt b ed i
(Kirby ).. Y, phenolph n_diphosphite may be used in

combination with phepol (Kirby;1961). : P

b) .Hydrolysi$: So“Far as the hydrolysis of alkylated DNA is con-
!

cerned no .one method has been found to yield all the p ts in a suit-
able form. ‘lﬁ reasons are that the alkylgteq mucleoside resi .
in several instances unstable either to‘alkali‘ (as 1-, 3-, 7-alkyladeno-
sine; 3-alkylcytidine;-7;alkylguanosim - Lawley and Shah, 1972a) or %o
( a;:id tOG-a‘lkylguanosines are dealkylated - Lawley apd Thatc:her, 1970)
particularly with increasing temperature. It seeas, therefore, prefér
able to isolate tﬁe products of alkylaiion in the form of bases. '

AN . “Most generally, the liberation 9f bases from chemically modi-

[N

fied DNA is achieved by some form of acid hydrolysis (Loring, 1955).
The glycosidic bond in purine deoxyribonucleotides is very susceptible

. - » . . N ,,
to acid hydrolysis, and in some instanfes the alkylated purines are lib-

L I N

erated at anlappi'eciable rate even at neutral pH (Lawley and Brookes,
1963). | - -

The complete liberation of purines requires relatively stronger
'“conditions than would suffice to hydrolyse 1solated purme deoxyribon-
ucleotides due to_ the insolubility of the 1nit1ally prodnced polymucleo-

tides in dilute acid. The methods that have been reported to be useful

are: ml pH 1.6, 37°C for 24 bours or W 2.8, 100°C for 1 hour (Ta-l

et .1., 1952), HC1, pH 1.0, 37°C for 16 hours (Lawley and Thatcher, 1970);
[ Y

HCI, pa 1. 0, 70°¢ foi~30 minutes (Brookes md Lawiey, 1971) nca pH 0.1,

-

100°C for 1 hour {Smith and Markham, 1950; Magae and p.rber. 1962) Such
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acid hydrolysis leaves the pyrimidine bases as oligonucleotides of the o~
8
R _ type Pynpn+1 as a consequence of the partial hydrolysis of apurinic

acids by the B-elimination mechanism (Brown and Todd, 19551. Interest
iﬁ‘the precise con&itiéhs used for acid hydrolysis has been.stilnlate&

& following the hemonstration that, as already stated, 06-alky%guanines

‘ are unstable to aé¢id hydrolysis (Lawley and Thafcher, 1970). ‘
In érder to obtain pyrimidine bases, more vigorous hydrolytic'

conditions are necessary: 7.5 N-perchloric acid, 100°C for 1 hour (Marshak

and Vogel, 1950) 88% formic acid at 175°C for 30 minutes (Wyatt and Cohen,

1953). An alternative method for hydrolysis of alkylated p;rinidine

nucleotides consists in refluxing with 50% HBr for 3 hours (Price et al.,
, 1968). d

- 4

w

¢) Separatiop of the;prbducts: The most widely used method of
separation o; DNA‘hydxﬁlysis products is chromatography -on paper. This
techniq;e requires na special ér expensive apparatus, it is reasonably
rapid and can separate most non-volatile products which are then detect-
able by simple techniques. Disadvantages are that>on1y comparatively
smali amounts of material can be applied to each paper (this may be an
advantage when dealing with a very small amount of highly radioactive
_DNA), and in some cases different products have more or less similar
Rf valuesréVenhin many differenf solv;nt systems. Q ‘
‘The separatioA of nucleic.acid bases on paper requires’the use
of strongly acid or alkaiine solvents, since only in such solvents will
égunine be sufficiently -soluble to migrate and its tendency to qu-"tiils' ,

will be avoided (Wyatt, 1955; Brookes and Lawley, 1971). Up to the pres-

ent date a large number of solvent systems have been described for sep-

-

“
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» . P

aration of bases but relatively few of these show real advantages over

others. Aqueous n-butanol, with and without added ammonia was one of

-

the first solvent tested for this purpose (Vischer and Chargaff, 1948) and

this still remains among the most useful. Other commonly used solvent.

: . B ¢
systems are: Isopropanol - cone. HC1 - water - 170:41:39 v/v, Methanol

- conc. HC1l g water - 7:21:1 v/v (Brookes and Lawley, 1971) and Iso-

< propanol - conc. NH40H - uater - 7:1:2 v/v (Lawley and Thatcher, 1970?.

| The greatest difficulty is encountered when separation is
attempted of the conetituents-of a mixture cmtai;ling normal as well as
altered coq)onents as may be obtained from the hydrolysis of alkylated
DNA. It is. found with most of the solvent systems that either some pairs
of alkylated bases are inadequately separated (Brookes and Lawley, 1'971)
'or one or the other derivative runs very close to its noimal coun:er-
paﬁ making separ&tion practipally impossible. Even if they are separ-’
able tl_lebretically in a particular solvent systenm, it may not be useful
with the usual quantity of DNA hydrolysﬁte that is spofted on paper. ~
Since the'overa\ll alkylation is usua;lly very low, the products will not
‘be seen under UV lig?lt and their quantity cannot us{xally befneasured by
elution and spect otEfnetry. The use’ of labelled agents to facilitate

-

detection makes the tuatien more co'q;licated. Not only do the prpduc‘ts .
.beco:e labelled but also the normal bases due to metabolic incorporat'ion
(Brookes and Lewley, 1971). In a radiochromatogram developed in an appar-
ently suitable solvent system, the separation zone between, the 'two-products.
especially between a major and a minor one if they are qmte close, may
often be completely blurred due to overlappmg rachoactnnty which is

then revealed as a broad shoulder of the major '"peak' in the graphic re-

' . ‘ -

presentation of the dmouto&r-. It is very &ifficult toYive this
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problem in a single system and even two—diﬁénsional'chromatograﬁhy may
prove inadequate (Brookes aﬁd Lawley, 1971). éatisfactqry resolution is,
however, possible by re-chromatograﬁhy“in different systems (Heppel,
1967). . -
For ready reference, a long table shpwing the Rf vaiues of
purines, pyrimidines and'their derivatives innine differeﬁt solvents
has been compiled by Fink and Adams (1966);
Unidimensional multiple develobment techniqu; which although
~proved very successful for the resolution of closely related compounds
CSE an infrequently used procedure in paper chromatdgra;hy.. This,kpgh-
"‘)nique was first proposed by Jeanes et al. (I951) a;h entails rebeated
" irrigation of the chromatographic support with one or more solvents
along the same di;ection. The theory of multiple Ehromatografhy, iﬁs
practical and theoretical potentialities and the iinitatigss weTe elébor-,
ately discussed by Thoma (1963a). The rationale behjnd the .use éf’thi;ﬁ.
technique is that ;gry-similar compounds which aée rtially separatg@
on one solvent irrigation can, in most inst§nces, be completely resolyed .
by further solvent irrigations. On the other hand, there is ﬂéver any
guarantee that replacing one gblvent by another will ever\lead to com-
plete or even increased.resolution of closely related solutes.
A simple for-ula for the nultipie‘develoﬁnqnt of amino acids
for strip or circdiar‘chronatogréphy may be found to be generally appli-
cable (Chakrabnrtfy and Burma, 1956). The rule states: the distance
between two sdbgtances'will increase in the second aevolopnent if Rfl +
sz is less- than 1. Thepe are a number of developments with the sape
solvent in the same direction which yield the greatest separation be-

tween two substances. Below or above this number, the extent of separ-

[
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ation decreases. The equation describing this optimum of development is:

Rf

log (1 - 2)
log -
log (I = Rfl) -
n - - . f
opt -
T~ (1 -Rf)
. log —_— _
. (1 - Rf,) S g

-

where Rfl and sz are the Bf values of the two compounds after one

development, Rf

1 is greater than. Rf ikﬂdiger aﬁd Rudiger, 1965) .«

+ ¢ =— Computer prepared tables relating the Rf values of two solutes

. to the numheraqf‘SOIVent passes (p) required for their-separation by a °

Y -

. preselected distance have been compiled by Thoma (1963b). - .

-




/ ITI.- EXPERIMENTAL WORK ‘

~

Section A. Tumour induction by Methyl methanesulphonate (MMS)

1. Materials and Methods

Mice: Six to eight week old CFW/D Swiss mice (Ball,
Huh and McCarter, 1964) of either sex, originally obtained from Carworth
Fams,‘New City, New jers;y, gnd, i’nbred by strici_ brother x sister pating
for more than.50 generation.% were used. They were housed in plastic
-.cages in groups of up to six to a cage, kept in air-éonditioned quarters
with an artificial light cycle, and fed Punna fox chow (The Ralston-

Purina Coq)any, St. Louis, Mo.) and tap uater ad libitum,

i

\ Carcinogen treétnent-; MMS (obtained from'K § K Labora-

tories, Plainview, N.Y.) was used as purchased. It was dissolved in cold
Standard Saline Citrate (SSC: 0.15 M Sodium &hloride, 0.015 M Sodium
¥ R . .

citrate) iﬂiately before use and injeeted im‘xéperitoneally within one

-

hour after dissolution.

In p;-eviws experiments in this lahoratory, the [.D50 dose gf
MMS in this strain of mice was found to be approximately 176 mg/Kg-body

weight (1.6 mmoles/Kg). A dose below the LD 110 mg/Kg (i.O mmoles/Kg)

50°
was chosen for these experiments. dewschedules were used: one group of

27 female and 3 male mice was:injected with a single dose and ancther group
of 30 mice with the same sex ??ﬁﬁ\uion was injected weekly with the
same dose for 5 weeks. Since repeate}\qn\gols were done recently in the .
laboratory with thxs strain of mice with unifonly ‘similar results, no
untreated control groltp was m in these experinents. A ' ' ;~7'

. . . Y /,
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Parinet&r§ studied: The mice were obsgrved for early

mortality, i.e., death within 3 weeks of the last injection of MMS, and

forf{%e incidence of tumours. The experiments were terminated at 258
. - 5 - \’

days after the firmst iniection.
Those mice that died b;foyg terminatién, or were sacrificed
at the end of the observation period, were ;;refullf autopsied and all
tu;nour—like lesions were exan'ined histologically. Only microscopically
confirmed tumours wefe ﬁsgd for final accounting.
- Tumou;‘yield wés compar?d by a chi-square test ﬁsing Yates

correeti?n (Quenoville, 1969 ed.).

2. Results »

The results on the early mortality and tumour incidence are

shown in Table 3, which, also include’s recent 'co;;’trol and MNUA data from

&

this laboratory.

) There was no early mﬁrfality. Two mice, one from each group
died before termination (at 187 days in the single dose group and at 230
day; ir-\ the fractionated dose group) and autopsy revealed no apparent
abnormalities. ‘

-

There was no significant’ difference in tumour yield between

i

untreated fontrols and either group of MMS-treated mice.

—
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Section B. Tissue changes following treatment with Methyl methanesul-

phonate (MMS), Ethyl methanesulphonate (EMS), Ethylnitrosourea -

(ENUA) and Methylritronitrosoguanidine (MNNG)

- €

1. Materials and Methods

Mice: Adult 6 to 8 weeks old CFW/D female Swiss mice

- . ,
were used. They were kept under the conditions as described in Section A.

PR

Carcinogen treatment: Four compounds were tested: MMS

o

(XK & K Laboratories, Plainview, N.Y. ), EMS (Eastman Organic Chemicals,
E}ochester, N.Y.), ENUA (K § K Laboratories, Plainview, N.Y.), and MNNG
(K & K Laboratories, Plainview, N.Y.) All these compounds were used with-
out further purification with the exception of ENUA which was recrystal-
lized from ethanol before use. MMS, EMS and l;:NUA were injected dissolved )
in SSC wl{ile MNNG was injected dissolved in. 0.9"4 NaCl by warming up to
about 50°€. and vigorous shaking. Because of the known_ phétosensiti-vityﬂ
of the nitroso compounds; 'solutions of ENiJA and MG were made and used
in subdued light. All injectionsﬂ were given within one hour of dissolu-
tion of the drugs. ”
'The toxicity of the four compounds had been determined prev-
?sl)} and the same dose for each ﬁse«(in previous tumour induction ex-
periments (Frei, 1'971a; Frei and Joshi, 1973) was used for this study.
The dose in mmoles/Kg body weight was 0.4 for MNNG, 1‘..2, for MMS, 2.0 for
ENUA and 3.0 for EMS. n )
Groups of 6 nice were ziven a sxngle dose of one of these

drugs intraperitoneuly in a maximum volume of 0 S ml.

?




- by

.

©

The control group consisting of 12 mice was given nothing.

-

Parameters studied: For each drug, 6 groups of mice

were examined for tissue changes at various i'ntervalsh-— one group each

at 1, 3, 6, 10, 15 and 20 days after the .injéction. The mice were killed
by ether and the gross appearance of all the organs noted. _The fresp
wéight of the spleen and of the thymus dissected as free of fat as” pcis-
ible was determined; the bone marrow was flushed out from a standardcffull

length of one.femur with SSC and the number of‘\*‘r:ucleated cells counted in

a haemocyfometer. jhe mice belong‘ing ~tolthe bontrol group were sipilarly"’

éxamined at 0 day.

Data at each point, consisting of 6 results for each tis:::ue0

were analysed statistically by comp#rison of the meana with the control

[3

(0 day) group and the results giving a p-value of <0.0l were considered

significant. ’ ¥

2. Results
l\

The ,resﬁlys are shown in Table 4 and in Figures } to 3.

It can be seen that the one compound which was found to induce _

thymic lymphomas, ENUA (Fi'ei, 1§71a), caused the maximum weight loss or a
'cell depletion in all the three tissues. It can also be seen that MMS,

.- ‘ " ° .
and the two other compounds EMS and MNNG, which were not found previously

to induce thymic lymphomas, did not cause a significant depréssion\ of cell )

Q

count in the bone marrow although significant reductions in yeight of the
thymis’were produced by MMS and EMS and of s;plee_xx by EMS. This loss in

weights of spleen and of thymus was reflected in the ‘gros¥ sppearance of
. . -~ \

14




A,

the organs, i.e., during dissection the organs appeared smaller. and
! - <

shrunken. In other organs particularly the liver and the kidneys fo

apparent gross changes were seen.

c <

It can also be noted that the recovery of the bone marrow

was fastest and that of thymus was slowest; in any case, the'fécovery . ) 3

was complete 2? about 10 days. T P
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A - - " TABLE 4 e _
®  TISSUE QHANGES FOLLOWING ADMINISTRATEON -
OF MMS, EMS, ENUA AND MNNG
‘ IN SWISS MICE A
Control ’ - MMS GROUP - - -
TISSUE 0day 1Td 34 6d, 10d 154
- —~ - f
Bone_6nari-ow i ’ ‘
x 10° cells.  7.23  6.07 7.23 9.23  8.96 7.1
Spleen - . T
wt in agm 81.1 SN7  93.5 ° 88.5 95.6 93.1
Yhymus - i .. ‘ .
wt in mgm 40.2 25.7 21.8* 23.7, © 43,7 .40.1
# .- - n
% e
A;M o
Control . _EMS_GROUP '
TISBUE Oday Td —3& 64 104 134
Boneﬁnarrow ’ ) :
. x 10” cells 7.23°  4.97 5.63  7.93 8.0  9.05
Spleen n ) ,
wt in mgm  81.1 42.0* 48.4 63.0° 95.2  84.9
L d - . ‘a
+  Thymus Y i ' -
- wt in mga  40.2 23.7¢ ~ 15.4% 22.9* 56.3  49.7

-~

-

.. * p<0.01 im comparison with control values
' 7 i ’
- ? -

’
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. Faaciie . ©
. fj T ~ TABLE 4 ) CL
,  TISSUE CHANGES FOLLONING ADMINISTRAIION . 3
N A OF MMS, EMS, ENUA AND MNNG ) -
' ' IN SWISS MICE .
;IS§us " cComtrol _ - - ENUA GROUP

- "0dsy 1Td  5d. 6d . 10d 15d _0d

ng /BOTIO narrow ) 7.23 - 1.5* 2__73§ 5..66” 7.77 8.13 9.5

% 10 cells

‘Spleen - S - - .

wt in.mgm " 81.1 43.8* 35.6* 52.0 118.1  93.5  94.2
. x ° . z B -
Thymus

wt in mgm - 40.2 23.6* 15.5* 24.4* 45.2 - 40.3 - 41.2 -

~

" ‘ Control - " MNNG GROUP ~
TISSUE o day T4 —3d 3d a4 204

rd

L BoneGnrrow : . ' : '
. . x 10 cells 7.23 5.13 8.16 -~ 9.83 11.13 7.87- 10.63

-8

Spleen . = - . " e
wt in wmgm . 81.1 56.5 65.9 98.9 ° 92.3 107.6 - 105.9°
Tﬁyms 3 : | : 0% ‘
K wt in mgm . %0.2 - 49.1  31.6  26.8 44.2  35.5 o 40.4
. (Ld . } :
bl ‘ ) ! ";
. .* p<0.01 in comparison with centrol values ,
' \ ) l
g | y
e . T
o 4
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Fig. 1. Counts of bone marrow cells from single femisrs of adult

2

q

female inbred Swiss mice given a single sub-lethal in-
trapé'ritoneal dose of‘l‘.z mmoles MMS/Kg., 3.0 mmoles
EMS/Xg., 0.4 moles MNNG/Xg., or 2.0 mmoles ENUA/Xg.
body weight at various éntervals. Ea;:h symbol m;

sents the mean measurement made an 6 mice. Empty sym-

bols represent data where the mesan-value is significant-

ly different from control value at the 1% level.

Lo T .
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Fig. 2. Thymus weights of adult female inbred Swiss mice given

a single sub-lethal intraperitoneal dose of 1.2 mmoles

‘MB/Kg., 3.0 mmoles Elﬁ/kg.. 0.4 mmoles MNNG/Kg., or
2.0 mmoles ENUA/Kg. body weight at various intervals.
d Each symbol represents the mean neasurﬁ.éﬁt made on 6
mice. Empty symbols represent‘data whére “the mean
value is significantly different from control value at \

- &
the 1% level.

¢ i
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Fig. 3. Spleen geigh;; of adult female inbred Swis; mice given
a single sub-lethal intraperitoneal dose ‘of 1.2 mmoles
MM5/Kg., 3.0 mmoles EMS/Kg., 0.4 mmoles MNNG/Kg., or
2.0-l-bles ENﬁA/Kg. body weight ‘at various intervals.
_Each symbol represents the mean measurement made..on 8
. mice. 'Elpty symbols represent data ﬁhere the mean
value is significantly diffbrent from confrol value at

the 1% level. ’ t : .
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Section C. Reaction products of DNA following treatment with '14C— N

L

methyl-nitrosourea (“c-mu& and “C--ethyl”-me'tﬁmesnt

pllonaté (14C-Il61 . : | S 4

1. Materials and Methods , ‘ -

<

D;Iice‘ Adult 6 to 8 week old CFW/D female Swiss mce
kept under the S ame conditlons as de{cnbed in Section: A wero used

throughout these experiments.

14

C-methyl-

Radioactive co@omds:ﬂ Severd batches of.
nitroso;u'ea were preparéd from 1“C-"nethylurea (Sp.activity 5:‘94 mCi/
_ : mmole) .obtained from NEN Canada l;td. (Dorval, Quebec, (_.‘anada).by» nitro-; ‘

) “,Wand Williams, 1958). It was store’d desiccated at. about
-5°C wntil usé‘d. The final specific activities of the batches of “C- 7
methyl-MNUA were calculated from tileir ultraviolet absorption spectra -

| coqgi'ed to recrystalli'zed’ non-raduioactiv_e MNUA spectrum (in a Cary 15
. " spectrophotometer) and from their radioactivities determined by scinti-
l11ation counting (in a Packard Tri-carb jiquid scintillation counter - '\_\

Model 3375) gsmg toluene mtemal standards The specl.fic actlvities |

. as determined for different batches were 1.65, 1. 83 and 2.08 -Ci/-ole. |

a 14C--ethy1--ethmesulphmate (Sp act1v1ty 56 -C1/—ole) in
ether solution was obtained from A-ershan/Searle Company (Don Hills,
.Ontario, Canada) It was stored at about -5 %°C until used. As it was

used suitably diluted uth nonoradioactive MMS in different experilents,

the final Spec1f.lc actnutios were cala;lated fro- the dilution factors

-3

’ ’ (i.e., 1.36, 1.41, 1.74, and 1.75 nCi/mmole).

4
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Carcimogen treatment: Just before use, the ethereal
‘ \J
solution of 14-C-meth)fl—lMS was diluted with non-radioactive MMS (K & .

K Laboratories, Plainview, N.Y.) according to the need and the ether

,

quickly blown off by a gentle stream.of cool air.

14 14,

Both C-MMS and -MNUA were dissolved in cold SSC immed-

iately prior to treatment and injected within one hour of the dissolu-

tiAonu;of the drugs Because of the known photosensitivity, the solution
o . of 14C-NIA was made and used in subdued light. '
The same dose for each compound used in previous experiments

-was used for this study. The dose in mmoles/Kg body weight was 1.2 for

14 4

C-MMS and 0.6 for ‘4C-MNUA.

Groups of 3 or 4 mice were given a single dose of one of

these drugs intraperitoneally in a maximum volume of 0.5 ml.

7
. -

Parameters studied:  For each drug, 5 groups of mice were

-

-

' examined for the neth&lgtion products of DNA obtained from various tiss-
ues like gut, liver, kidney, lung, spleen, thymus and bone marrow; at
different intervals by independent experinentsf - one group at each 'of

. 0.3, 1.0, 2.0, 4.5, and 12 hours after the injection.

Further, the gross appearance of the organs during dissection 4

and the overall yield of DNA from different tissues were noted.

.
© -

Procedure for isolation and purification of DNA: The

reagents used were: _ .
- rd k]

a) Aq. 6% (w/v) sodim-4j-a-inosalicy1ate (British Drug Houses

Ltd., England) '
b). Aq./10% (w/v) sodium dodecyl sulphaie (Fisher Scientific CO’S\ -
‘USA) - ‘




Phenol reagent (Kirby, 1967): Liquid phenol 946 ml;
m-cresol 140 ml; 8-hydroxyquinoline 1.0 g.

(all from Fisher Scientific Co, USA)

Aq. 5% (w/v) sodium acetate (British Drug Houses Ltci.,

England)

2-ethoxyethanol (Fisher Scientific CG\\USA)
-

Ethanol (Canadian Laboratory Supplies Ltd.; Canada)
Di-ethyl ether (Mallinckrodt Chemical Works, USA)
Ribonuclease - dry .(ﬁorthingt'on Biochemical Corporation,
N.J., USA)

In all the experiments, the method employed for DNA isolation
and purification was ba.gical{ly that of Kirby c1;57) with modifications
as described by Lawley and Thatcher (1§70).

At specified time; the animals we}e killed one at a time by
ether anaesthesia and DNA isoliatec; from pooled organs. Some time spread
could not be avoided due to dissection and in no case was it more than
20 minutes. In short time-course experiments such as at 0.3 héurs, the

H

injections were given to animals adequately spaced (10 minutes) to allow

<

time for dissection. . .
Thymuses, Livers, Gut (both large and small - Iumen flushed
out with buffered phosphate s'aline),l(idl}eys, Lungs, SFleens and Bone
marrow flushed out from ti’biae\i'nd femora of animals were plunged into
\ice—cooled tubes containing 6% PAS - 15 ml for each pool of liver and
gut and 10 ml for‘each of the other organ poois. The tissues were ho-
nogenized in a teflon-glass ho;ogenizer in the cold solution, 0.1 volume

-

of 10% was added and the viscous l}'sate was shaken manually for about




g . | .51
10 minutes with an equal volume of phenol reagefxt. fl'he mixture was

then centrifugg{l at 17000 x g for 30 minutes at 5s°C. The upper aqueous

layer was removed by pipétting and fibrous DNA precipitated by slowf)

addition of 1.5 volume of 2-ethoxyethanol and gentle mixin

incubated with a small amount of ribonuclease at 37°C for 1
seéogd extraction was done with ﬁhenol reagent. and the a&ﬁeo
clarified by centrifugation in an MSE 65 ultracentrifuge at 80000 x g
for 1 hour at 20°C. The DNA fibre was then obtained by precipitatioxi

with 2 voQumes of cold ethanol, it was washed 3 times with ethanol and

’

*3 times with etﬁer, dried in air and stored at 5°C up to the time of

hydrolysis. ' ‘
‘}/\~‘>
derbizsis: The method of hydrolysis was based on that

of Lawley and Thatcher (1970) and that used previously in this laboratory
(Frei ,- 1971b). Because there was_known to be little alkylation of pyri-
midines (Laﬁley and Thatcher, 1970), the main purpose was to release all
of the alkylated purines with as little destruction as possible. Some
form of mild acid hydrolysis, capable of releasing all purines and alky-
lated purines (Loring, 1955) appeared poten{ally :suitablé judging from
previous worit (Frei, 1971b; Lawfey, 1972). The reported procedures using
0.1 N HC1 were tried, but none could produce the desired and consistent
degree of degradati;:n as judged by subsequent radio-chromatographic frac-
tionation. 0.1 N HC1 :as then tried under v;ﬁws comiitions of tempera-

ture and time. The stability of some of the known methylated purine was

<
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tested under such conditions using authentic compounds 7-methylguanine,

3—methyladeﬁine, 3—methy1éuanine, l-methyladenine, and 06—méthylguan§ne
which were obtained either commerciali; (Cyclo Chemic;;T-Los Angeles,
Califo;nia, USA, and Sigma Chemical Co., St. Louis, USA)‘or courtesy of
Dr. P. D. Lawley of Chester Beatty Réséarch Institute, England. The
eventually adopted procedure of hydrolysis was heating with 0.1 N BCI at
100°C for 30 minutes. ‘

In order to determine the séabiliqy of purine methylation pro-
ducts, 1 mg of each of 'the five authentic and other related céuﬁounﬂs
was dissolved in leml of 0.1 N HC1 and diluted either 1: 100 or 1: 200
with 0.1 N HC1. Ultraviolet absb;ption sﬁecjra of the solutions were ®
determined in a Cary 15 spectropﬁotoneter'beforgﬂggd.afﬁer heating at
100°C for 30 minutes. There was no change in the spectra except with
06-methy1guan1ne. Since this product is knownfto degrade to guanine by .
acid hydrolysis (Lawley and Thatcher, 1970), the extent of degradation,
expressed in terms of molar percentage, was estimated by comparing the ‘.
spectra of the mixture obtained by heatlng 06—methylguan1ne at 100°C for
30 minutes and those of pure guanine and pure.o -methylguanlne in 0.1
N HC1 by the principle as suggest by Léring. (1955).

| "The adnalysis of a binary mixture of components, A and B,
having different absorption spectra, is. made on the assumption that the
total optical den}ity, D, at each of two wavelengths,ll , and 12 s is the
sum of densitites due to each component at each uavelength. Thus from the
Beer-Lambert law two slnultaneous equat;ons can be written in which the

~,

concentrations of A and B are expressed as a funct;;;"ET*\heir -o%egular
” . . :
extinction coefficients and the optical densities at the respective wave-

-

lengths as follows:




: = HA
. and CAEAAZ v DBEB)‘z Dl <
v \

3

Ca and Cy are the respective concentrations of A -and B expressed as moles

per liter; EA)‘I’ EB)‘I’ EA)«Z, and EBXZ Qe the respective molecular coe-

fficients of A and B at ), and x; ; and DA, and D}, are optical

1 2
P
. densities at the two wavelengths. Solution of the equations for CA and C
give the following: .
’ E_-A DA, - E. X DX,
cp b - e 72 DY M)
K ’ - A AL .
. Ext2 EgXy Ext1 B2
g
- A,
’ ¢ - Eata OM Ex1 D% (ii) " -
. - A
. E\ry Eghy Ea2i Epla .

The degree of degradation under these conditions (see Results)

@

was considered acceptable. . s

© ‘Becaus‘e of..the short period of time used for hydrolysis, it was

found that consistent results were obtained only if two conditions were

fulfilled: (i)™ the DNA fibre.was dissolved in distilled water prior to
the addition of acid and (ii) ghé dry weight“.of DNA yas kept to 1 mg or

lessfor03nlof01NHC1. . - @

-

o

Batches of up to 1 mg of DNA were allowed t\dlssolve in 0.15
ml distllled water in screw-cap test tubes with intermittent shaklng at
TOOM te-pe'rature un;il no visible -undissolved material was .noted. This
took spproximately 1 hour in all instances. O. 15‘ ml of 0.2 N HC1 v‘zas
then added to each ‘tube and the solution mixed gently unt1l a uniform

.{l o

N4




al .
8, :

- chalky-white suspenéion‘was formed. "The tubes were then securely capped,

B s - : . .
heated in a water bath at 100°C yr 30 minutes, and immediately cooled

. . J N Y . -0
in ice-water. In each ¢ase a clear solution was obtained.

~Chromatogrgm'x: c A fom of" mudluensumal two -stage

4 udescend1ng })aper chronatography was deused for the separation of methyl-
»h

2 ated purines. In all caSes, the zorke eorrespondmg to Os-nethylguarune

g

+%n the original chronatogran was re-chromatographed in a d.lfferent sol-
;l“‘\
LS

xent. In this study attentiom 'was foctxssed on the three known major
. W{“» . * -_‘ . .

"methy}ation products, i.e., 7-netl§1y}g:uani'ne,. S-methy'iadenilne,:phd 06— ‘1‘
~ }, . - .
* )
methylguanine and this governed the developmént of the present system of
separation. A o : , >

- 7
*

In deve10p1ng this syste-, various solVen“?s noted in the lits
érature (Lmvley and Thatcher, 1970 Fink’ and Adanms , 1966) were flrst test-
- ed by standard descendmg dtronato‘graphlc procedures. In each case, con-

k-]
trol runs with unlabelded marters were first carned out -on. 4 cu w1de

Whatnan I pager (as cn run) at a room temperature of about 22°C - 25 °c s
and whenever a partn:ul,ar solvent ldéked promsmg, it was extended to”

v rad1ochromatdgraphy None of the solvents tested proved completely sat- N
1sfactory for the defmed iurpose. " With qu1te a few solvent's adeni:nes\
Sfmethylademne)an.d 06-nethy1guamne CdUIdo ge separated reasonably well,
but the separation of .gu'anine fmm‘7--eth;'lgu;1nine was inadequate.c 'Dle‘.-
solvent containing t-l ano']. - nethyl ethyl ketone - water - conc. au-onia
- -40: 30: 20; 10 v/v (ka and Adauso, 1966) cppeaned souewhat better 2

.

because in a run of 45 °cm it not only separated adenine, 3-uethy1,aden:lne }_f

b:df—

.
AR
L om
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- ) ef guanine and 7-methylguanine. To improve the situation, Tuns on paﬁer

previously washed with the.solvent and dried, or on qgliulose-phos-

Fs

pRate paper (P 81) were tried but neither of these modi fications “proved
to be of any real value. The usual alternate approach to the solution of

this type of problem is to increase the effective distance of solvent flow
. N a '

by overrunning the end but since this technique might lead to some ‘loss

o

. v - M " . {
N of radioactivity from the paper it was avoided. On the other hand, the
, \ ?
. length of the paper wéf‘actuhlly increased; within the practicability of
& " a standard size ehromatograpﬁy tank it was p&gsible to make the effective

T léﬁgth of run to about 55.5 cm. Eyen.thie procedure failed to show any
significant improvement. -~ ’ »

At this point, separations were tried with modificqtions of this

> : - 3 .
solvent, i.e., increasing the proportion of ammonia and decreasing the :

[ LI -

~- . ’ proportion of water. By-tr:al runs-with varyang proport1ons of ammonia .

‘ﬂ} and water, guanine and 7--ethylguan1ne ‘were found to be separated by up

to 1.5'cm s1nultaneously wlth a wide separation of adenlne, 3- methyladenlne

and ﬂ‘-nethylguanxne (over 4 cm in each case) in an effecilve run of 59. 5 -
cm at the solvent composition’ "of t-bytanol - methyl ethyl ketone - water
- copc. ammonia - 40: 30: ¥Q:%20 'v/v. . Although this modified solvent.

. .t Q
.. appeared very promising, it was felt desirable to inérease the d1stance
between guanine and 7—-ethy1guanine by at least another 1.0 cﬁ beéause it
7, -was feared that on occasions this narrow zong qf separation mnght get-

. ' blurred when extended to radlochro-atography and also there might Dbe tail-

. ing of guanine. ‘ f'“ : : ; .
) ' - For ‘this purpose, it appeareda&%rthwhlle to try two -stage

developuent uhxch is essentlally a -ultxple development technlque. Howev
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the advantages of this multikfﬂe development technique could not be fully
‘ut1hzed in the present situation since the stirtlng material wés, not a
simple’ binary mxture but was a DNA hydrolysate cogtammg a number of
products. Except for guanine and 7-methylguanine, all other products
which we were inteﬁsted with, shouéd Rf values greater than 0.5 on first
development and according to the rule (Chakrabortty and Burna, 1956),
the dlstance between then would decrease wltﬁ‘ repeated developnents. In -
fact, there was complete freenng of the fast migrating products, i.e.,
3-methyladenine .aLnd ,_06-meth)£1guanine even on second devefopnent._ All the

available infqrmation concerning the usage of this teamique consfdered

O

the number of solvent passes (p) as an integer and in tl;e present situ-
ation, this‘'system turned out unsuitable evén when p was 2.
> - The prospect of a modified form of lultlple development te;:h-
nique using solvent pisses more than 1 but less than 2 has not yet been .
lookc;.d into, but hopeful;y such a system should carry the same pofential-
ities as o:hers and sipce the prelsent‘need was to increase the distance .
- between guanine and 7-methylguanine by‘oﬁly, about 1.0 cm without seriously
‘affecting the position of other products, it was decided to exploit the
. modified two-stage technique, i.e., short first run followsd by full
second.run in the same sol\'rent. Toa“deter-ine the feasibility of the de-
si‘rgd.separation and tohe optimal length ;)f' first run needed for it, trials
were condacted wi different féngths of fi’rs‘fjnm, i.e., 10, 15, 20, and
25 cm ‘Satisfactory results were ob_tained rb? a two-stage development -
. 20 cm first run foiloyed b,; 59.5 ¢m second run. The_ reproducibility of . ’h
this technique -and the influence of other variables ,' e.g., temperature and .
the maturity of the sc;lveut were the;n checked by repeatinggth‘e procedure a

r s

» .
~ % . \ -
. .
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tographed as indicated above. Authentic markers of thymine and 06-

57

number of times. It was shown to pioduce ideal rqsu}ts if (i)~ deiel-
obnent was carried oﬁf at a room temperature of 22o - ZSOC, (ii) fresh
solvent was used each time, and (iii) the paper strip was completely

dried preferably over a hot plate at 60°C aftgr the first development.

Because of the possibility that some pyrimidine bases might be
liberated during the hydrolysis procedure and might 'be labelled with '*c
due to metabolic 1ncorporat1on, hydrolysis and chromatography of
thym1d1ne labelled DNA was perforned Two female mice were injected in-~
traperltoneally with 0.5 ml (10 mCi) of thyn1d1ne-2- C twice, at an
interval of one hourgand facrificed one hour after the second injection.

-~

DNA was isolated from orégg pools as before and hydrolyzed and chroma-

methylguanine were édded to.the chromatograms. It was found that 1.4
percent of iﬁ; thymidine radioactivity was present a; thymine locatibn.

. : )
It became necessary, ‘as noted above, to re-chro-atograph fhe zone corres-
ponding to'dﬁ-methylguanine (marked alwayséwith the authentic compound)
to ;eparaté it from thynine'aﬁd from 3MeC which also travelled to a sim-_

ilar location (see Results). f

P f
bt
1
e

-

[ ]
As separation was desired between three compounds only, it was
N i P

dec@ded to save time by”using a solvent which on short runs would be cap:
able of separating them adequately{ 'For'this purpose, thé solvémt chosen
was: upper phase of Ethyl gcétaté - formic aqidr- water - 60: 5: 35 v/§
(Fink and Adams, 1966), and in runs of 29 - 30 cm effective distance a

satisfactoryiseparation of 3-methylcytosine, thymine and 06--ethylgu-nihe




S8

was achieved. P

Detail'ed'procedure of the modified two-stage ch\roiilatography:

To one end of a 4 cm wide Whatman 3MM paper of standard length (about 57 .
. cm) another 15 cm long strip of the same width was sewn up one gdge over
the gther with ordinary sewing thread. After allming sufficient margin

' for covering the distance beéweén the ;upport and the antisiphon rods, )
three lines were drawn to iﬂnd,icat':'e origin, the &istance for the first run
(20 cm from th;e origin), and the distance.for the second run (59.5 cm
from the origin). Keeping a further 0.5 cm of the -s.tqrip, the rredtmdant
portion was cut off.

. Following hydrolysis of DNA fibre, 2 x 20 pil aliciuots were pip-
etted out, one for detemihation of ‘total radioactivity. and the other for -

UV spectrum recording; the remaindew was then streaked on the paper in 50

i1l iots together with some 06-methylgdam’ne to a;ct as a marker. The total

o VTS

volume of the hydrolysate streaked was noted. The chronatography tank was
g’fu-st allowed to satt}rate w1th the solvent vapour at room te-perature,(
i.e., 22° . 25 C, the solvenf being placed in the trough and in beakers

at the bottom. ;I'he chromatogram was then run at thé same temperature #br
a ‘Jilst\ancé of 20 c;n (9 - 10 hours run), dried in air and then over a
thermostatically com,'r{)llgd hot plat'e at 60°C for about 10 -iriutes, ‘and

a second run was made exactly to 59,5 cm (25 - 26 hours runk In i)etwoon
runs, the used solvgnt in the t,rough and in the beakers were replaced by
fresh solvent and the vapour mside the tank was re-equlibratod with that
of the fresh solvent. After the Tun, the strip was dried in air, exnined.
under UV light (254_q1) and the ‘posit’ion of 06-—nethylguanine as detected by

‘ -
- ‘ s
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its brilliant blue fluorescence was marked uitﬁ a pehcil. The zone
. f h ]

corresponding to 06-methylguanine (usually 39 - 42 cn) was then cut .

off in one piecé for re-chromatography.

Detailed procedure for re-chromatography: In view of the
possibility of loss of radioactivity during re-chronatograpﬁy if elu-
tion from the first paper was employed, this proéedﬁre-was avoided.

The same Whatman 3MM p;per - 4 cm wide with no extra piece
a{ﬂed was used for this purpose. As before, two }ines were drawn to
indicate origin and the distance for the run (25 cm from the origin).
The strip was then cﬁt along the origin.line and the saved piece from.
the p;evious chromatogram was sewn upside down (in the reversed order).
to the cut edges of the strip and chro-atograpﬂed in.the solvent as
already described. fhe rationale behind sewing up the strip in the up-
side down fashion was to improve the séparation of the products by tak-

ing advantage of their relative positions in the two $olvent systems

(see bgiow). When the solvent moyed up to thé 25 cm line {3 - 4 hours

run), the strip was taken out; dried in air and examined under UV light

. N ,
for the position of 06-methy1guanine.

N

Detemination of degree of base alkylation: Detection,

identifichfion and quantitation of the methylated purines ieze done by

‘radioactive assay‘of the .chromatogram assuming that the specific activ-9

ity of the (14C)-upthyl g;@up as was present in the drug remained un-

" changed after its reaction with DNA. /f - L |

All radioactivity measuremeffts were done in a Packard Tpi-carb.

liquid scintillation counter - Model $37S. Each sample was coufited 2 x_10




the linearity of counts with different dilutions of 14C-toluene internal

.benzene 150 mg) and p-toluene (1 liter) and counted. When calcuiated,

limited 'peaks',were taken to be the measﬁre of the products and their’

60

«
’

‘minutes and the average of the two counts -was taken to be the measure
of radioactivity of the particular sample.“At each tissue level, total
radioactivity was determined with 20 ul hydrolysate aliquot in 10 ml of
a phosphor congaining naphthalene (100 gm), 2,5-diphenyloxazole ti gm),
p-bis-2-S-phenylbxazblylbenzene‘(loo.gm), methanol (100 ml) and dioxane
(to :gliters. Efficiency of'counfing liquid samples was about 75% for
14, '

determined with toluene internal standardization of the original

hydrolysate aliquot. The efficiency was further checked by determining

. R ’ .
standard in 10 ml of the same phosphor. W#h the efficiency known, cor-

rections from coumts/min. to disintegration/min. were then made.
B R . N L & -

With paper chromatograhs, sequential 1 x 4 cm segments were

)

cq}, placed .individually in scintillation via{s containing 0.5 ml of a
phosphor containing 2,S—diphenyloxazole (4 gm), p-bis-Z—S:phenyloxazolyl-
counting efficiency on paper was fbund.to‘be about 50%. Total background-
free rad@oactivity of the chromatogram was then hically reproduced

in which the products were shown uﬁ as 'ﬁeaks'. Such graphically de-

-~

identities established by comparing the migration values of reference
’ B _ . [ A
compounds . from chronafograns run‘ in parallel. In a few cases initially,

,,,.—«-"«.\
the 1dent1t1es were ?urthev checked by re- chromatographlng ‘the respec-
tive ’peaks' separately in su1table solvents along w1th markers.

For the. purpose of attaching true 3ignificance to the !peaks'

in the radiochro-atégram, particnlarly the smaller ones, it was f?lt

necessary td‘standardize the background radioactivity. A full length

L

4 ‘ % o .
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blank strip was chromatographed ang counted exactly the same way as

-others; the standard deviation from the average of all the counts was
calcijlated to be + 1.01 counts}min. Assuming that, a product would
occupy at least '3 cm wide are; in the chromatogram and that 99% of the
determinations would lie within 2.58 s.d., any peak showing Gver 8.0
counts/min. was considered to be a true 'peak'.

The measure of total base methylation or of methylation of

LN

individual bases with respect to the different products were obtained
: - -

respectively as: (i) total base methylation was §h1cu1ated from the

' ) total radioactivity recovered on the chromatogram less radioactivity due
to unidentified ’peaks"énd'due'to 14C incorporation into normal bases; -
(ii) individual base methylation of any one type was calculated from the
radioactivity obt;ined under the apprepriate individual 'péaks': To

quaﬁtitate, the specific activity of the DNA sample was calculated from

the concentration of DNA as determined with UV absorption of 20 ul hydro-

lysate aliquot diluted with 3 ml distilled water; it was assumed that a
solution containing 1 mg DNA/ml had a value Boco = 26 (Lawley and Thatcher,

1970) and that 1 mg of mouse DNA contained 0.00306 mM of bases (all foffr
. : bases in molar proportion as under-the native state) (Kit, 1960). From
these data molar percentages of total base methylation and meéhylaiion of
various types of individuaf bages were calculated.
It may be pointed out that in the chromatdgraphy system em- '
. plo}ed in the present sfudy, S:nethylguanine has a migration value very
close to that of‘7-ngthylguanine (see below), and it 'is podsible that the

small amount of radioactivity due to 3-ﬁ§thylguhnine could be coppletely

i S
submerged in that due to 7-methylguanine. This would not significantly
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affect the quantitation of 7-methylguanine, because 3-methylguanine was

\

reported to‘combrise only about 1% of the methylation products of DNA

(Lawley, 1972). v

2. Results

Degradation of 06-methylgggpine: Using the principle

1
suggested by Loring (1955), the data obtained when authentic 06-methy1-
guanine was hydrolysed at IOOOE in 0.1 N HC1 for 30 minutes and the spec-
trum after hydrolysis compared .to that of guanine and 06—methy1guanine

o .
was as follows:

[ ' * -

06—methy1guanine : at 270 mp E = 8.76 (x 10'3)
, . at 250 mp E = 2.8 (x 10°3)
. -3
Guanire : at 270 mp E = 10.90 (x 10 V)
at 250 mu E = 16.85 (x 1077)
The treated 0°-methylguanine : at 270 mp 0.D. = 0.600
at 250 mp 0.D. = 0.387

¢

Using equations (i) and (ii) (see above) it was calculated that the mix-

ture obt;ined as .above contained, in terms of moles, 785 06-nethy!guanine
and 22% guanine; .therefore, the lgss of 06-!efhy1guanine was 22%. Lawley
and Thatcher (1970) indicated that undér the same conditions the half 1ife
of 06-nethylguénine was 1.4 hours and from their data the loss at 30 min-

utes should be identical, i.e., 22 percent.'
i . ['S
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~
Location of product peaks: _In flf two-stage chromatog-

4
raphy system it is not possible to obtain Rf values. The final location

of -the. variegus products as determined using authég%ic compounds can be
referred to as the migration_ value, that is the d;étance from origin to

the center of the final spdt. These were found to be:

Thymidine-5'-phosphate : 11.5 cm
) Guanine u‘ ' : 18.0 cm

3-methylguanine : 20.0 cm
7-methylguanine : : 21.5 cm
Adeni;; A . 30.0 cm
l1-methyladenine . : 33.0 cm
Cytosine . : 34,4 cm ‘
3-methyladenine : 36?3 cm '
Thymine ‘ : 39.8 ‘tcm

9 3-m§thyicytosine ‘ : 40.2 cm

. 06-methylguanine : 41.0 cm

o

The re-chromatography of the 06-methylguanine region of the two-stage
chromatogram in a second solvent by the method described above gave the

following migration values for the three products concerned:

] « t:'l' b
’3~methy1cytosine : 1.0 cm
N 06--éthylguanine : 5.0 cm®
Thylinq : 11.5 cm

(see sample chromatograms - Figs. 4 & 5)

2

7




Fig. 4.

Radiochromatogram og a DNA hydrolysate developed by a
modi fied two-stage technique in the same solvent showing

separation of metabolically labelled normal and methyla-

“ted purines. . .

(solvent: t-butanol - methyl ethyl ketone - conc.

ammonia - water 40.30.20.10 v/v)
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Fig“. 5. Re-chromatogram of the zone corresponding to 0%-MeG in
the two-s’éage chromatogram (ref. ‘Fig. 4) showing its sep-
. aratia; frpm the contaminants. . | N
. (solvent: ‘upper phase of ethyl aéet;te - formic acid -
water 60:5135 v/'\{) F
P o, = | .
v | ‘ b
. .
‘ | ] v
N ! . - . -
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"Determination pf the linearity of coumts: With' differ- “'..
~ ent di lutions of 14Cv-toluene mtsirnal standard in 10 ml of the phospho‘r 2

M 2 -3

éontauung naphthaie'ne (100 gm), 2,5- dlphenyloxazole (4 gm) p-bis-2-5-

-

phenyléxazolylbenzene (100 mg) methanol (100 ml) and dgmxane (to 1 l1ter),

N
the counts/min. as tha1ned» Hlth the count@r qsed in this study were

3
3 .
.

\l -
P 2

- Expeéted \, ob-served
l‘adloactl\flj r&dzoact1v1l

& 4

Starting standard é(nutially dlkuted) -. 10 m1

1 ml stzrtlng sta‘ndard + 9 ml phosphor "

2 ml stdrting standar’d +' 8 ml phosphor.
4 ml starting standard + 6 ml phosphor )
. . e 5

6 ml stat"ing sgandard + 4 nl*phosphor

8 ml startix‘ng standard + 2 ml phosphor "

. ) .

v

v8

Grbss appea,x‘ancb of the orgahs and t,he Xleld of DNA f;;om

L ( -
flssues-. 'Follow1ng\reatmeht w1tH ,M;B' 'there were no observablex ehanges .

.
,4..11 o

s e1ther in the gross agp_earance of -the ogg@s or’ m then: yields o£ »DNA at

LB

A

~

any tlme. pomt. Follﬁﬁmg treatment with MNUA, m contrast,‘observable

changes were noted at 12 hours - The spleen and the thymus looked shngx-

hen and the1r yield of 'DNA were less than uswal, w}ule 7o DNA c0u1d be 1s- .-.‘.,

i
L3 * .
.

olated from the bohé' marroq.

- ® hd

~ - ~o i g , . ‘ [ . r
DNA alkylation The/results&of the' analyses are shown

+

-
in Tables S to. 24 and in P1gures 6. t,’z’& ;" -
< A S -
The flrst poz‘nt to note is’ that with both-agents, MNU d IM%,‘-'
- . * ‘. .

a;considerable amount of radwactiuty (10 - 50%) has beent relega,ted to,

Y




- . ’ ) )
[~ [e) ; 6 9
the eategory. "other" In all 1nstances, most of that rach.oactw:.ty was

< © “ Y

| present at the or1g1n or had mgrated less than guanine “(see’ sample'

N D

1n1c ac1d (0 Connor et al. , 1973), or apunnlc ac1d labelled by’-a methyl -

o

group at a phosphate (Bannon and- Verly, 1972'rLawley, 1973) or on a

chromatogram - Fig. 4). It might represent metabohcally labeljed gur-

n‘pyrlmldlne, or RNA or other 1mpu1t1es. No attempt was .made’ to resolve

4
;' this rad;oactnuty further. ‘ . . °

'l'he second- p01nt to note is that with both agents -metabolic

3 ™

lab"elling of guanlne and adenine increased with time after treatment.
was detectable even _at 0.3 hour and was more marked in tissues in wh1ch
_many t:ells were 1n active cell cycle (Figs. 13 - 15 and 22 - 24) »

>

- T‘!le.thi'rd point to be made is that soéme of the products, al-

L1

though detectable -as "peaks&‘ in- the chromatogram were below the level of.
s1gn1f1cance of 8 cpm as’ defmed above (Tables ‘15 - 24). This was espec-

>
1a11y true of al'} tﬁe;values ?hown for‘p -Me(‘ followmg treatment w1th

" MMS: I other :mstance; no "peaks" were seef®: . ’ h
-

{ The sfain obsetvatlpns may be- described as follows:

In t'ems of the pm’ductS'- . .

5} % both agents and m‘?’*all t1ssues - the ma,j'or ni‘ethylaxio'r{ ¢

F

<
p»roducté Jou TMeG -which compr!;sed about 85% of the lpethyl-

. . . ) . - - . .
. ’punnes, (Fxgs‘ 10 & 20) SRR A | .

<,
' < i » -~

The ﬁext mst abundant product ir; Vall‘ ‘cases, was ‘3MeA
which when due to M»S oonpnsed about 12 - 15% of the pro-

ducts (Fig. 21) and.when due ®o MNUA about 10% of the pro-

-

ducts (Fig. 1.~ - <

. _ - ./ PR
06-Mec was gene’rated in all tissues following treatment

- wif’h/tAwAuand its contribution was about 4% (Fig. 12).

\ : » .
Possibly, it was alés generated in all tissues following

- - e,
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treatment with MMS but its level, in all instances, was

14

"below significance. -

1-MeA was also detected in all tissues folfowing treatment
with MMS (Table 10) and in some tissues (liver, lung and
kidney) following treatment with MNUA (Table 7) but its

level, "too, in most cases, was below significance.

In terms of the "agents:-

<)

-~

I;oklowing treatment with MMS- 9" ' ’
a) Both 7MeG and 3MeA attained the highest level “at 2 hours
in all tissues except lung wﬁere.it was attained at 1 hour ~
(Figs. 17 § 18). . S |
b} After attaining the Meak points, the product levels con-
| tinuously declined (Figs., 17 & 18). ¢
With 5 possible éxception of poné marrow and,spleen which

d)

.e)

-

showed slightly higher leyels of 3MéA, no major differences.

between tissues were observed ip. product levels (Figs. 17

_E 18). ~ .- I

Tisgues were,found to_differ from each other in the differ-

be

entiél removal of 3MeA relative to the bulk product 7M§G-

(Figs. 20 § 21). The differential removal was most marked

in 1iver and kidney, least marked in bone marrow and spleen,

»

and intermediate in lung, thymus and gut. *
The overall patterns of alkylation were thus quité similar

> ¢

in all €is <+ the. leyel of alkylation rose gradually,

r oy

reached a peak at 2 hours and-.then declined ovetr the course
N - . -~ < » N

I

of 12 hours (Fig. 16). . ° ..

. .
» . . 2
. 7, .

» . ’ -




N . . 1.

A,

foliowing tgeatme?t with MNUA ; P

. 5) Althoughﬂthe level of 7MeG appeared to reach a maiiuum at
4.5 hours and a min;r second peak at 0.3 hours in most -
tissues (Fig. 7), the si&%ificance and reproducibility of
either peak could not be demonstrated. 3MeA and 06~HeG

\ also appeared to show two peaks in most tissues (Figs. 8°

. & 9), but again, the significance and repfoducibility of

the two peaks could not be established.
b) Marked differences in 7MeG levels were observed between

o o tissue;ﬂgt~all time points; the tissueé appeared to be
divided into two groups - high level group which included
gut, liver and kidney while the rest of the tf§sue§ were

included in the low lev;I group (Fig. 7).
c TissQ; diffetfnces in the diffexential rem;val of 3MeA
(Fig. 11) similar to those seen after MMS were suggested
”knﬁut couId'not.be ﬁrovéé from the.dat;.‘ ‘ ‘
N d) ‘As with }Még, m;rked difference;‘in'the levels of 06-MeG
v wé;e observed be;wéén tissues a£§'the.sam% typé of divis-
ion was appafent-- gut, liver and kidney falliﬁg into the
higﬂ level‘group whj?i the resiffglling into the low level

4 LI

group (Fig. 9).

-+ e} As apparent, the overall patterns of alkylation showed var-

N L4 . N ~
. iationsWbetween tissues and to some extent- between products
y s °

in contrast to the lac};‘of such v:ariatibns following treat-

- ment with MS. . , R

4




TABLE 5 h

DNA ALKYLATION AT A0.3 HOUR FOLLOWING 0.6 MOLE MNUA/KG

Percentage of DNA base alkylated

(Relative percentage of the individual products in parentheses). '

Tissue Total TMeG MeA  0%MeG 1MeA

1

Gut 0.0230 0.0941 0.0063 0.0021
: (0.2) (7.7) . -(2.0)

Liver - 0.0391 0.1593 0.0086 0.0057 . - 0.0011
(89.7) - (6.2) (3.2 " (0.8)

Spleen 0.0145  0.0545  0.0068 . 0.0029
(82.5) (13.1) (4.4)

Thymss  ~  0.0128  0.0501  0:0048  0.0021
"0(85.9)  '(10.5)  (3.6)

Bone Marrow ¢ 0.0134 0.0489 0.0066 0.0037
. X (80.2) . (13.8) (6.0) -

Lung 4 0.0143 = 0.0564" 0.0046 0.0025
(87.1) (9.0) (3.9)

A /-
—

"Kidney °  0.0201 . 0.0779.  0.0089 . 0.0023
(85.1)  (12.4)  (2.5)

Fed

-+ no peak seen im radiochromatogram

»
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-4+ NOo

-~

Tissue Total 7MeG - 3MeA 0 "MeG 1MeA

Liver 0.0349 0.1431 0.0066 0.0048 10.0019~

T (90.1) (5.3) (3.0) (2.5) -
Spleen. . 0.0136 0.0537  0.0047 0.0020 *
: 3 (87.1) (9.7) (3.2

Thymus 0.0094 0.0353 -« 0.0045 0.0016 .. ‘
. (82.7) (13.4) (3.8) .
Bone marrow  0.0118 0.0432  "0.0044 0.0028* =+ -
: (84.3) (10.4) (5.2)
Lung 0.0192  0.0774  0.0059  0.0025  ___+ ¢
) (88.2) (8.6) (2.9)
Kidney . #.0198 0.0803 0.0054 0.0018 0.0007+
‘ (89.3) . (7.7)  (2.0) (1.0)

* cpm below level of signi?icance: though peak seen in radiochromatogram

TABLE 6

DNA ALKYLATION AT 1.0 HOUR FOLLOWING 0.6 M MOLE MNUA/KG

Percentage of DNA base alkylated

lative percéntage of the individual prodycts in parentheses)

o

6

.y

- - 0.0271 0.1123 0.0055 = 0.0039 Ut
(91.0) (5.7) (3.2) -~

13

+

pBak seen in radiochromatogram . . ‘
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TABLE 7
* . _DNA ALKYLATION AT 2.0 HOURS FOLLOWING 0.6 M MOLE MNUA/KG
. . -

" “Percentage of DNA base alkylated

(Relative percentage of the individual products. in parentheses).

*  Tissue Total 7MeG 3MeA 0%MeG 1MeA
Gut i 0.0288  .0.1193°  0.0062  0.0038  _ +
x (91.0) (6.0 . @9~ 7
Liver . 0.0365  0.1488 ., 0.0085 0.0030-  0.0012 f
' (89.6) (6.5) (3.0) (0.9)
s oo
Spleen 0.0180  0.0705  0.0067  0.0027  __+
f - (86.1) - (10.5) (3.3)
g} ' Thymus © 0.0131 0.0524  0.0046  0.0014 > +
: . (87.7) - (9.9) (2.4) ‘
Bone marrow  0.0146  0.0552  0.0056  0.0038 ' __ +
- (83.5) (10.7) (5.8): i h
s ' Lung 0.0154  0.0599  0.0058  0.0024  0.0003~ o
; (85.4) . (10.5) (3.4) (0.6) '
Kidney 0.00254  0.1026  0.0074  0.0025  0,0006*
' (88.9) (8.2) (2.2) (0.7)

t

* cpm below level of significance, though peak seen in ra;iiochromatogram

. +.no peak seen in radiochromatogram s ' .
- N . . 1 + ’

-




TABLE 8
- DNA ALKYLATION AT 4.5 HOURS FOLLOWING 0.6 M MOLE MNUA/KG
* o _ !
Percentage of DNA base alkylated
(Relative pefceﬁtagp of the individual products in pa}enthesesf
Tissue Total 7MeG "3MeA " 0 MeG " 1MeA
, )
. Gut 0.0327.  0.1325 0.0060 0.0086 +
(89.1) (5.1) (5.8) =T
. “; »
Liver . 0.0610 0.2542 0.0087 . 0.0094 . 0.0017
(91.7) (4.0). (3.4) (0.8)
Spleen 0.0177  0.0681  °0.0052  0.0044  __ +
(86.1) (8.3) (5.5)
. Thymus 0.0187 0.0736 0.0063 0.0033 - _ +
. ‘ _ . €86.6) 9.5) (3.9)
‘,'\./_\ -
“ Bone marrow  0.0149 0.0538 0.0063 . 0.0059* _ +
. (79.4) (11.9) (8.7)
. ‘ { . ‘ -
Lung . . 0.0225 0.0900 0.0052 0.0051 0.0006*
. (87.8) (6.5) (5.0) 0.7)
" Kidney 0.0285 0.1131 ° 0.0046 0.0097 0.0007*
- (87.3) 4.5) (7.5) (0.7)

* cpm below level of significance, though peak seen in radiochromatogram

+ no peak seen in radiochromatogram

—— -«
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TABLE 9

Percentage of DNA ‘base alkylated

DNA ALKYLATION AT IZ’HOURS FOLLOWING 0.6 M MOLE FNUR;(KG

-

(Relative percentage of the individual products in parentheses)

Tissue

Gut
Liver
Spleen

Thymus

Bone marrow
Yy

Lung |

s

~Kidney

Total

- 0.0225
0.0346 .

~
0.0130

0.0147

0.0126

0.0188

™eG

0.0918
(89.8)

0.1451
(92.3)

0.051t -
(86.6)

' 0.0600
(90.0)

3MeA

0.0052
(6.5)

0.0048
(3.9)

0.0050

(10.8)

0.0039
(7.4)

»

06MeG

0.0037
(3.6)

0.0046
(2.9)
0.00T6*
2.7)

0.0017
(2.6)

DNA could not be isolated

0.0514
(89.5)

@«

0:0770*

0.0032
(7.0)

0.0039

0.0019*~
(3.4)"

0.0026

ke

1MeA

'0.0011

(0.9)

0.0007*

76

* cpm below level of significance, though peak seen in radiochromatogram

+ no peak seen in radiochromatogram



« ) TABLE 10

DNA ALKYLATION AT 0.3 HOURS FOLLOWING i.2 W MOLE MMS/KG ‘

L3 L

Percentage of DNA base alkylated

(Relative percentage of the individual products in parentheses)

£

- ’ ~ ’
Tissue §  Total - 7MeG 3MeA 0%MeG 1MeA
.. Gut 0.0095 0.0368 0.0040 ©  0.0005*  0.0004+
’ . (85.6) (12.0) (1.1) (1.3)
Liver 3.'01'34 0.0509 0.0049 0.0005% 0.0024
(83.8) .  (10.3) (0.9) (5.0).
Spleen 0.0109 0.0436 0.0045  0.0002*  0.0001*
(87.7) (11.5)- | (0.5) (0.3)
Thymus © 0.0089 - 0.0346 0.0042 0.0002*  N.0004*
. . (85.0) (13.1) (0.6) (1.2) .
=y ) T e - .
Bore marrow. -0.0079 0.0294, 0.0044 0.0003*  0.0004*
o - {(81.9) (15.6) (0.9) (1.6
Lung 0.0090  0.0345 0.0043,  0.0002* - 0.0004*
: t84.6) (13.5) -. (0.5) (1.4)
Kidney 00094  0.0365 . 0.0042  0.0002*  0.0003*
: (85.7) (12.6) (0.6) (1.0)

» - . . - ’

~

* cpm below level of significance, though peak seen in radiochromatogram
~

» . -




TABLE 11 ' A

Q
DNA ALKYLATION AT 1 HOUR FOLLQWING 1.2 M MOLE MMS/KG

Percentage of DNA base alkylated

~ (Relative percentage of the individfial products in parentheses)

.

Tissue . Total TMeG 3MeA 0OMeG 1MeA
b
5 Gut 0.0154  0.0583  0.0070 ~ 0.0010*  0.0013
: _(83.4) (12.8) (1.4) (2.3)
* Liver - - 0.0156 0.0616 0.0063 0.0006*  0.0008*
. (86.5) (11.2) (0.8) (1.4)
~ Spleen ©0.0162 . 0.0647  '0.0067 : 0.0004* +°
“ ‘ v (87.9) (11.6) (0.5)
Thymds . 0.0164 0.0633 0.0073 0.0007*  0.0008*
. (85.0) (12.4) - °(1.0) (1.4)
Bone marrow 0.0132 0.0513 0.0065 0.0006* Lt
(85.2) (13.8) (1.0) :
Lung . 0.0189 0.0720 - 0.0097 0.0007*°  0.0007*
‘ ' . (83.7) . {14.4) X048)- - (1.0)
Kidney 0.0158 0.0620 0.0065 0.0006*  0.0008 -
(86.1) (1;§f) (0.8) (1.5) .
» . R
. * §pm below level of significance, though peak seen in radiochromatogram
'+ no peak seen in radiochromatogram * S
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TABLE 12

Percentage:of DNA base alkylated

DNA ALKYLATION AT 2.0 HOURS FOLLOWING 1 2 M MOLE MMS/KG

(Relative percentage of the individual products in parentheses)
LS

Tissue

Gut

Liver -

Spleen
Thymus
Bone marrow

Lung'n :

Kidney

* cpm below tevel of significance, though

‘

+ no peak seen in radiochromatogram

' Total

0.6205
0.0169
0.0186
0.0171
0.0143
0.0178

0.0177

™eG

0.0818

 (87.9)

0.0678
(88.4)

0.0731
(86.5)

0.0670
(86.2)

0.0537
(82.6)

0.0701
(86.6)

0.0704

3MeA

0.0085
(11.6)

0.0066
(11.0)

0.0087
(13.1)

0.0083

(13.6?

0.0087
(17.0)

0.0082 -

(12.9)

0.0075

06MeG

0.0006*
(0.6)

0.0004*
(0.5)

0.0003*
(0.4) .

0.,0002*
(0.2)

0.0003*
(0.4)

0.0004*
(0.5)

0.0Q03*

v

peak seen in radiochromatogram

X

~

1MeA Ld

AT




INA ALKYLATION AT-4.5 HOURS .FOLLOWING 1.2 M MOLE MMS/KG

TABLE 13

3

Percentage of DNA base alkylated

-

(Relative bércentage 6}_the individual products in parentheses)

-

Tissue

" Gut
5

Liver ',
L4

Spleen °
Thymus
Bone marrow

Lung

Kidhey

* cpm bprh level of .significance,though peak seen in radiochromatogram

-

+ no.ﬁeak seen in madiochromatogram

Total

o‘gdés

“0.0115

0.0111

0.0104

-0.0094

1

0.0096

0.0106

7MeG

0.0398
(89.4)

0.0489
+(93.8)

0.0426
(84.1)

©0.0410
(86.7)

0.0336,
(78.6)

0.0387
(87.5)

0.0450
(92.9)

.
P

I 4

3MEA
0.0034
(9.6)

06.00
(6.1)

0.0062
(15.5)

0.0049
(13.3)

0.0071
(21.1)

0.0042

'(12.2)

0.0027

(7.1)

0®MeG

v

0.0604*

P (1.0)
.

0.0002*
(0.4)

+

.0.0001*
(0.2)

0.0001*
(0.3)

a




Vd

TABLE 14 ay

%NA"ALK}'LATION AT 12 HOUﬁS FOLLOWING 1.'2.M MOLE MMS/XG
;} ! » 0 "

Percentage of DNA 'base alkyladted - :
(Relative percentage of the indiv ‘ roducts ‘in pgren:theses)

B »
0 -
-"a .
.

L4

Tissue Total, ™G 3MeA ;. A°MeG | 1MeA

Gut  0.8073  0.0297  0.0028 “*ﬁ¢%;? -t
R ol (89.4) (10.6) -

..
[

Liver .-  0.0L04 ,. 0.0444 0.0022 <.k o
- . © . (94.0) (6-0) o

> - ~ a ~ e\ e ) ¢
“ Spleen 0.0092 0.0351 "0.0053 --- R
’ ) (84.0)  (16.0) .- ° .

, Thymus 0.0084  +0.0341 * 0.0033 S -t
.o ) . €89.1) © - (10.%) .

Bone ‘marmw‘ 0.00665s - 0.02411 0.004s5 S . o,
‘ v r (80.7) (19.3) : . P

- ‘Lung 0.007§, 0.0302.  0.0030 -t ---
: e .. (88.9) (11.1) . -
L .- P
S+ . " Xidney - 0. 0.0395 0.0022 TN
S S (93.5) (675) : N

~ PR - , .
T 3 - . ‘ ¢//' . v N N v

\ ° " '
Ty . " . / . - . T
+ no peak seeh‘iz}.’radiochromatbgram r .
‘m ‘ 5_ [ . . - ‘ .

. . . A 3 .
.. ’ . . ° e P \
v

fan
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Tissue

Gut
Liver

Spleen

Thyﬁus’

Bone marrow

Lung

Kidney

* Below level of significance, though peak seen in radiochromatogram

.TABLE 15

L
Y

DNA - 0.3 hour after MNUA

Balance Sheet (cpm)

mg;\
chromato-
graphed G
0.46 58
0.46 100
0.38 58
0.58 27
0.20 22
Q.25 t1
1 0.58 10

&
i

22
13
73
7
21
S

'7*

7MeG

539

1013

301

356

106

189

561

+ No peak seen in radiochromatogram

>

-

3MeA

46

71

48

43

18

20

82

06MeG
12
36
16

15

16

"

-

1MeA - Other
0! 327
9 369
+
0 234
¢+
0 150
+
0" 144
o' 50
+
0" 137

e

Total
1004
1611

730




TABLE 16
DNA - 1.0 hour after MNUA
Balance Sheet'(cpm)

mgm
N chromato- 6 .
Tissue graphed 3MeA 0 MeG 1MeA Other

r

Gut 0.55 S51 4 29 ot 505

!

Liver . 0.41 : 72 40 . 556

Spleen ' .77 . 609

Thymus . 0.58 30 : 275
Bone marrow .13 68
ltung . .63 18

Kidney .65 37

[

* Belaw level of §ignificance, though peak seen in r diochromatogram
. .
+ No peak seen in radiochromat6gram J




. > : 8 4
« .
.TABLE 17
’ DNA - 2.01 hours after MNUA
' -“:Balance Sheet (cpm)
.. 6 ¢ ‘
mgm
chromato.- 6

Tissue graphed G A 7MeG 3MeA 0 MeG IMeA  Other Total

Gut 0.57 399.239 1015 67 33 0” 865 2618

Liver 0.52 68 26 1179 85 40 12 724 2134

Spleen 0.76 448 684 843 103 33 0” 1225 3336

Thymus 0.96 78 171 724 82 20 o 361 1436

- ‘\‘ .

. Bone marrow 0.43 429 721 366 47 25 0o 983 2551

Lung 0.26 16 13 319 39 * 13 2* 198 595

Kidney 0.52 38 7* 815 75 21 6* 272 1230

RS - * Below level of significance, though peak seen in radiochromatogram
+ No peak seen in radiochromatogram
D : o *
[}
\ )
[4
I
3
-~ “
S
‘ -
]




f

TABLE 18
DNA - 4.5 hours after MNUA

Balance Sheet (cpm)

mgm
chromato- ‘ ‘ 6
_Tissue graphed G A 7MeG_ 3MeA 0'MeG 1MeA Other Total
Gut 0.49 586 340 805 .46 52 o 938 2767
\
Liver 0.48 230 135 ‘1557\ \ 68 57 14 1650 3711
Spleen 0.42 81 157 390 38 25 0" 432 1123
Thymus 0.54 30 162 462 50 21 0 332 ° 1057
Bone marrow  0.09 147 318 64 10 7 Lo 335 881
Lung 0.55 34 18 578 43 33 5% 122. 833
Kidney 0.66 87' 55 915 47 78 2* 355 1545

™
* Bglow level of significance, though peak seen in radiochromatogram

+ No peak seen in radiochromatogram

x




TABLE 19
DNA - 12 hqurs after MNUA
Bala;ce,sheet (cpm)
mgm

chromato- 6
Tissue graphed G A 7MeG  3MeA  0°MeG 1MeA
!

Gut 0.82 865 1173 1125 82 46 ot
Liver 0.44 63 44 973 41 30 9
Spleen . 0.10 46 89 72 9 2*

Thymus 0.63 20 144 551 45 16

Bone marrow No DNA could beNsolated

Lung 11 11 8 124 10 5*

Kidney : 41 24 492 31 17

* Below level of significance, though peak seen in radiochromatogram

+ No peak seen in fadiochromatggram -




TABLE, 20
DNA - 0.3 hours after MMS

Balance Shedt (cpm)

mgm
. chromato- " 6 X .
Tissue graphed G A 7MeG 3MeA 0 MeG 1MeA Other
- Gut © 0.72 19 8 411 58 5* 6* 139
’ Liver 0.58 207 10 380 - 47 a* 23 168
Spleen 0.72 16 8 377 49 2* 1* 26
Thymus 0.86 12 2 377 59 3 5+ 46
= Bone marrow Q.OS 6* 1 26 S <l* <1* 60
Lung 0.41 8 1* Y15 34 1* 3+ 40..
Kidney 0.76 10 o' Aes 54 3+ \‘R 48
* Below level of significance ough peak séen in radiochromatogram

+ No peak seen in radiochromatogram

Total
646
839
479
R
108

" 302

484




Tissue

Gut

Live;
.Spleen
Thymus

Bone marrow

Lung

Kidney

" * Below jevel of significance, though peak seen in radiochromatogram

chromato-
graphed

™~

mgm

0.50

1 0.52

0.58

0.59

0.35

0.70

0.65

Balance Sheet (cpm)

G

52

17

79

14

44

19

21

' TABLE 21

32
g
87
15
53
34

T*

YMeG
362
343
366
380
155
459

444

L4
+ No peak seen in radiochromatogram

DNA -" 1.0 hour after MMS

3MeA
56

45 .

48

55

~

25
79

59

MeG-
6*
3+
2%
g*
2%
g+

4*

1MeA

10

6

'

%*
+i

*

+

0

6

8

*
7

Other '

212

45

T 239

84
88
98

98

Total
730
467
821
559

367




¢

Tissue
Gut
Liver
Spleen »
Thymus '
Bone mar;ow

N <
Lung
Kidney

|

-~

* Below level of significance, though peak seen in radiochromatogram

. TABLE 22

~~

e

Sy,

) DNA - 2.0 hours after MMS

mgm
chromato-
graphed
0.53
0,77
0.70
0.89
0.27
0.70

0:81

" Balance Sheet (cpm)

G
140

80
%37

38

61

25

27

A 7MeG
53 457
2 663
255 567
45 743
109 132
s

6* 534
9 718

+ No peak seen in radiochromatogram

]

IMeA  0%MeG
60 3
83 » 4*
86 .2

117 2+
g
79 3>
97 3

1MeA

Other
85
174
601

95

112

85

64

Total .
798

1028

1748 °

1046
442
732

-

918 A




TABLE 23
DNA - 4.5 hours after MMS

. Balance Sheet (cpm)

s - g

. chromato- e 6 .
Tissue . graphed G A /7MeG 3MeA Q0 'MeG 1MeA Other Total
" 0.93 747 509 543 58 6* 0" 821 2684
Live 0.43° "193 ‘51 258 17 0* o’ 240° 759
Spleen 0.44 416 706 240 44 . ot 1061 2468
e Thymus  0.66 ‘42 127 360 S5 0" o* 230 814
‘ .Bone marrow 0.35 311 633 153 41 <1* 0" 812 . 1950
Lurig . 0.33 s 14 195 %27 1+ 0" 212 464
Kidney - 7#._47 ~ 26 15 264 20 o’ 0" 1ss ' aso
CET e T ' .
\ . : ’
* Below level of significance, though peak seen in radiochromatogram
+ No peait seen in radiochromatogram
. @
-
\ .
' 2
. , v




TABLE 24

DNA - 12 hours after MMS
' ~
Balance Sheet (cpm)
- .
. . mgm
chromato- ; 6
Tissue graphed 3MeA 0 MeG Other-

Gut 0.83 41 1453
Liver ., 0.63 o . 25 1830
Spleen  0.52 45 1351
Thymus - 1.02 ‘ 51 . 306
Bone marrow 0.20 35 . 16 584
Lung 0.33 22 ' 99

Kidney = 0.61 - 24

+ No peak seen in radiochromatogram
'




Fig. 6. Methylation of DNA in various mouse organs by (14C)-methyl-

nitrosourea (doée: 0.6 mM/Kg body weight) - expressed as

molar percent of total bases. -

Gut; K = Kidney; Lu = Lung; T = Thymus;

(Li = Liver; G

Bone marrow)

S = Spleen; BM
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Fig. 7. Molar percent of guanine methylated as 7MeG in the DNA

o of different mouse tissues following treatment with

28

(14C)—methy1nitrosourea (dose: 0.6 mM/Kg body weight).

(Li = Liver; G = Gut; K = Kidney; Lu = Lung; T = Thymus;.

S = Spleefl; BM = Bone marrow) ‘ §
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Fig.  8. ‘lar percent of adenine methylated as 3MeA in the DNA

©* (Li = Liver; G = Gut; K = Kidney; Lu =

" of different mouse tissues following treatment with

Fa \ ’

(£°C)-methylnitrosourea (dose; 0.6 mM/Kg body weight).

= Lung; T = Thymug;

S = Spleen; BM = Bone marrow)
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Fig. 9. Molar percent of guanine methylated as 06-Me§ in the DNA
of different mouse tissues following treatment with (14C)-

methylnitrosourea (dose: 0.6 mM/Kg body weight).

(Li' = Liver; G

L]

Gut; X = Kidney; Lu = Lung; T = Thymus;
S = Spleen; BM

Bone marrow)

R
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Fig. 10. Proportion of 7MeG in the DNA of different mouse tissues
expressed as percent of total radioactivity due to methyl-
ated purines following treatment with (“C)-methylnitrosourea
{(dose: 0.6 mM/Kg body weight).

(Li = Liver; G

Gut; K = Kidney; Lu = Lung; ¥ = Thymus;

' S = Spleen; BM Bone marrow)
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Fig.

11.

K}

Proportion of 3MeA'in the DNA of different house tissues
expressed as perceni of total radioactivity due' to methyl-
ated purines following treatment with (14C)-meihy1nitro-

) s
sourea (dose: 0.6 mM/Kg body weight).

(Li = Liver; € = Gut; K = Kidney; Lu = Lung; T = Thymus;

S = Spleen; BM = Bone marrow)

-~
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A
Fig. 12. Proportion of 06-MeG in the DNA of.different mouse tissues

&

expressed as percent of total radioactivity due to methylated

-

purines following treatment with (14C)—methylnitrosourea

(dose: 0.6 mM/Kg body weight).

(Li = Liver; G = Gut; X = Kidney; Lu = Lung; T = Thymus;

S = Spleen; BM

Bone marrow)
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Fig. 13. Metabolic incorporation of labelled carbon (IAC) into _
) guanine of DNA in different mouse tissues following
treatment with (14C)-methylnifrosourea (dose; 0.6 mM/Kg
body weight).

(Li = Liver; G = Gut; K = Kidney; Lu = Lung; T = Thymus;

S = Spleen; BM = Bone marrow)

lal
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Fig. 14. Metabolic incorporation of labelled carbon (149) into
adenine of DNA in different mouse tissues following

. - 5. ' treatment with (r4C)-methylnitrosourea (dose: 0.6 mM/Kg
N ‘ : .
~ body weight). /

~

(Li = Liver; G = Gut; K = Kidney; Lu = Lung; T = Thymus;

/ _ S = Spleen; BM = Bone marrow)
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Fig. 15. Metabolically labelled guanine/adepine ratio in the DNA

of different mouse tissues. following treatment with
. (14C)-nethy1nitrosourea (dose: 0.6 mM/Xg body weight)’

(after normalization). -

{(Li = Liver; G = Gdt; K = Kidney; lu = Lung; T = Thymusi

*

S = Spieen; BM = Bone marrow) 4(

'~

f-’

e
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Fig. 16. Methylation of DNA in various mouse tissues by (14C)-
methyl methanesulphonate (dose} 1.2 mM/Kg body weight) -
expressed as molar percent of total bases.

(Li = Liver; G = Gut; K = Kidney; Lu = Lung; T = Thymus;

S = Spleen; BM = Bone marrow)
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Fig. 17. Molar percent of guanine methylated as 7MeG in the DNA
' of different mouse tissues following treatment with
Z(14C)-methy1 methanesulphonate (dose: 1.2 mM/Kg body
weight).
(Li = Liver; G = Gut; K = Kidney; Lu = Lung; T - Thymus;

S = Spleen; BM = Bone marrow)
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Fig. 18. Molar percent of adenine methylated as 3MeA in the DNA
of different mouse tissues following treatment with (14C)-
methy]l methanesulphonate (dose: 1.2 mM/Kg body weight}.’

(Li =.Liver; G = Gut; K = Kidney; Lu = Lung; T = Thymus;
‘ * .
S = Spleen; BM = Bone marrow) -

LN - -
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. Fig. 19. Molar percent of guanine methylated as' 0%-MeG in the DNA

_.t

of different mouse tissues following treatment with (14C)-

o

methyl methanesulphonate (dose: 1.2 mM/Kg body weight). . N

(Li = Liver; G = Gut; K = Kidney': Lu = Lung; T =€hymus;

* 1

S = Spleen; BM = Bone marrow) - ) :

-
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Fig. 20. Proportion of 7MeG in the DNA of different mouse tissues
expressed as percent of total radioactivity due to meth-

ylated purines following treatment with (14Cj—methyl
methanesulphonate (dose: 1.2 mM/Kg body weight). : N
(Li = Liver; G = Gut; K = Kidney; Lu = Lung; T = :l'h’yms;a

S = Spleen; BM = Bone marrow) .

T\ )
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Proportion of 3MeA in the DNA of different mouse tissues
expressed as percent of total radioactivity due to methyl-
atéd purines. following treatment with (14C)—methy1 methane-

sulphonate (dose: 1.2 mM/Kg body weight). =

(Li = LiveP; G = Gut; K = Kidney; Lu = Lung; T = Thymus;

S = Spleen; BM Bone marrow)
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Fig. 22. Metabolic incorporation of labelled carbon (1%c) into
gﬁanine of DNA in different mouse tissues following
treatment with (14C)—methyl methanesulpﬁonate (dose:

0.6 mM/Kg body weight).

Gut; K = Kidney; Lu Lung; T = Thymus;
\7 ’ s

Bone marrow).
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Fig. 24. Metabolically labelled guanine/adenine ratio in the DNA

3
of different mouse tissues following treatment with

(14C)—methyl methane sulphonate (dose: 1.2 mM/Kg body

weight) (after normalization).

(Li = Liver; G Gut; K = Kidney; Lu

Lung; T = Thymus;

S = Spleen; BM

Bone marrow)
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In summary, the following observations were made:

13¢

In terms ¢f the methylation products studied, there were
marked quyantitative differences between MNUA and LMS‘.
Significan,_ly more 06-MeG was generated by MNUA than by
MMS in the DNA of all tissues and t(his was true at all
time ‘points. -

More 7MeG and 06-MeG were generated by MNUA in the DNA of
gut, liver and-kidney than by MMS; the tissues that aré
known to develop .tumoufs showed lesser amounts of these

two products. No such. di fferences were_noted following

-
L4 -

treatment with MMS. , - Tl

MMS, and possibly wi'tﬁ MNUA, 3MeA was reltai‘neq somewhat . -

longer in tissues other than liver 'and kidney, particularly

?
° ~

bone marrow "and spleen. -

b d B
With the exception of bone marrow and spleen, the apparent
rates of loss of the .reaction products from DNA of all

tissues were in the 'order 3MeA >06-MeG > ‘7MeG."
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IV. DISCUSSION 3

The present study was conducted with two alkylating carcino-
gens, methylnifrosoure? (MNUA) and methyl methanesulphonate (MMS). There
were three main objectives: to determing the biological effects of MMS

at toxi’cit'y levels comparable to those of MNUA; to detect, identify and

‘measure the differences, %if any, between MNUA and MMS in their reactions

-

with cellular DNA; and to correlate the observations made as above with

the genesis of thymic lymphomas in Swiss mice.
* * e
Earlier studi-es in this laboratory relating to the im-iuction
of tumours in this strain of mice indicated that both single and frac-
tionated doses of MNUA “given intraperitoneally to adult mice could in-

duce a high incidence of thymic lymphomas (up to 93%) and pulmonary

adenomas (0.70/mouse); it was also noted thatQ the main effect of dose

fractionation was the enhancement, of tumour incidence, weekly doses being

L 4

more effective than daily doses (for thymic lymphomas - 93% and 75% re-

spectively) (Joshi and Frei, 1970).

/

In the present work, MMS was tested under the same schedules

and was 'found‘incapable of inducing tumours of any kind. The results (no
b - )
thymic lymphoma and only O.QS pulmonary adenoma/mouse) (see Results in

.

Chapter III -‘jpc{ion" A for details) clearly suggest that MMS is a non-
carcinogenf in thi;\querinental system. Since the dcvielopient of tumours
must be a manifestation of some initial event or events, it is likely ‘that

MMS cannot, fulfil the neessary conditions needed for neoplasia in this

-
.

test system. .
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It was: suggested by Frei (1970) that bone marrow and thymus

dégeneration foliowed by regeneration might be a step in the genesis of

MNUA-induced- thymic 'lynphonas in this strain of mice. The present re-
urd
sults (see Results in Chapter III Section B for details) are consistent

>

with 'Such a.view. In these expefrimgnts MMS failed to cause bone marrow

degeneration (p >0.01) _although it did cause thymic weight loss (p <0.01);
evidences for the sade failure we;-e obtained with EMS and MNNG (p >0.01),
agent‘s jncapable of indl;cing thymic .lymphomas (Frei, 1971a; Frei ar;d
Joshi, 1973), whereas ENUA, an inducer like MNUA (Frei, 1971a) c:;,used’
- both bone marrow and thymus changes (p <0.01). It thus appears likely
that bone marrow degeneration followed by regeneration is an obligatory
step in thymoma inductioﬂl if it is accompanied by thymic degeneration
and regeneration, thoﬁgh, of course, ot'her:‘ factors such as alkylation of
DNA may be réqﬁired as well:

This interpretation-is in agreement wi}éhe observations of -
Block (1966) using various manipulations of the induction of thymic lym-
phomas in mice by x-rays (Table 25). Inspection of his data strongly
suggests that the develqphent ;>f thymic thoma depended on the co-

existence of a thymic and an extra-thymic factor; they were degeneration

followed by regeneration of thymus and bone marrow respectively.
L]

* * *

-

The second objective of the pres‘ent work concerned the employ-
ment of sa;sitiire methods not only for the detection and determination of
the ’varions mthyl‘ati;r; prc;ducts in DNA but also for the clear separation
of metabolically labelled bases from them particularly in tissues with

high'cell turﬁovor. For this purpose, a new descending paper chromato-
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TABLE 25

EFFECT OF VARIOUS MANIPULATIONS IN THE INDUCTION OF THYMIC LYMPHOMAS
IN MICE BY X-RAYS?

Treatment Thymus Thymus Myeloid% Myeloid = Thymoma
degn. regn. degn. regn.

Total body + + + ‘4 +

irradiation n

Local irradiation + + - - -

over the thymus

Total body irradia- - - + + -
tion with shielded
thymus
. . : b b
Total body irradia- + ) + + + -

tion + injection
of bone marrow cells

Total body irradia- + + + + +
tion '+ transplanted ‘
. thymus
. . E
Total body irradia- + - + + -

tion § testosterone

a Prepared from the data of Block (1966)

b It is probable that this rapid regeneration was due to injected cells
which were not irradiated and thus ngt capable of neoplasia. They

displaced the host's own cells.

)
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.
graphic technique was devised and employed in the present work.

The decision t? attempt to improve the descending paper chrom-
atography procedures, starting from those used previously (Frei, 1971b),
rather than to use more recently developed column chromatography proced-
ure of Lawley and Shah (197éa) had to be taken becapse of the difficulty
and the cost of obtaining adequate quanfities of sufficiently labelled
DNA from small organs such as the bone marrow required for the two types
of column chromafography needed for the required separations. Satis-

factory improvements were achieved by modifications in the solvent system

to give the maximum possible separation of the compounds sought after,

by the lengthening of the paper strip, 5y the use of double exposure
to the same solvent and by partial re-chromatography in a second solvent.
hhring re-chromatography, elution from the first chromatogram and re-
application to a second strip were avoided; instead, the appropriate
portion of the original chromatogram was fixed in the reverse order to
another strip for development. This procedure permitted the needed sep-
aration of the minor product 06—MeG from contaminants in short runs with-
out any loss of radioactivity that might occur during elution (see sample
chromatograms - H{és. 4§ 5).
Modifications were also 1ade in the commonly used mild acid
hydrolysis procedure. Since there is known to be very little methylation
. ,\gf pyrimidines (Lawley and Ihatcﬂer, 1970; O'Conﬁbr et al., 1973}, the
main purpose of the modified design was to release all the methylated
purines with as little destruction as possible and this was achieved by
o | hydrolysis of DNA in 0.1 N HC1 at 100°C for 30 minutes.

— .

~p

L ]




e

135

Validity of thg;presént data: K\ ‘ ‘
N

The present analyses demonstrate both identified and unidenti-

fied radioactivity. It is known that alkylating agents react with DNA
bases at various sites but whether they esterify phosphates still Ye-
mains debatable. Two reports are at present available that provide com-
pelling evidence in favour of phoéphate alkylat}on mostly in the form

of triesters; the reports further sﬁow higher triester formation with SNl
agents than with‘SN2 agents (Bannon and Verly, 1972; Lawley, 1973).

The unidentified radioacgivity was always detect;d in the area
from the "origin' to the first identified product, i.e., guaninez in the
chro?atogram (Fig. 4). The proportion varied ffom 10 to 50% but averaged
about 30% in the MNUA sertes and 20% in the MMS series initially, rising
to about 40% at later times (Fig. 25). .

The nature of this material is unknown. It could be, judging
from the work of others (Bannon and Verly, 1972; Lawley,‘1973), phosphate
methylation, especially with MNUA, and this woulci account for the higher
amount of unidentified material with MNUA than with MMS in the first two
hours. At later times, a cpntribution by metabolic incorporation of .
labelled carbon into pyrimidine hases is to be expected (O'Conn;r, et al.
1973). Contamination by other methylated or metabolically labelled bio-
logical nacroﬁblecules,~such as RNA, protein, ané glycogen could conceiv-

\«

\ 4
ably 4dccount for this unidentified radioactivity and for its variation
8

from sample to sample depending on the effectiveness of the DNA isolation

procedure. Such contamination oughttpot to be significant because_in the

isolation procedure used, measures were taken with all the tissues at all

bl
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F1g 25. Mice treated with either (é‘iC') -methylnitrosourea (dose:
0.6 mM/Kg body weight) or (NC)-mthyl methanesulphonate
(dose: 1.2 mM/Kg body weight) - DNA isolated from diff- .
erent organs at various intervals, hydrolysed and chro-
" matographed. The unidentified radiBactivity is expregs- ~
ed as percent of total radioactivity. |
(Li = Liver; E ® Gut; K = Kidney; Lu = Lung; T = Thymus;

S.= Spleen; BM = Bone marrow)

k7
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time points to obtain ;;mples of DNA free from the known common contami -
nants (e.g., RNase treatment and ethoxyéihégol precipitation tq elimi-
naté'RﬁA; double phenol extraction to eliminate profeiné; and high speef
centrifugation to eliminate glycogen). It is not possible, however, to
say with certainty that the las; trace of ;mpurity was eliminated.

'The unidentified material does not contain unreleased DNA
purines (methylated or not) becausé these‘are known to be liberateq
quantitatively by the hydrolysis procedure used (see Table 26 showing
a.co-pariSon of anflyses of the same samples of DNA by Dr. P. D. Lawley
tmd.the author) . |
The identified radioactivityhconsigts of metabolically labelled

’

as well as methylated *purines. It shows that there,is measurable meta-

bolic incorporation of the '14C-labelled methyl group of MNUA or MMS into

+

guanine and adenine; the extent of this incorporation increases with time;

as, expected, there is a marked tissue variatiqn with the greatest incoie-
poratiog in tissues that contain the highest propoftion of cycling cells.
In some .;aqales of wA 9(;% of all the radmactlvxty is accounted for by
the letafmhcally labelled purines (Fig. 26). A feature of major impor-
tance in this work is the clear separaticn of methylated purines from

.- metabolically labelled purines. A failure to'aqhieve a full separati

would result in over estimation of the extent of DNA methylation (Frei,

-
-«

> | 1971b). 3 |
o é.‘ = The time-course ﬁ‘attzn- of alkylation with MMS reveals that the.

“ maximal -ethylatién i% attained at about 2 hours.(Fig. 16). Similar stud-
ies with MNUA do not penit\td state with gcertainty tl}e timing of peak - .

ation becwse of a large standard deviation in analytical results

b ween tissues and between products. However, it appeared to occur some
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TABLE 26 1

Ry

GUT DNA ISOLATED 4.5 HOURS AFTER MNUA AND MMS -

Comparison of analyses done by Dr. P. D. Lawley and the author

%

(expressed as percent of all dpm)
4
{

\

o~

. * _MMS MNUA -
Lawley Waitra Lawley Maitra

Unidentified activity 19 . 31 27 | 34

Guanine + Adenine 57 47 30 33

¢ , Total (not alkylated bases) : 76 78 57 67

| 7-methylguanine 19 20 36" 29
3-methyladenine - 1.4 2.2 0.8 1.6
6-methoxyguanine 0.08* 0.2+ 4.7 ' 1.9

“* Not significant

Dose: MNUA. - 0.6 mmole/Kg body weight intraperitoneally

MMS - 1.2 mmole/Kg body weight intraperitoneally

—— e




¢

Mice treated with either (;4C)-methylnitrosourea (dose:

0.6 mM/Kg body weight) or (14C)-methyl methanesul phonate
(dose: 1.2 mM/Kg body weight) - DNA isolated from diff-
erent organs at various intervals, hydr;nysed and chro-
matographed. Radioactivity due to labelled guanine +
adenine is expressed 4s percent of total krown radio-
activity.

(Li = Liver; G = Gut; K = Kidney; Lu = Lung; T = Thymus;
SK= Spleen; BM = Bone marroﬁ)

v
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1

time around 2 to 4.5 hours.

Of the several factors that may influence the extent of alky-
lation either in vitro or in vivo, the one which is probably the most
important is the half life of the agent concerned. The half lives of
WUA’and MMS in‘ d'iffere;xt mouse tissues are not known but it may be ex-
pected that they would not be longer than what they are in vitro under
physiological conditions. At pH 7.4 and 37°C, MNUA has a half life of
about 16 minutes while MMS has a half life of about 5 hours (Thatcher,
1971). Some information about the life time of these two jagem:s in rats
is available; given single doses intravepously, the life times of MNUA
and MMS have been found 'to be 15 minutes and 1.5 hours respectively (Swann,
1968). From these data, it may be expected that the half lives of MNUA «
and MMS in mice are likewise short -and the bulk of alkylation wo;lc_! be
over by about 30 ’miriutes in case of MNUA and by about 3 hours in case
of MMS.

Following treatment with MMS, the observed timing of maximal

\\\ alkylation (statistically shown in-Table 27) conforms sa‘tisfactorily with
) Ehg\r:eported rate of hy&rglysis of t,his~ager‘1t in g_\{_g and agrees with the
obser\;;fi”dﬁs‘ of 0'Connor et al. (1973) that the highest level of: alkyla-~
tion.in rat li’ver DNA was achieved between 2 and 4 hours.

.Following treatment with MNUA, ‘the time-course pattern of alky-

J
lation appears not to agree with the known rate of hydrolysis of this

agent because methylation of DNA seems to continue well beyond 30 minutes.
JIn preli%nary experiments of a similar nature done independently by Dr.
J. V. Frei with MNUA, an almost identical pattern of alkylation was ob-

s
served, i.e., maximal alkylation occurred at about 4 hours, despite errors
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Part I - Total alkylation of DNA following MMS expressed as

dpm/mg DNA/mCi/mmole of dose with mean, variance and

standard deviation.

Tissue - At 0.3 hr At 1 hr
Gut 536 748
Liver . 756 886
Spleen 619 917
Thymus 506 927
Bone marrow " a7 750
Lung / 507 1072
Kidney 531 897
X 557 885
v 10294 12483
s.d. 101 112

Part II - Comparison of the means

Time
0.3 hr vs 2 hrs

2 hrs vs 12 hrs

At 2 hrs

1160

954

1052

968
809
1007
| 999

993

11267

106

Calculated 't'

7.86

10.84

*?

At 4.5 hrs = At 12 hrs
o

554 ~ 414
649 587
631" 521
589 477
~532 371
544 423
603 526
586 474 -
1999 - 5750
45 . 76 '

-

-~
[

Significance (p<0.01)
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in quantitation due to imperfect chromatograhic separation of guanine
and 7MeG (Fig. 27). The similarity of these two patterns may be viewed
as a confirmation of the present observation. The reason for the dis-
crepancy betwgen the-time-course of alkylation and the half life remainsw
unclear at pregent.

The proportions of alkylated purines are, in general terms,
mich like those reported in the literature for other DNAs alk}lated by
the same agents either in vitro or in vivo (Table 28). An analysis of
some of the samples by Dr. P. D. Lawley shows good agfeeme;t with the
present results with one exception (Tab;e 29). The proportion of 06r
:MeG in the system used here is about half 6f<£hat determined by Dr.
Lawley. Part of this is accounted for by destruction of this product
under the hydrolytic condltlons used. However, measurement made on the
destruction of pure 0 -MeG 1nd1cated that the results would be lowé¥ by
only about 25%. The re;t df*the d1fference appears a systematic oné;
i.e., 1nvolw1ng}a11 samples about ?Pe same way. This eoncéivably coul&
be due to an RNA contaminant” sincé RNA is reported tb contain less
0 ﬁpﬁ (Table 30), thus lower1ng the total proportion of this product,.
But such a ﬁ0551b111ty is unllkely The~full-explanat1on of this aq?maly

: -s not clear at the moment but excessive destruction beyond that deter-
mined by the study of the authéntic~c6mpound appears likely. The present
data for 06:MeG sﬂodld thus be interpreted as positive identification of
66:§eG (or abseﬁce) but the validity of the observed Ch%ﬂ%ﬁs in its level
with time yet remains to be established.

._

»



Fig. 27. Molar percent of guanine methylated.as 7MeG in the mouse

!iver DNA following treatment with (MC)-methylnitrosourea

(dose: 0.6 mM/Kg body weight) (preliminary data of Dr. J.
V. Frei).
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TABLE 29

GUT AND LIVER DNA ISOLATED 4.5 HOURS AFTER

Comparison of analyses done by Dr. P. D. Lawley and the author

(expressed as percent of all puriges)

N

Gut Liver
Lawley Maitra Lawley Maitra
- 7-methylguanine 85 89 82 92
3-methyladenine 2 S 4 4
6-methoxyguanine 11 6 10 3
Other methylated purines} <5 <5

¢

Dose of MNUA: 0.6 mmole/Kg body weight - intraperitoneally



TABLE 30

METHYLATED BASES IN RNA EXPRESSED AS PERCENT OF TOTAL / R

METHYLATED BASES

ih \ritroa

MNUA DMS
1-methyladenine 3 13
3-methyladenine 0. 7 1
7-methyladenine ] 2 2
3-methylcytosine & 1 12
7-methylguanine - 80 . 60
6-methoxyguanine 3 trace

a Data from Lawley and Shah (1972)

b Data from O0'Connor-et al. (1972) '

\

2]

o ——

in vivob
DMN MMS -
1.6 10 ‘
1 3 HN
0.6 1.9
2 8
854 75
4 trace

19
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Evaluation of the results:

J

The study of t};e alkylation products due to MMS shows a near-
) ) identity of Fhe res%lts ie all tissues. If, therefore, the tissues are
considered as multiple samples: a statistical evaluation becomes possible.
In ordér to do this all the data were normalized as dpm/mg DNA/mCi/mmole
of dose given (Table 31) and the means and s.d's plotted (Fig. 28).
The MNUA data were treated the same way for comparative purposes (Table
32, Fig. 28)., |

Using this approich, the ¥ollowing definitive observations can

. 4 be made: ' Y - .
~p ' a) 'I‘he vgriance &ratlos between the corresponding MNUA and MMS
. data for 7MeG show that the FNUA s.d's are signdi ficantly larger than the
q.’ MMS ones (p.<0.01) 1nd1cat1ng that the tissue d1fferences in the level of

7MeG seen with INUA are significant compared to MMS (Table 33 - Part 1);
the level of ‘meG with MNUA is ingthe order liver > gut (large and small)
~> kxdnex > lung > thymus > spleen > bone marrow. This is in good agree-
ment with the observations of kleihues and Magee (1973) that the level of
7MeG following MNUA at 2 hours in rats was in the order liver > brain

> ileum. Tissue differences of similar nat,pre are also possibly true
with respect to the level of 0 —MeG (Fig. 28) but due to the facts al-

v ready discussed .i_uch a conclusion eannot be’ drawn with certainty.

b) The. 3MeA variance i-afios between the corresponding MNUA

and ms data, on the other hand, except at 0.3 hours (20 mnutes) are much

smaller and’ several are.not sxgmfu:ant (Tnble 33 - Part 1). Therefore,

the tissue differences in the level of 3MeA may be si

icantly less

than those in "MeG .
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o TABLE 31
4 i
Methylation products of DNA following treatment with
< MMS (dose: 1.2 mM/Kg body weight), '
with mean, variance and standard deviation 4 ~
-(expressed as dpm/mg QWA/ﬁCi/mole dose) v
Tissue At 0.3 hr . At 1.0 hr
MeG MeA  0%MeG 7MeG .3MeA 0 MeG
: " ¢
Gut 459 64.3 5.9 726 11t 12.2
. - 4
Liver 634 77.9 6.8 766 99" 7.1 .
Spleen 543 71.2 3.1 . 806 106 o 4.6 :
. Thymus 430 66:3 3.0 788 115 9.2
Boné marrow - 366 - 69.7 4.0 . 639 103 7.5 , -
Lung . 429 " 68.4 2.5 . - 896 154 8.6
R ’ ‘ v bow
Kidney 455 ° 66.9 3.2 772 103 7.2
X 474 69.2 4.1 770 113 8.1
v o 7762 19.7, 2.7 6152 - 356 5.5
s.d.” . 88 4.4 1.6 " .78 18.9 2.3
. 4 - \ . -
PR N ’ '
: . o )
- 43
* oY "
[ 4
« ; 5 \
- ) . F;,,“' .
. ¢ . 5 ’
’ ' 5 “ ~
- - R ‘ ’d’ o
. N
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TABLE- 31

s

Methylation products of DNA following treatment with

& MMS (dose: 1.2 mM/Kg body weight),
. - k
& ' withvmean, variance and standard deviation

o ' ' (expressed as dpm/mg DNA/mCi/mmole ddse)

N~ r

> At 2.0 hrs At 4.5 hrs ) At 12 hrs
T™MeG  3MeA 0 MeG i 7MeG  3MeA. 0°MeG MeG  3MeA  0°MeG
. 1018 135 7.0 495 53.2 5.5 . 370 43.9 -
: < 844 105 4.8 609- 39.6 - 553 35.3 -
010 139 " 4.2 530  97.7 4 2.5 438 83.3 -
’ 834 132 2.0  s11  78.8, - 425 52,0 ¢ -
’ ' : - 668 138 4 - 3.2 . 419 112.4 - 1.1 300 71.6 -
a ‘} 8(723 130 " 5.0 476  66.4 1.6 376 47.0. ' -
.
876 119 4.0 560 42.8 - 492 34.2 -
- 860 128 a3 514 701 422 52.5
10943 -~ 154 25 3706 766 " J005 341
. , 105, % 12.4 1.6 60.9 27.7 . 83.7 18.5
” . LI - 2 ~ .
L , T - Y-
. ’ « g, & <
- . “ '
’ \




Fig. 28. Mice treated with either (14C)-nethy}q;trosourea
i (dose: 0.6 mM/Kg body weight) or (14C)=methy1'methane-
sulphonate (dose: 1.2 mM/Kg body weight) - DNA iso@ated
from different organs at various intervals, hydrolysed

and chromatographed. Shows mean values of the indivi:

dual products + s.d. (after noMmalization).

-

-
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TABLE 32

Methylation products of DNA following treatment with .
MNUA (dose: 0.6 mM/Kg body weight),
with mean, variance and standard deviation

(expressed as dpm/mg DNA/mCi/mmole dose)

Tissue : At 0.3 hr .. . At 1.0 hr
7MeG  3MeA  0°MeG TMeG  3MeA  0°MeG )
Gut 2344 200 52 2795 175 98
Liver 3966 274 141 3562 209 119
Spleen 1356 215 72 1338 149 49
Thymus 1246 152 52 878 142 40
Bone marrow 1217 209 91 1124 139 69
Lung 1406 145 63 1927. - 187 63
Kidney 1040 283 57 - . 1999° 1727 45
X ’ * 1925 211 75 1946 168 69
v 982816 2855 1024 920233 664 866
s.d. 991 53.4 32 . 959 @5.8  29.4
) .
' ' 3
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TABLE 32

o

Methylation products of DNA following treatment with
MNUA (dose: 0.6 mM/Kg body weight),
with mean, variance and standard deviation

(expressed as dpm/mg DNA/mCi/mmole dose)

At 2.0 hrs At 4.5 hrs At 12 hrs
MG  3MeA  0°MeG TMeG  3MeA  0°MeG TMeG  3MeA  0°MeG
2970 196 95 3300 189 215 2286 165 92
3704 269 124 6329 276 235 3612 153 113
1755 214 67 1721 * 166 110 1271 158 40
1304 147 36 1833 201" 83 1493 123 43
1375 176 96 1339 201 147 S
1402 183 s 2241 166 128 1280 100 49

. 2555 ¢ 236 63 2816 145 242 1917 123 64

« 2165 203 77 2797 192 166 1976 137 67

859182 1647 866 2875061 1798 4128 798161 648 876

t9
o
o)

927 40.6 29.4 1696 - 42.4 64.2 893 25.5

S

.
3
Sy




Part I:

Time

0.3 hr.
1 hr.

2 hrs.

4.5 hrs.

12 hrs

Part II:

‘

Time

0.3 hr.
1 'hr.

3 .
2 hrs.

4.5 hrs

" 12 hrs.

TABLE 33

§

VARIANCE RATIOS MNUA/MMS (Mean values)

MeG

Ratio Significance (p<0.01) Ratio
127 + 145
150 3 1.81

o .
79 + . 10.69
775 + 2.35
114 + v 1.90

157

3MEA

DIFFERENCE OF MEANS - MNUA vs. MMS

Significance (p<0.01)

TMeG 3MeA
Calculated 't' Significance Calculated 't' Significance
: (p<0.01) " (p<0.01) *
3.86 + » 7.48 +
3.23 . ' 4.56 ‘ .
3.70 . ' " 4.68 .
3.56 . 631 .
4.61 . 6.93 .
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c) Comparison of the means between the first, maximal and

last values for the MNUA data are not statiétically s'ignifi'cant for 7MeG,
indicating that the rises and falls and t}le timing of peak level cannot
be deduced from the data:as already noted. 3MeA and OG-MeG, on the other
hand, show significant declines from peak levels (Table 34). While the
average level of 3MeA is seen to go down to about 67% of the average

peak level over the period from 2 to“12 hours, the actual extent of “de-
c{ine of 06-MeG over the period from 4.5 to 12 hours cannot be agcertain-
ed due to possibility of unknown losses dulxl'ing hydrolysis.

d) Comparisorxof the means between the first, maximal and last
values for the MMS data show significant rise and- fall in the levels of
MeG and:SMeA (Table 34). The average level of 7MeG is seen to go down
to about 50% while the level of 3MeA goes down to about 40% of the aver-
age peak levels over the period from 2 to 12 hours.

e) On a molar basis, as shown by :significant differences in
means (Table 33 - Part II), MMS is lfss effective in alkylation ag N-7 po-
sition of éuanine and N-3 position of adeni.ne, than MNUA.

f) MNUA generates 06-MeG whereas MMS produces very little, if A
any, of it (Fig. 28).

- The extent of DNA base alkylation in different tissues at any

particular time is probably a reflection of the total effect of two

¥

-opposing sets of conditions acting simultaneously or in sequence.

a

* Those included into the list of conditions enhancing the ob-

-served alkylation are:

1) Avail'ability of the alkylating species. This would depend,

]

as already discussed, primarily dn the rate of hydrolysis of the agent

'

" and its penetration to the requisite site in the tissue. However,




TABLE 34

a DIFFERENCE OF MEANS - PEAKS vs. 0.3 HR. OR 12 HRS.

Product

7—methy1§uanine

3-methyladenine

06-methylguanine

7-methylguanine

- S—methylagenine

OR 1ST AND LAST VALUES.

MNUA

Time * Calculated 't' Significance

. (p<0.01) .

4.5 hrs vs 0.3 hr 1.17 -

4.5 hrs v;‘12 hrs 1.06 -

0.3 hr vs 12 hrs. 3.00 ) +

2 hrs vs 12 hrs - 3.44 +

4.5 hrs vs 0.3 hr 3.36 +

4.5 hrs vs 12 hrs 3.14 . + '
MMS

2 hrs vs 0.3 hr 7.47 | +

2 5rs vs 12 hrs 8.66 . ' )+

2 hrs ;s 0.3 hr } 11.8 +

2 hrs vs 12 hrs 8.99 . +
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Alexander et al. (1961) and ngt et al. (1962) produced evidenZ;”;or a
slow transalkylation reactionﬁkfder physiqlogical conditions from tri-
ester p::E;hages to DNA bases f%llowing alkylation by monofunctional
n;trogen mustard. If such a process does also operate in vivo. ié might
raise the overall level of base alkylation with time. |

iiiﬁ Poorly alkylated cells may be eliminated by celi death
and thuS raise the average level‘of alkylation. There is no.informa-

tion available to suggest such a situation.

Those included among the conditions decreasing the observed
alkylation are:

i) Spontaneous or‘chemjcal excision of alkylated bases with

L]

»
consequent single strand breaks in DNA (Strauss et al., 1969). Lawley

and Brookes (1963} have demonstrated that at pH 7 and 37°C, ™eG is‘;em
moved from DNA with a half life of about 150 hours and 3MeA is removed
With a half life of about 25 hours. Methylation of the 0%-position of
o .

guanine in DNA, on the other hand, does not result in chemical lability
and the methylated base is stable at 100°C at pH 7 for 20 miﬂutes (Lawley
and Th?tcher, 1970).

. ii) Specific enzyme excision. The available information on
the enzyﬁiC‘excision of 7‘eG in bacteria (Olson ;;é‘ﬂcCalla, 1969;
Lawley and Qrr, 1970) or in -a-nalif? cells‘(Roberts et al., 1971;
Margison et al., 1973) 4s contradictory. Howéver, in bacteria (Lawley
and Orr,_1970)'and in mammalian cells (O'Connor et al., 1973) ihe rates

of loss of 3MeA and 06~MeG;suggest that these two products may be excised

enzymically.
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iit) Cellular necrosis may take place with loss of highly
aikylated cell¥s. This would lead to an overall lowering of the level
of alkylation of DNA as isolated. 7
iv) Dilution by the newly synthesized DNA would lead to a
lowering of overal{/level of alkylation, a factor particularly likely

to influence the observations on tissues with a high proportion of
» .

cycling cells. »

A 3
Following MMS, 7MeG is lost from the DNA of all tissues faster

than can be accounted for by chemical excision (estimated half life is

el

about 10 hours). Sinée the literature does not definitelf"iuplicate
active excision process for this product, it is not possible at present
to decide whether the observed decline is due to enzymic excision or

due to 6ther factors as noted (i.e. dilption etc.). 3MeA, en the other
hand, disappears faster, in some tissues with an estimated half life
range of 3.5 to 14 hours. Craddock (1973) found the half life of IMeA
in vivo (rat liver DNA) to be about 7 hours. Since the chenicaf/?ability
‘of the base does not fully accoung for this rate of loss, it is likely
that 3MeA may befexcised enzymically in some tis;ues.

- Further evidence for specific enzymic removal of 3MeA follow-

'ing MMS may be obt#fned by taking into consideration the ratios of 3MeA/

7MeG at different time points. While the affinity of the various posit-
. ions on the°purines for the alkyl group of an agent may vary, the pro-
B portion of the alkylated bases cannot change with time unless one or the

' other is removed preferentially. Such calculations were therefore made

(Tables 35 - 37, Fig. 29).

s
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TABLE 37 <§
= ©
Part I: Variance ratios 3MeA/7MeG (Mean values)
s N
MMS
Time !J Ratio Significance (p<0.01)
- | ]
0.3 hr vs 1 hr 1.14 -
4, -
0.3 hr vs 2 hrs ‘ 1.51 .« -
0.3 hr.vs 4.5 hrs 9.98" .
0.3 hr vs 12 hrs 8.06 .
S C:? . ’
, MNUA
o!hr vs 1 hr * 1.14 ' -
0.3 hr vs 2 hrs ’ 2.30 . -
e
0.3 hr vs 4.5 hrs~ " 1.02 - : @
0.3 hr vs 12 hrs 2.02 % ., -
Part II: Comparison of means - 3MeA/7MeG ratio A
v ‘ s .
FER A » .
Time _ Calculated 't! Significance (p<0.01)
MNUA - 4.5 hrs vs 12 hrs 3.11 .
. MMS - 2 hrs vs 12 hrs ~7.24 . _‘ +
& ! .
Part II1: Comparison of means - 0%MeG/7MeG ratio
Time * Chl¢ulated 't! Significance (p<0.01)
' ) - ' ° 14 N
4.5 hrs vd 12 hrs - 3.15 “* L
' »
’I ‘-




- Fig. 29: M1ce treated thh elther ( C) n?/ylm(/ourea (dose: ¢ .

0.6 p‘d/Kg body we;ght) or G C) methyl xpe;hanesmﬁyhor}ate
(doSe 1 2 mM)‘l(g body welght) - DNA 1solated from diff-

H

»

‘érént organs at vanous ‘1ntervals, hydfolysed and chroma-

_,4,tographed, Shows the ratxos of 3Me}\/7MeG and of 0°-MeG/

L e - -
7MeG Gafter normallzatlon} : S e , ",

ki ~

(Li = LLver, (;Q- sdt I( = Kldney, Lu = Lung,\ Thymus.

i . i .
= Spleen; BM:=-Bone marrow) -
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.

* This approach demo?iprét;s‘preferent%al removal of 3MeA over
7MeG and reveals significant tis§%e differences with respect to this
capacity. It may be observed that the 3MeA/7MeG fatios*for MMS are
tightly clustered for all points and tigsues during.alkylation (first 2
hours), then the points diverge, showing marked fall in liver ;nd kidney'
while in other tissues it declines slightly (in bone marrow and spleen'_
the ratio rises) (Fig. 29). This is shown statistically in Table 37," .
where 3MeA/7MeG ratios for MMS show significant differences in variance
at early vs late time confimming pfefeg;ntial removal of‘SMeA and'also
suggesting a change in behaviour of tissues. This observation is indica-
tiQe of a relative failure of a probabl® enzymic removal of 3MeA from
DNA in tissues other than liver and kidpey, partiéularly bone marrqw and
spleen. Such a fa{}ure couhp be due to a relative lack of the égeciéﬁc
enzyme, or a partial inhibition of the enzyme, ‘or imactivity of the
enzyme during active cell cycle.

An examiﬁation of similar ratios for MNUA data does not lead
.. . ~>
.to a clear-cut conclusion because of the tissue v§riatioﬁs‘in overall
DNA alkflation and thus of large standard deviations in the overali re~
sults (Table 37, Fig. 29). The MNUA results are consistent with prefer-'
ential removal of 3MeA, but not stati;tically significantlyfso.’
The comparison of Fhe means of the 06-MeG/7MeG ratio after

-

MNUA at peak and lower average points show a significant fall suggest-
_ing preferential removal of OG-MbG but the validity of this inté!preﬁ
: NG |

tation is uncertain because, as noted, the actual extent of 0°%-MeG for-

.
.

mation and disappea

ce remains undetermined due to an uncertain amount .
’ »

of loss during hydrplysis.‘: C .

A . -
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Significance of the observations in c in sis:
gn 3 n_carcinogene

In terms of potential signIficance for the understanding of
the mechanism of'carcinogenesis in the mutine system used, three obsér-
vations emerge a§ the most impéztant:

a) 66-a1kylation of guanine

b) brobable lack of specific DNA repair in target tissues

¢) the necessity for thymus and bone marrow regeneration in

the genesis of thymic lymphomas.

<

The hypbthesis that acquisition of a heritable gchange is a

¥
o~

s

~

step in carcinogenesis is supported by the first two of these observa- )

tions. MNUA is found to generate an easily measurable amount of OG-Mébwpro—
duct in DNA of all tissues whereas MMS gene;ates‘very little, if any, of

it. MNUA is and MMS is not a carcinogen in the pest system used. The
fﬁnding of ; differgnce inkthe geéération of 06—MeG is in agreement with
previous ob;ervations that this base is formed in ;he nucleic acids by

Sleag nts which are also po%ént carcinogens and mhtagens (Loveless, 1969;
. Lawleép

and Thatcher, 1970) and very little is formed by SN, agents with

2
low oncogenie and mutqgénic potencies (Lawley and Shah, 1972b);

_‘Genetic st;aies of alkylation mutants in bacteria and bacter-
iophages have shown that most mutat{onal events anolved‘guanine to
adeniné transitions (Kreié,'»963; Osborn et al., 1967). Adcording to
the Watsoﬁ-Crick model of (DNA'structure and’replicatioﬁ, guanine would
mispair wi%h thymine only if there is no p?oton at N-1 site. Alk}latioﬁ
at.N-7 bosition of éuanine would.increase the'gcidity pf its N-1 atom,‘
hencé increase the proportionlof proton deficient form (Lawley and Broékqs,

1961), but this situation does not necessarily guarantee mispairing with
- [ . ¥

A
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thymine. In fact, no evidénce for miscoding Qy MeG havg been found
with RNA templates (Ludlum, 19%0) or with -DNA templates (Hendler ?{ al,,
1870). Fu?the;, the failure of MMS to induce érgnsition mutation in
extra-cellularly treated T-even phages cannot be satisfaétorily ekplgined
although 7MeG is the bulk reac;ion product (Loveéless and ﬁampton, 1969).
Even in the mouse syétem, MMS has been shown to induce very few éoi;;
mutations-(Russell et al., 1870).

It appears, therefore, that the position of 7MeG as a muta-

genic factor is not very firm; everd if it is.assumed that 7MeG is poten-
<

"tially mutagenic, the probability of its actually inducing mutation is

low.
& On ;he-dther hand, ghe formation of 06—MeG guarantees that
; the alkylated molecule would remain in the enol form wiéh no prgton at
N-1-site, the ideal pre-cbndition for mispairi;g'with thymine (Loveless,
1969). Thus, the probability of miscoding-appears much greater with
0°-MeG than with 7MeG. ‘
Despite the fact‘éhat 06-MeG has the greater brobébility of -

* inducing transition mutation, its role in carcinogenesés has ﬁot @een
satisfactorily established as yet, in that in ;his.exper{mental work ;11
tissues have this compound in their DNA following MNUA but only some be-

N come neoplastic, i.e;; lung and thymus (with the assistance of bone
marrow) : It has alXo been shown that not all SN, agents are carcinogenic
in this mouse system, e.g., MNNG (Frei and Joshi, 1973). It seems,
therefore, that the formation of;06-MgG may be a necessary but not suffic-

) ' ient factor inlneoplasia (cf., Craddock, 1973).'

Kleihues and Magee (1973) have contrasted the effects Tf MMS

and MNUA on rat nervbus tissue tumour development, -although both agents

v
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. [ ]
induced tumours, only one, MNUA, induced 06-MeG in brain DNA in their

—_

hands. It ﬁust be noted; however, fhat at comparable doses MNUA ga
an over 90% incidence of brain tumours (Druckrey et al., 1965) while
the incidence with MMS was 7% only (Swann and Magee, 1969). This is
close to the twenty-fold differencé in 06—MeG production detected by

Lawley and Shah (1972b) by MMS in contrast to SN, agents. It is, there-
. red

1

fore, possible that exact quantitative relationships have to be estab-

lished before the importance of 06-alky1ation of ‘guanine is clarified.

6

The present results support the contention that 0 -alkylatior of guanine

may be important. ‘ - f "4
ﬁammalian cells have been reported to repair damage to DNA
induced by alkylating,agen£s (Roberts et al., 1968;-Hahn et al., 196?:
Avad et al., 1969; Lieberman et al., 1971; Roberts, 1972), but it is
not fully established what damage is repaired,'whéther ghe original base
seﬁuence is restored or éhether only the DNA template is restored just
sufficignt ‘for replication to occur and for tﬁg cell to survive but with
DNA sti}l modified such as to 1eaa to subsequent mutations. Since,

however, as far as is known, repair follows MMS treatment as much as MNUA
7

treatment, an observation with which the presént results are consisteht,'

r

I
A
-

an involvement of repair in carcinogenesis could more likely be In iistur-

-

_bances of repair. There could be a decrease or absence of repair, or a

slowing of the repair process,.both of which would favour thﬂoexpressipn
I ‘¥

of the mutational potential of OG-MeG, particularlv in cycling tissues.

The contribution of the present work -is the detection of a
- . .

-definite p}obébility that the target tissues, at least for thymic lym-

phoma induction, lacked the ability for preferential removal of 3Megl

“~
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from their DNA. This indication of lack of DNA repair, in com‘bination‘
wiﬁx 06-MeG (and thus only following MNUA treatment) could increase the
yield of forward mutations of the GC -+ AT type sig;ifica'ntly. This
observation therefore also supports the hypotheéis tﬁaf acquisition of
a heritable chagge is a step in carcindgenesis. .

Slowing of DNA repair may have some role in alkylaf‘ion carcin-
ogenesis as has been Sugges.ted by Damjanov et al. (1973). They studied
the repair pattern of rat liver DNA after intraperitoneal injection of
single carcinogenic ddses of MMS (120 mg/Kg body weight), MNUA (80 mg/Kg
body weight), DM (10 mg/Kg body wei'%ht) and'LMAM CZS“mg/Kg body weight)

-

in partially hepatectomised animals and showed that repair is not .com-

‘plete even at 14 days following the two hepatocarcinogens, Dﬁi and MAM,

whereas it is complete :bg‘/’48 haurs after MMS (Cox et <al., 1973) and by

6 days after MNUA (qumj/anov ‘et al., 1973). The present results have

shown 110 clear-cut early decline in the levels of alkylatien following

MNUA (Table 38) in contrast to MMS. This is compatible with a possibil-

ity of slowing of DNA reﬁair foliowing MNUA, but not a good evidence for

it.

v

-
~

pair errors may also contribute to mutations b); carcinogens, if there is

As with bacterial systems (Witkin, 1969), post repli—cation re-~

o

..a shift to this type of repair following carcinogen treatment (cf., Roberts,

1972). The present results shed no light on this alternative.

.

These possibilities suggest that more detailed studies of DNA

repair in this System are needed.
- -

That a combination of events need be present for tumours to

develop, has been showr!‘ in the skin of 'r'nicq (Berenblum and Shpbik, 1949;

. oL N
* \_ - * ,




TABLE 38 rr

[

Part I - Total ﬁalkylationiof DNA following MNUA expressed as

dpm/mg DNA/mCi/mmole of dose with mean, variance and

‘standard deviation.

T -
| \\ﬁj » ‘
Tissue At 0.3 he—" At 1 hr At 2 hrs At 4.5 hrs At 12 hrs
Gut © 2598 3072 M -3264 3704 2546
Liver 4421 * 3863 4133 690 3913
Spleen " 1644 1536 2038 1999 1468
Thymus 1451 1062 1487 2117 1659
Bone  marrow 1518 1325 1647 ‘ 1686 .-

~\_ Lung- 1614 2179 1747 2552 1430

— * -
Kidney 2280 2238 2874 - 3226 2128
{ . ‘ "

X 2218 2182 2456 3169 2191 .
! V. . 1129006 1004528 985127 3213391 896030
s.d. 1063 1002 993 1793 947
' ,
. ) Part Il - Comparison of the means
Time . ot Calculated 't’ : Signifi‘cance (p<0.01)
- " © 0.3 hr'vs 4.5 hrs A B3 -
4.5 hrs vs\li’, hrs - 1.20 : ’ - .

g
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. “ . .
Boutwell, 1964). With skin carcinogens, one such event may be muta-
genic ard the other is always associated with some d_egree of hyperplasia
.though perhaps only sustained markéd hyperplasia isw%ffective {Frei and
Stephens, 1968).\ With alkylét}ng carcinogens too, sf}ong evidences ﬂave
been produced by Craddock £}951a; 1971b; 1973) that cell replication is‘
a necessary factof in carcinogenesis in addfition to the formation of
06-MeG. The present study stromgly suggests this view. Only when the
appropriate target tissues have undergone a significant degree of hyper-

r

plasia (while containing mutated cells perhaps) did tumours’develop in
tissues which in;tially had the 06-M?G product in their DNA. This was
so specifically for the thyyus and bone marrow dﬁring thymoma develop-
ment, the third key observation in this work. The role of reparative
hyperplasia in target tissues may be to multiply the miscoding error
many ¢imes and thus ;nable some of the pre-neoplastic cells to forT
"criifcal—sized cloneg" which according to Berepblum (1557) is essentgal
for neoplastic manifgstiong
From the viewpoint that a state of immunosuppression favours

the surv@val and outgrowth of early tumour cells, there may be yet
.anotfer difference‘bef;een MNUA and MMS. Like man§ other alkylating‘ '

v %

-~ * . s : Y .
agents capable of inducing tumours,a leukaemogenic dose of MNUA in neo-

natal mice was shown to cause marked and long lasting impunological de- _

-

- ficit as assessed by splenic plaque forming cell determination and hae-

magglutinin titration (Parmiani et -al., 1971).

¢

WhethervMNUA does reduce the immunolog{\ l,éohpetence of these
animals as judged by the above criteria was neither investigated in this -

system previously nor in the present study. It may be assumed that it

L]
i

4
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does, at least for a short period, particularly since it was shown to

cause temporary thymolymphoid and myeloid degeneration.

o,

MMS, on ihe other hand, failed to cause significant thymo-

lymphoid and myeloid degeneration and no reports concerning its gffects

-

on the immunological functions are available at present.
No further study, also, was made in the present work of the

role of the virus that is known to be  somehow involved in the genesis

ofgf’hymic lymphomas (Ball and McCarter, 1971: Frei et al., 1973).

Ly

v

Ny
A
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V. SUMMARY

’

In order to isolate the causal events in the genesis of'thymic
lymphomas and pulmonary adenomas in mice, two monofunctional alkylating
agents, methylnitrosourea and amethyl metﬂanesulphonate“ were injected
intraperitoheally in inbred adult female Swiss mice and their effects
studied and compared in seven different tissues at three levels:

1) their abilig} to induce tumours,

2) their ability to cause target tissue changes, ahd

3) their nature of reactions with DNA.

The stimulus for examining these. two agents undérthe stated
parameters st;Ls from a number of previous observations with these two
and a few other closely relatéd agents:

a) The animals develop a low yield of apparently spontaneous

pulmonary adenoqes? breast carcinomas and thymic lymphomas.

b) Given in single asées intraperitoneally, methylnitrosourea

and ethylnitrosourea induce a high yield of thymic lymphomas
and pulmonary adebg?qs; ethyl methanesulphonate induces
pulmoq?ry a&enomas only; methyl methanesulphonate and
methyinitronitrosoguanidine do neither.

Fractionated doses of methylnitrosourea produce a-higher

yield of tumours than single-doses.

Me;hylnifrosourea causes necrosis followed by regeneration

in the thymolymphoid and myeloid tissues.

Methylnitrosourea causes immunosuppression.
Methylnitrosourea reacts with DNA in all tissues yielding
_ mainly three products: Z—nethylguaniné; 3-methyladenine and

06-methy1guahine.

175




The present study reveals:

a)

b}

. C)

d)

e)

£)

_loss fails to cause bone marrow tissue ghanges; similar

levels remains undetermined;

176

Methyl methanesulphonate, whether given in a single dose
or in fractionated doses, is incapable of inducing tumours
of any kind;

Methyl methanesulphonate, although it causes thymic weight

results are obtained with two other agents, ethyl methane-

sulphonate and methylnitronitrosoguanidine, which are also
A

incapable of inducing thymic lymphomas. In contrast,
ethylnitrosourea, a thymic lympﬁoma inducer like methyk-
nitrosourea, can cause both bone marrow and thymic changes;
In thé study of the reactfon products of DNA following us:
of~radioactive agents it is essential to separate met a-
bolically labelledﬂnormal bases from methylated bases
especially in cycling tissues at advanced times;

In terms of fhe methylation products studied, the timing of
peak level of methylation foldowing methyl éethanesulphonate
agrees witg available information ;bout its biological half

>

life; following ‘methylnitrosourea, the timing of methylation

B

On a molar basis, meth}l methanesulphonate is less effic-
3

ient in aikylation of.all purine sites than methylnitrosourea;

Mcthylﬁitrosou;ea is followed by significant tissue differ-

ences in the level of 7-methylguanine and possibly also in

the level of 06-methylguanine; the tissues known to develop

tumours shaow lessér amounts of these two products;
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g) Methylnitrosourea generates an easily measurable amougt .
of 06-methY1guanine in all tissues, whereas methyl methane-
sulphonate gensrates very little of it, if it does at all;
h) Following methyl methanésulphoﬁate, the changes in the
. S i
3—methy1a§en}né/ 7—methy1guanine.fatiq with time indicatev
preferential removal of 3-methyladenine from some iissues,
in particular from liver and kidney and a lack o; such ré—
moval from other tisgues, particularly the bone marrow and

spleen; on this point, methylnitrosourea data are not clear-

cut but are consistent with the methyl methanesulphonate

- ~ \

data;

i) On the basis of the present and past observations, fhe po-
tential factors'that may operate in aikylation carcinogen-
esis in inbred Swiss mice are:

Factors

Thymic Puimonary
Lymphomas adenomas
1) Formation of 061alky1guanine (and + +
the consequent induction of muta-
tions) . . e
c
2) Amount of 06-a1kylguanine formed + > R
~ R -~
.3) Abnormality of DNA repalr in . -
target tissues ) . o
. £ . T, A
4) Regeneration of target tissues . + ?
. N > .. ) ¢ 4/ '
S) Immunosyppression - e +
6) Rolf/bf virus + 4 >

i . : ’ )

The murine sxstéﬁ ﬁsed in this wotk is well suited to the further

’

study of these fﬁctors.
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