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ABSTRACT

The purine base analogues 8-azaguanine (B8-AG) and 6-thio-
| .guanine (6-Tﬁ) were used to alter RNA synthesis at different |
times during the activatién of mouse splen}c lymphocytes with
concanavalin A (Con A) and the proliferative response of -these .
cultures was assayed at 48 hours. In 42 hours-old cultures, a
& hour treatment with 66 uM 8-AG or 6-TG caused an irreversible
and total inhibition o%_3ﬁ-thymidine incorporation while uridine
and leucine Incprporationé were not or little affected. There
was also little inhibition of the incorporaéions of uridine and
leucine in resting lymphocytes simi]grly treated: The inhibition
of tﬁymidine incorporation by the analogues éould bé prevented
by the simultaneous addi£ion of guaniﬁe but, once expressed, the
addition of guanine did not reverse it. Inhibiting protein
synthesis alﬁo did Hog affec; tBe inhibitory action of the
analogues in proliferating lymphocytes. |
Pretreatments of the non-prg1iferating cultures uﬁéh the
purine analogues, for 6 hours, at:éﬁy-timg_dur[ng activation,
whether for the first 6 hours of éulture or during Gl caused the’
same severe Inhibitioﬁ.of 3H-thwnidine iacérporation at 48 hours
as for the treatment in prolifer;ting cuftures, with uridine and
leucine incorporétion again little affected. Similar experiments
with 66 uM 5-fluorouracil (5-FU) added for 6 hours at different
times of activation showed the same irreversible and total inhi-

bition of 3H-thymidine incorporation at 48 hours.
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Assay for thymidine transpo;t én& agtoradiography studies
on contfol, 8-AG or 54FU‘treated cultures. showed that fewer cells
were labelled i;'the analogue;treéted_cultures but the amount of
,3HFthymidine incorporated in every labelled cell was the same as

in the cells from the control culture. Neither the purine

L

analogues nor 5-FU inhibited the essehtial events characteristic

of activation: the 1.75 fold increase in K+ influx, b]aé; form-

ation and disaggregation of the condensed chromatin could be shown
: . x

in all the cultures where proliferation was inhibited by a previous
exposure to the analogues. Thus, the analogues prevented the cells

from crossing the Gy/S boundary.

In. addition, pretreatment of resting lymphocytes with 8-AG
did not affect their ability to respond to Con A and proliferate.

A model is proposed to explain the mitogen-depéndant, specific

inhibition of lymphocyte proliferation by purine analogues and 5-FU;
. '-‘\

in cells presenting all the signs of activation. %

Ll
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RESUME

Les analogues de bases puriniques 8-azaguanine (8-2G) et 6-thio—
guanine (G-TG; ont é‘oé ut:.llsés pou.r modifler la synthese d'ARN &
dlfférents stades de 1f act:.vatlon ces lymphocytes de la rate de souris
par la concanavaline A - (Con A) et la réponse pmllrérat::.ve ae ces cultu-
res a &ts mesurée 348 heu.res. Dans des cultures de 42 heures, un trai-
tement de 6 heures avec GSuM 8=AG ou 6~1G provoqua.:.t une mh:.b:.t:.on to—
tale et irr&versible de 1' incorporation de 3H—tnymid:|.ne alors que les
incorporations d'uridine et de leucine étalent a peine afrectées Il v
avait aussi trés.peu d' J.I'lthithn des incorporations d'uridine et de leu-
Cine dans les lymphocytes au repos, traitfs de-la méme facon.

L' :.nh:.b:.tlon de l'incorporation de“EhymldJ.ne pouvait &tre pré&venue pa.r

l addition simultanse de guanme mais une ;):vis exprimée, l'addition de
\—~.-

duanine n'a pu la renverser. 51 1'on .'Ll'ﬂ'llbalt la synthese des proté:.nes '

en présence Ges analogues, leur action inhibitrice restait tout aussi

efflcace.

Des prétraitetents_des cultures non-prolifératives aves les
analogues puriniques, pour 6 heures, a n'inporte quel moment de
1 activation, que ce soit‘ pendant les_preniéres 6 .heures de culture ou
per;dant la pnase Gl causaient lr;a méme inhibition sévére de i'inoorpora—
tion desthymidine & 48 heures avec les incorporations d'uridine et
de leucine toujours peu a.ffectées Des expérienses similaires avec

hY . '
66 uM 5-fluorouracil (5-FU), présent pendant 6 heure:.s a différents

moments de l'activitg, ont démontrs la méme inhibition totale et

irréversible de l'incomoration de thymidine & 48 heures.

viii
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une préalable exposition aux analogues. L'inhibition s'est manifestée

Des tests du transport de thymidine et des &tudes d'autoradiog-
.raphie dans des cultures témoins et celles traitdes avec 8-AG ou 5-FU,
ont démontré que moins de cellules €taient marquées dans les cultures’

tra:tees aux analogues mais les- quantitds: de 34- thymndnne |ncorporees

dans chaque cellule marquée Etaient les mémes que dans les cellules des

cultures témoins. Ni Ies‘analogues puriniques ni 5-FU n'inhibaient les

-

. .
événements precoces caractéristiques de I'activation : I'augmentation

.75 fois de 1'influx de K*, la formation de cellules blastiques
et la.désaggrégation de la chromatine dense pouvaient &tre démontrées

dans toutes les cultures dont la prolifération avait été inhib&e par

donc avant la transition des cellules du stade Gl au stade S.

D'autre part,un prétraitement des'lymphocytes au repos avec 8-AG
n'affectait pas leur capacité de répondre au Con A et de proliférer.
i N

Un modale est proposé pour expliquer la ""mi togéne-dépendante'’,

inhibition de la prolifération lymphocytaire par les analogues purin-

iques et 5-FU dans des cellules presentant tous les signes d'activation.

”n
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Cbn A
PHA
PWM
8=AG
‘6-TG,_
5-Fu

NTP

c-AMP
c-GMP ~
.GMP
XMP
UﬂP
oMpP
PRPP

poly A

ABBREVIATIONS

Concanavalin A
Phytohemagglutinin

Pokeweed mitogen

8-Azaguanine

6-Thioguanine

S-Fluorouraﬁil

Nucleoside triphosph;te
Adenosine monophosphate
Cyglic adenosine monophosphate
Cyclic‘guanosine monophosphate
Guanosine monophosphafe
Xanthosine monophosphate
Uridine monophosphéte
Orotidine monophosphate
5-Phosphoribosyl pyrophosphate

Polyadenylic acid
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CHAPTER |* . g

L4

. INTRODUCTION L

In eukaryotic cells, the transition from quiescence to pro-
liferation is associated with important alterations in RN;A_'metab-
“olism invoiving changes at both the transcriptional and posf—
transcriptional. levels of gene expr‘essi'on.. In studying the mito-
génic activation of lymphocs:tes, a system with great pEysioIogicaI
significance because of its relation to the immune response,
K_aplén and| coworkers, have shown that the pri?’tcipal early mito-
genic ef'fect on RNA metabolism :was to Increage the pr‘oce‘ssing :
and transport gf pre-existing transcripts of all classes (Kaplan
et al, 1978); however, no change in the overall rate of trans-
scription was observed until 10 to 12 hours aften, mitogen addition
(Mitchell et al, 1978). Further more, evidence indicates that  *
activation of pr‘oteinlsynthlesis and all c;f the.other; early évents
do not_require any new RNA s.yn"thesis {Ahern et al, 1974; Quastel
et al, |9_70). This situation has often been considered analogous
to that in sea-urchin embryogenesis where RNAs made in. ;he
nonproliferative phase are polyadenylated after fertilization
and the fertilized eggs can underfgo several divisions in the

absence of any RNA synthesis (Slater et al, 1973). However,

there has not yet been any conclusive data on whether or not

de novo RNA synthesis was an early essential event of

1
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lymphocyte activation, - *

L3

In this thesis, l'laltempted to rfesorve'th,at qugstion and

determine at which stage(s} of activation important RNA synthetic

v . -

events are oclurring, by using apalogues of p'ur‘-ine bases known
to interfere spécificall'y with transcriptio'n. Unfo'rtun‘atelg} ran-
scripts tontaining the modified bases are not necessarily degraded )
in'llmediately upon removal of the base analogues fr‘om- thg medium
and, in such a complex system, the possibility that the preéence

of altered RNAs can affect the general lymphocyte metabolism

1

H -

had to be considered. .

1.1 In Vitro Activation of Iymphocyteé

The lymphocytes which respond to mitogenic stimulation
- . ,

are non-dividing_ small cells having a characteristic dense nucleus,
rich in heterochromatin, and a thin. rim of cytéplasm. Th.e
iymphocyte population _eitracted from peripheral blood or spleen
consists of two main cell types with different embryonic origin,
‘ functioral activities and cell surface pr'oper'ties: The bone marrow
derived cells, B !ymphocytes, function primarily in humoral"
immunity and are 'the pre.cursor's of i.ml_-nunoglobulin-producing
cells.‘-f' ‘The‘-thymus derived T lymphocytes are E.nvolved in_cellular
immu’r‘f}ityfa"they.constitu:e a functiqnally heterogeneous class
of cells that include cyto;oxic cells, “"helper” ceAI!s {of B cell

N -

activity) as.well as suppressor cells.

1n cultures, these cells remain quiescent and such cultures

2
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can be maintained for several days; upon addition. of mitogens, a

proportion of these resting cells.will enter the growth cycle in

a characterlstlc sequence of biochemical and morphologncal changes

' culmnnatung in DNA synthesns and mitosis 36 to 72 hours later. Thns

phenomenon’ is termed transformatlon or blastogenesis and the stages

L
I

of transformat1on prior to DNA replication represent the actlvatton

»

-

process.

Mitogenic substances mostly used in in vitro transformation

are the piant lectins, PHA, Con A and PWM, 'also called polyclonal ”
or nonspecific mitogens from their ability to activate a large

proportion of cells. ~ ' -

The mode of action of plant mitogens is not well understood.

They agglutinate cells of differént types including non-1lymphoid

-———————————

cells but their mitogenic action only depends on their interaction <

with specific glycoproteins at the cell surface. Since different
lymphocyte classes have different cell surface properFTes, they
vary in their response to each mitogen: for example{ PHA and;

Con A are primarily T ce]l'mitogens while PWM can stimulate both
B and T cells (Ling and Kay, 1975).

*

Lymphocytertransformatuon can also be induced by specific

antigens to which the donor of ]ymphocytes has been previously

sensitized. Lymphocytes will also enter the growth cycle ig:vitro
when incubated with cells from a genetically different subject
(Bain et al, 1964). These two types of response lead to similar

biochemical and cytological changes but these-occur in fewer

JRRTTST—— R
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cells and are somewhat delayed as compared to stimulation with

polyclonal mitogens.

In‘ gener‘él, the biochemical events observed during blasto-
genesi's'see-m to be a characteristic of ‘all mammalian gr-E:wth
inauction systems; howevér the study, .‘in molecu|ér“ terms, 'of
lymphocyte tran;for*mation can be useful 7ot only for understand-

ing the. control of cell proliferation-but also for the elbcidation_

of the primary mechanisms of the immune response.

1.2 The Molecular Events of Lymphocyte Transformation.

Lymphocyte transformation is initiated by changes in the
function- and metabolism of the plasma membrane which plays
a vital role in the control of cell growth. Among the ear‘l-y

charges that immediately follow the binding of the mitogen are

. . - + + L
those involving the transport of cations (K'; Na and Ca )

gcross the membrane.

. A ouaba’in-’sensn_ive increase in K+ uptake which does not
depend on the synthesis of new "K' transport sites, has been
observed (Quastel and Kaplan, 1970; Averdunk, 1972). This
occurs thr‘*ougho‘ut the process and its inhibition, at any time,
will prever;t s‘ﬁbsequent proliferation (Kaplan, I978;. During
the early times of activation the increased K* uptake is accom-
. panied by an equally increased efflux of K" {Segel et al-, 1975,

Hamilton and Kaplan, 1976} so that the intracellular concentration

of the ion is not changed. However, later during the process,




Ao

N

-
)

an increased K influx/eff}ux rati.o might occur (‘Kaplan, 1979) .
Concomitant with tBe enhanced‘ K+inf"h;\x is an increased
Na+ efflux due_..to the enhanced.acti;ity \of. the commontrénsport
site, the ouabain-sensitive Na"-K* ATPase (Averdunk and Lauf,
t97%). The role of_ Na+ efflux has been less investigated but
a number of cellutar processeAs aré_ knowr‘w‘ which require external
Na +. For example, there is a Na+- dependént transport of some
amino acids .that seem to be a characteristic of growth induc;tion
in most mammalian cells, including !ymphocytes (Van den Ber-g
and Betel, I975). The early membrane depolarization which
is specific for and essential for activated lymphocytes (Kiefer
et al, 1980) coul.d be inhibited by a decrease in external Na' .
Also, Na—l-; -exchanges important ir the initiation of f@r‘tfl.ization
of sea-urchin eggs (Johnson .et al, 1976) might exist in lympho-
cytes and contribute to the elevatic;n of PH necessary for early
|ymphocyte response. '
- increasé in CaH.' uptake can be detected within minutes
of-n‘-ni'.togen addition (Allwood et al, I97i; Freedman et al, 1975}
but :its relevance‘ to the subsequent events of trénsformation
is uncertain. .Durham (1978) suggested that a small eievation in
intrace¥lular .Ca++, presumably due to Ca++ uptake, could
account for all the events of transformaftion. Parker -(1975) reported
ca ' influx to be correlated to the degree of stimuliation. How-
ever, non-mitogenic concentrations of Con A (Hesketh, 1979) as

well as the non-mitogenic ionophore X537A (Betel, 1976) induce

- s
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Ca uptake suggesting that Ca uptake alone would not be

. . . . e+ :
sufficient to trigger proliferation although Ca ions have been
implicated in the maintenance of the activated state (Bard. et
al, I979')..‘ .

Another immediate consequence of mitogen binding to

lymphocytes is the change in membrane lipid metaboiisn'i, ‘mainly

‘the phospholipids whose composition largely determines membrane IS

function. Irjcreases .in diglycericlie kinase and phospholipase

C activities (Fisher and Muefler, 1971) have been observed t?;at -
might. .be responsible for the increased phosphatidyl inositol - v
turnover, an event specific to activated celis as well as

necessary for the initiation of RNA and DNA syn‘thesis (Moh;hauer

and Holman, 1963). The turnover of lecithin and phosphatidyl

ethanolamine, the ‘tv;o main lipids of lymphocyte plasma membranes,

is also enhanced as a result of the increased activity of phos-

pholipases A and acyl Co A lysolecithin transferases (Resch,

i \ .
- 1979} ; these enzymes respectively deacylate and selectively incor-

porate unsaturated fatty acids into the. plasma membrane. The
net result of these turnovers is then an increased membrane
fluidity which might contribute to the increased permeéability
for ions (Schellenberg and Gillepsie, 1977) and perhaps to the

b -
increasedggransport of amino acids, 'sugars and nucleotides observed

iater. Synthesis of membrane lipids, de novo, starts about

6 hours after stimulation (Fisher and Mt'Jéller', [969].

6



I'n the cytoplasm, there is a transient rise in cycl-i_c AMP

{C-AMP) concentrations in the %irst 30 minutes which is “followed
by return to contrcﬂ levels by\z_hours (Parker et al, 1974). °
Increases in C-AMP concentrations are not specific for activation
'(Coffey'et al, 1977) but they may be t;'elevant to transformation
since their absence can prevent the onset of DNA synthesis (Foker
et al, 1979). Another ir'u:r'easej in C-A_M%level occurs in late
Gl and persists until the mid-S phase {Wang et al, 1978). These
fluctuations in C-AMP .Ievels and the obServat.ions that any sus—
tained rise in C-AMP would result in inhibition of the mitogenic
response (Quaste! and Kaplan, |9.70;' Diamanstein andUUImqr,
1875} strongly suggest that C-AMP might be both a negative-
and a positive regulator of ;activation, depending on the point
in the cell cyclé. C-AMP and C-GMP have often been suggested
as regulaltors of cellﬁlar activities, however, lchanges in C-GMP
in lymphocytes have not been described vyet. In any case, If
cyclic nucleotides regulate lymphocyte transformation, this is
certainly in conjunction with other events, perhaps with Ca'*
uptake; both C-AMP and Ca** have often been proposed as the
second messengers tr-ans:_'nittir:g the activation signal received
on the plasma mémbr‘ané to the nucleus as_well as controlling
ele_ments for the synthesis of the deoxyribonucleotide precursors
involved in DNA synthesis (Whitfield et al, 1976).

Protein synthes‘is is activated within 3 to 4 hours and

\

continues to increase until 48 to 72 hours (Kay, 1968).  The
o
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early increase in pr in synthesis is totally independ ent of ' 1

de novo RNA synthes\s, it results from the translation of pre-

existing mMRNAs by pre-existing ribosomes (Jagus-SmitH and .
Kay, I976: Cooper and Braverman, 1977) and is therefore under
post ftranscriptional contrel. The chan'ges. in RNA metabolism

involded in the activation of protein synthesis will be discussed

- L

in sub‘equent sections. At the level of the translational appar-.'
latus‘, a shortage in the activity of initiation faciors is the

main cause of the deficiency of resting lymphocytes, to initiate
translation (kay et ai, 1970; Ahern et al, 1974}.  Initiation o 7-'*&
of translation in eukaryotes involves the dissociation of free
ribosoi-nesgupon the bi‘n_g-:iing of a factor, elF, and further formation
(in presence of other factors) of B80S initiation oomp|e>‘< contajning
mRNA (Freienstein and Blobel, 1975; Schreier et al, 1977; Thomas
et al, 1979). An activity identical to elF3 dissocation factor
exists in resting lyn;phocytes but free from ribosomes {Resch

et al, 1980); upon mitogenic activation, there is a diminution

in the free (unbound) acitvity of this dissociation factor, that
correlates with an increased dissociation of ribosomes and increased
protein synthesis. Furthermore, resting lymp'i-'nocytes have been
shown to contain inhibitors of translation, able to depress pr;otein
synthesis in reticulocyte and wheat germ lysates; these inhibitors,
t%ought to act by inactivating some initiation factors (Kay et

al, 1978) are themselves inactivated immediately after mitogen

binding. Inhibitors of the elongation step of translation have .

8



also been ciaimed to be present in resting cells (Burrone and

PR

Algranati, 1979) but their existence is controversial. In any

‘case, the early protein synthesis is essential for the mor-'phol,og—_

ical changes and the final proliferative Eesponse.
* About 10 to 12 hours cortact with mitogen are needed to
detect a significant increase in the overall ‘rate of transcription.

All classes of RNA are then transcribed and this. is paralleled

by an increase in the amount of total RNA polymersse. Activation

of pre-existing RNA polymerases might 'glsb be invoived, especially

for, mRNA where net synthesis cah be measured after 6 hours,
before the increase in celiular RNA polymerase |. The entry ;
into G1 phase is preceded by small nuclear changes that‘migh:

be relevant to genome derepression. These include mainly phos-

phorylation of .nuc.lear proteins (Johnson et al, 1974; Bluthmann,

"1978) and acetylation of histones (Pogo et al, 1966).

Thereafter, the cell wvolume stat:‘ts to .imcrease and this
continues until blast cells, 2 to 3 times the size of resting
Iyr.nphocytes, are formed. Blast formation is characterized by
an increase in cytoplasmic volume, rich in organelles, togeti;ler
with nuclear enlargement and'disaggregati_on of the condensed
chromatin (Dardick et al, 1981). During chromatin disaggrega-
tion, there is no change in the total hererochromatin volumé.-
but rather a reo.r'ganizaiipn of the condensed chromatin from
a few large clymps ‘to many smaller clumps, giving a more disper‘§ed

appearance (Setterfield et al, 1981). ’

8
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_of RNA have to be modified or processed to produce mature func

" precursor synthesis. |ndeed,

’

~

At around 30 hours, in the first cel! to enter S phase,

blast formation is always complete; blast formation is uncoupled

k]

from DNA. synthesis but the former is a prerequisite for the latter;

inhibition of DNA synthesis has no effect on the*morphological

changes (Setterfield et al, 1980). )

"The increase in DNA synthesis correlates with the increase
of many DNA replicating enzymes such as DNA pdlymerase'(Loeb

et al, 1963) thymidine kinase (Wilms and Wilmanns, 1970) and

thymidylate kinase (Loeb et al, 1970). -

1.3 Changes in RNA metabolism Associated with Lympﬁocyté

Transformation

-

In animal cells, the primary gene transcripts for all classes

L]

tional RNA‘ moleéules. These post—trénscriptional_ changes do

not always immediately foilow tranmscription and pre-RNA molecules
may be k.ept u,r‘wpr'ocessed or partially processed in the nucleus
until th'ey' ar;e degraded or transported to the cytoplasm. Thus

the increase in cytoplasmic levels of RNA observed during lympho-

cyte stimulation may be achieved not only through increased

evidence exists indicating increase

) .
in cytoplasmic RNA content independ ent of increased transcription

during the early stages of activation. Mitchell and coworkers’

(1978) have measured an increased accumulation of uridine --

labelled RNA in the cytoplasm of cells 6 hours after exposure

to Con A, before they could detect increase in label for total

10
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cell RNA. The difference_s in cytoplasmic .Iabelling they observed’
were too important to be explainéd by the mitogen-induced enlarge-
ment .of NTP. pools that result from the increase in uridine trans- -
- .
‘port (Peter .and Hausen, 1971) and uridine kinase activity in ‘
stimulated lymphocytes (Kay and Handmaker, 1976)‘.

. Furthermore, early work by.'Kay (1968) showed a greater
stimulati.on of uridine-labelling in cytoplasm as compared to
labelling ;f whole cell ®r nuclear RNA fractions. This also
indicated that the mitogen effect on RNA metabblism was to increase
the utilization of pre-existing molecules that will contribute,
together with the enhanced synthesis, to‘incr‘ease the pool of
functional cytoplasmic“RN.A molecules.

Differ'ént classes of RNA are pr‘ecessed d_iffer’entlly and their
) synthesis is’ stimulated to different extents (Ling amd Kay, 1975);
therefore their final cytoplasmic levels may be ascribed to differ;ent
ty'pes of control.

.+

FRNA is transcribed as a long 455 precursor th.at contains
the sequences for 185, 5.85 and 285 mature RNA. This 455 RNA |
is rapidly methylated and subsequenltly. cleaved, slowly in resting
cells, to form a 325 RNA and the final 185 RNA., The 185 RNA
. is then rapidly transported to the cytoplasm to t‘Jecome the smaller
subunit of the ribosome. The 325 intermediate remains in the

nucleus for a time before its transformation into mature 285

RNA that will form the larger subunit of the cytoplasmic. ribosome.

M ¢
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The maturation of 455 RNA i; not only very slow in rééting lympho-
cytes but also inefficient. 285 and 18S RNA - are synthesized:
in equimolar amounts but after exposure to 3H-u.ric!ine under
the appropriate conditions, the labelling ‘ratio, ex‘pec'ted to

N

be 1, shows a marked deficiency of label in the 185 RNA. This

®as been shown by Cooper (1972) to indicate that a iarge propor-

.
.

tion (at least 50%) of the.newly synthesized 185 RNA molecules
is completely degr'e.lded before even reaching the cytoplasm.
The low rate of rRNA synthesis combined with slow maturation
and extensive degrada;ion theréfor-e maintain low and almost
constant levels o.f rRNA in the cytoplasm of resting cells.

After mitogen addition, the rate of rRNA processing is
accelerated rapidly 'and the degree of ',.185 wastagé can bé shiown
to decrease at around 2 hours (Cooper, 1969; Rubin, 1970). By
& hours, maximum rates of processing are obtained together
with completé reversal of the wastage. Efficient rRNA maturation
has been shown to require ‘synthesis of proteins that are thought
to protect 185 RNA frorﬁ'degr-ad._ation.l The observed increase
in the rate of maturation in fact coincides ‘with the activa'tion
of protein synthesis and the increased movement of proteins
from the cytoplasm to the ﬁucleus reported by Johnson and
coworkers (1974) in Con A stimulated cells might be related
to these post-transcriptional events. Activ ation of rRNA trans-
cription is independent of increased maturation. Efficient rRNA

processing can be shown when RNA synthesis has been completely

12



inhibited and rRNA synthesis can be stimulated when maturation

. .

has been totally prevented by inhibition of protein synthesis
(Cooper and Gibson, 1971). Between 24 and 48 hours, the degra-
dation of 185 RNA progressively returns to contro! levels but

the rates of synthesis agd maturation are still high enough

to produce some accumulation of ribosomes ' (Cooper, 1969b).
This situation is comparabkle to that in resting cells where
an excess of rRNA precursors is produced only a limited amount

of which is' utilized.

’ -
Increase in rRNA syntheis is one of the most marked

* -

and universal events accompanying growth stimulation in animal

cells; however its significance in lymphocyte transformation is

-

not clear. Protein synthesis is not limited by the availability
of ribosomes and when r:R.NA synthesis is selectively inhihited,
the r;ise in the rate of protein syntheéis is essenfially normal
d'uring the first 24 hours after thg addition of mitogen (Kay

et al, 1969). However inhibition of rRNA synthesis does prevent

.

the initiation of DNA synthesis.

The precursor for tRNA is about 20 nucleotides lapger than

the final tRNA and maturation involves extensive methyla'tion

as well. Some pre-tRNB methylation ocgurs in the nucleus but

in general tRNA maturation is a cyvtoplasmic event and pre-tRNA

molecules can be found in the cytopiasm after short labelling

pl

pulses. - Both the rate of synthesis and, the rate of pre-iRNA

maturation are accelerated after mitogen stimulation but changes

13
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in the patiern and perhaps degree of methylation can t;e observed
within the first 3 hours .(Sharma and Loeb, 1973). This new
pattern of methylation, which is indepengent of new pnotein
synthesis is then maintained until - 38 to 42 hours when new IRNA
methylases are being synthesized E}nd extent of methvlation of most
tRNAs is further increased. Me:b&rlario'n of tRNA might be an
essential preliminary step for tRNA function; it is involved in
amino acid acceptance (Shugert et al, I‘_;}S&), in binding. of amino-
acy!l tRNA to ribosomes (Gefter a.nd‘ Russel, 1968) and in codon
response (Capra and Peterkofsky, 1968) an'd changes in rRNA |
methylation have of:er;n been proposed to participate in the co‘ntrol
of the rate amd tvpes of proteins synthesized‘ (Stent, 1964; Sueska
and Kano-Sueoka, 1970).

Resting lymphocytes also contain'a number of types of low
molecular weight RNA other than' tRNA; most are methylated and
largely confined to the nucleus but their funct_ions'are' not
- yet known (Weinbérg and Penman, 1968)‘." Low molecular
weight nuclear RNAs are also found inm stimulated lymphocytes
(How_ar'd and Stubblefield, 1972: Hellung-Larsen et al, I973)..
Howard and Stubblefield (1972) found one component to b syn-
thesized 48 hours after the addition of PHA, but not by unstim-
ulated lymphocytes or immediately after mitogen addition. However,
Hellung-Larsen and cowork;er's (1973) were unable to confirm
this. It was then believed that these RNA spe;:ie-'s were not

influenced by the rate of cell division; however it is still possible

14
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that small change; in the types of I;\n} molecular weight RNA

synthesized after stimulation occur that have not vet been 'detectéd.
mRNA is transcribed from a large precursor‘m‘ollecme that

belongs to the classof unsiable heterogeneous nuclear RNA (hnRNAJ.

I:j mammals, the <:odi‘ng' sequences 'for a siﬁgle mRNA, na‘megi

exons, are int‘errupted by non-coding sequences', the introns,

‘present in the hnRNA (Gilbert, 1978). Part of the processing

then involves excision of the introns and r:ejoining of the ¢oding

sequénces, a process called .splicing (Crick, 1879).

o .;I'he other post-transcriptional ltr‘a.nsfof‘mation; of "hnRNA
involve modifications of the 5'P end 'by attachment of methyl
quanosine to form a "cap", methylations of 2 or 3’ nucleotides
from the capped end, methylation of some internmal adenosines -
and addition of a stretch of polyadenylic acid (poly A)_to the
3'0H end.

The s’ignificance of these modifications is not fully understood.
There is some evidence that the 5' cap may function in ribosomal
binding by the mRNA {Perry and Kelley, 1976) and perhaps facili-
ta-te tr‘anslat‘ion (Kozak, 1978). Polyadenylation ha‘;s been suggested
as the triggering change. for processing in t_he viral genome
(Darnell, 1979); Marbaix and coworkers (197;7) suggested that
polyadenylation had a stabilizing effect on mRNAs and facilitated
transport to the cytoplasm. Howéver‘, not all the mRNAs are
’

polyadenylated and some poclyadenylation takes place after trans-

port to the cytoplasm.

15
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The first data on poly (A+) RNA metabolism in lymphocytes.
was obté.ined by Rosenfeld's group (1972.}: They found a 40%
increase .in poly (A+) RNA synnt.hesis within 2 h.our's of PHA addition.
to human pe.r-ipher'al blood Iym‘phocytes (H.PBL) and a 100 to
300% increase by 12 hours; since they found similar increases
whethero they used uridine or adenosine as I_abe!', they concluded -
that mitogen had no effect on the percent poly (A) content.
Increased 'pr-c.aduct'ion of poly (A+) -RNA was alsc reported by
Cooper and coworkers (1974) in 20 hour PHA ‘stimulated HPBL.
Howev;ar ‘they measured a gr‘ea-ier increase in 3H—adenosine I_abelle.d
cytoplasmic poly‘(,&_'T RNA;. but in this case, it was possible
that part of the ih‘crease they reported resulted from polyadenyla-
tion of pre—exfsting transcripts rather than from de novo RN RNA
synthes_is. Indeed, more recent work by Schagfer and coworkers
{1977) has shown a significant increase in nuclear poly (A+)
content (due.to increased rate of polyadenylation) as early as
90 minutes after Con A addition to lymphocytes from bovine lymph
nodes, before incr‘ea'se in total RNA content was measured. They
also reported that the rate at which poly (A;+) sequences;‘ leave
nuclei from 3 hour stimulated cells was about 1.2 times higher

than that measured in nuclei from resting cells, and at the

‘. same time, the cytoplasm from stimulated cells contained about

. + .
[.3 times more poly (A_) sequences. That the early mitogen
o+ . . . * -
effect on poly (A ') RNA metabolism was to accelerate processing,

mainly polyadenylation, and transport ofﬁpre—existing transcripts

B 16



rather 'thankstimulate transcripti;on was further confirmed by -
Mitchell, Kaplan and coworkeri(lQ?B')._ They found sigu{‘ficl:ant' :
"differences in accumulation of cytoplasmic 3H-adenosine label
in lthe fErét 5 hours of J'nitogen addition, in the com‘;':-Iet'e absence
"of increase de novo poly (A") RNA $ynthesis as shown by uridinme
labelling. .
Furthermore, the obs,er‘vation. by Wettenhai' and CC\\:vorlger-s
(1976) that the ‘template activity of stored mRNA. was E;pidly_-

" improved following mitogen addition strongly su.ggests that activar

tion of part of the large a'table pool of anNA found in “the cyto-

plasm of resting celis might contribute to the increase in the

*

cytoplasmic levels of functiona! mRNAs that may be important
for the ear!y activation of protein synthesis. Another cont,r-é:!
boint‘for the levels of poly (A+) RNA might_ involvé changes in
-stability as implied by Land and Sc.haéfer {1977) when they showed
a rapid degradation of poly (A7) RNA in nuclei from re;sting
ceils under andjtions whege this fraction-was stable in nuclei

-t \
from stimulated cel!hs. Alsg the large decrease in ribonucleage
activity (Gr-ee.n, 1977) combined with increase in levels of
RNase inhibitors might be implicated.

Post-iranscriptional regulation of poly (AT) RNA levels there-

. . ¢

fore seem to be a universal feat&}e of anab‘olic cell activation.
'This has been observed in sea-urchin egg development (Wilt, 1973),
in 3T6 fibroblasts (Johnson, et al, 1976) as well as in AKR cells
responding to serum addition (Getz, .1976). The role Of. post-trans-

v

scriptional gene expression .in lymphocytes has not been clearly
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defined yet. New mRNA typés might be expected in stimufated
lymphocytes to acocount for the.syntheSTsSof new proteins and the-
development of differentiate_d lymphocyte functions. This could

be achieved either through selective post.:transcrip;ional changes

“that will favor the transtation of certain types of the mRNA trans-

cribed by resting cells or by transcription of previously inac‘tive
regions of the genor_r?e. Early attempts to resolve that qguestion
used RNA: DNA h{/T:-:idization techniques and failed to detect chal;xges
in the_typés of MRNA synthesized in stimulated cells (Torelli et

al, 1968;- Clark et al, 1971). ‘This, bOWE.\-feT‘ was not con.'clusive
because of the limited sensitivity of the nziethod. Since then,

tHe only data on qualitative changes’im mRNA synthesis by stimu-
lated lymphocytes has been reported by Milnér'* (!9;?8). He

.

suggested that in mouse splenic tymphocytes, Con A induced the

transcription of a new RNA species with a short half-life (3 to

4 hours) and that translation of this message commited the cells

to DNA synthesis in absence of further mitogen addition. St

v

Jazwinski and coworkers (1976} have also shown the exftsience,

in the _cytoplasm of mitogen stimulated Iymphocytes; of a new
protein of molecular weight larger than 50,000 that can initiate
DNA synthesis in nuclei isolated from resting cells. However,

these data are controversial and further work is needed.
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.4 Thesis Approach

Earlier data suggesting a dependence of lymphocyte protif-
eration on RNA synthesis were ‘obtained using: inhibitors of tlr-ans—
cription {Kay et alA, 1969). In the present studies, these inhibi-
tory effects' would have to\be restricte_d to'spe'ciflic periods olf
activation and a reversible inhibitor would be required. /'\

Actinomycin D which has-been. extensively used in stué.ies
of RNA metabolism appears not to be suitable here. This drug
blo,cl-cs RNA polymerase action by bitl-'uding to DNA (preferentially
to nucleolar DT\IA) and this affinity for .chr'ornati'n is gr-ea-atly.
enhanced by mitogen stimulation iDarzynkiéwicz and Ring, 1969);
combaris’on with resting cells will therefore not be possibihe.

;Also, there have been reports suggesting that actinomycin. D
was actively transported and accumulated by stimulated lymphocytes
and more recently h-;litchell {M.Sc thesis, 1978) has shown the
incorjsistency of actinomycin D effects in Con A stimulated HPBL.
In addition, .l-founc.:l the drug effects in mouse spleen |lymphocytes
to be irreversible, even after several ».-.vashes and long incubation
in fresh medium,

e-—amanitin is another specific inhibitor of _transcription,

it binds to RNA polymerases, with more affinity for RNA polymer-

-
~

ase Il. When [ested here, even at low doses for relatively
short time exposure, the effects were totzally irreversible. Milner

(1978) claimed that in Con A stimulated Balb/C spleen lymphocytes

-
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the effects observed after a 2 hour exposure to lO‘rg/ml o«-amanitin

would bg per:fectly reversibie. However, he did not mer"\tion ‘
the degree of inhibit‘ion of éNA' s-ynthesis he obtainéd 'and using
‘his conditions | was unable to show any effect; the effective
dose | found was higher a.nd-.this was .Ir‘reversib.le.

in view of the difficulties of finding-a specific and revers-
ible inhi.bitor of RNA synthesi‘s in lymphocytes, | decided to
use analogues of nuéléic acid bases that should affect specifically
RNA synthesis. These drugs in general do fnot inhibit RNA syn-
thesis to a great extent but by being inco‘rpor'ahted into the newly
made RNAs (in place of natural bases) will change their functional

)

properties; then if any RNAs transcribed in presence of base ' }

analogues were to participate in transformation, its importance

will be reflected by an inhibition of the proliferative response

and subseguent entry into mitosis.

N

The use of base analogues has yielded important informatioh
'concer'ning RNA metabolism and funcfion. For example, the first
indicétion of a relationship between nucleic acids and protein
synthesis was obtained in étu_dies with base analogues (Creaser

and Chantrenne, 1956).” Analogues have also been used in the
past to study the r.-equiremer"nts for and localiz.e essential RNA
synthetic events involived in -ma‘n;_/c-et?l'ular processes such as
enzyme synthesis.in regenerating rat liver {Szepezi and Friediand,
1970} or hormone-induced liver {Levitan and Webb, 1969) as

well as in the development of sea-urchin eggs (Bamberger et al,

20



(1963}. The success‘of these experiments was based on th; abi‘lﬁty
to discontinue the incorporation of the analggueé into RNA and

then obtain different effects with exﬁosure at different stages.
This was achieved by‘ r‘erﬁoval of tHe analogue.s from the external
medi.um and/or mér‘e effectively by addition of excess of the natural
bases.

Most of the work in this thesis was carried out using 8-aza-

‘guanine (8-AG), an analogue of guanine which contains a nitrogen

atom in place of carbon in posi'tio‘n‘ 8 of the guanine ring. The
effécts ._of 8-AG seem to be specific ‘with. respect to its sitg of action:
feticulocytes, which do not synthesize éNA, are.n'ot affected by

8-AG (Z¥mmerman and Greenberg, 1965) and inhibition of RNA syn-
the_sis has been show.n to protect against S-AG.(Nelson and Carpenter,
1975). ql?w. systems actfve in RNA synthesis, resistance to 8-AG t

is in genmeral due to a lack of hypoxanthine guanine phosporibosyl
transferase‘ (HGPRT) activity which is required for phospéribOSyl-

ating purine bases (Demars, 1974); however, high guanine deamin-

ase (Van Digg‘elen et al, 1979) or 5' nucleo-tidase activities

. (Fujimoto and Seegmiller, 1970; Williams et -al, 1978) that are

responsible for the degrédation of guanine compounds, have been
shown to confer resistance. An examination of thé mechanisms‘

by rwhich lymphocytes, quiescent and proliferating, can metabolize
purine compounds is thus necessary to ensure biclogical effectiveness

-

of 8-AG.

1.4.] Purine Metabolism in Lymphocytes

¢ Lymphocyte purine _metaboligm has been extensively siudied

21
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Figure |: Pathways of Purine Metabolism in Lymphocytes

. The pathways essential for lymphocyte function are shown in heavy

lines.

Abbreviations: PRPP: S5-phosphoribosyl Pyrophosphate; S-AMP;
Adenylosuccinate.

Ps; PRPP synthetase (EC 2.7.6.); PAT: PRPP amidotranferase

(EC 2.4.2.14); iMP-d: IMP dehydrogenase (EC 1.2.1.14) GMP-s:

GMP synthetase (EC6.3.4.1); SAMP-$#: SAMP lyase (EC 4.3.2.2);
SAMP-s: S-AMP synthetase (EC 6.3:4.4); HGPRT: Hypoxanthine _
phosphoribosyl transferase (EC 2.4.2.8); APRT: Adenine phosporibosyl
transferase (EC 2.4.2.7); AK: Adenosinme Kinase (EC 2.7.1.20);

5'N: 5'-nucleotiddase (EC 3.1.3.5}; PNP: purine nuceloside phos-

_phorylase (EC 2.4.2.1); ADA: Adenosine deaminase (EC 3.5. 4.4)

AMP-DA: AMP deaminase (EC 3.5.4.8); GMP-7: GMP reductase

(EC 1.6.6.8); g DA: guanine deammase (EC 3.5.4.3); aDA: Adenine
deaminase (EC 3.5.4.2)
XOX: xanthine oxidase (EC 1.2.3.2).
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(the main pathways are shown in figure 1) but becduse of .the

association between defects in. the cababolism of adenine nucleotides

.= o

and impairements of imi:ni.:ne function {Gibblet et al,1975), the
metabolism of adenine nucleotides has received m-ore aftention
than those of the othér.purine .compounds.

'Ther-e are two potential pathways for the degradation of
adenylic acid (AMP) ome of which involves formation of adenosine
by the action of 5' puci’eotidase and the second pat'hw-ay invoives
deamination of AMP to inosinic acid (IMP) followed by 5' nucleotidase
degradation of AMP.to produce inosine (fig. |). Both adenosine
and inpsine ar‘é generally so rapidly metabolized that they are
found in very .Iow amounts in normal cells. Adenosine is either
phosphorylated back to AMP by adencsine kinase, ‘deaminated
into inosine by ,adenosine deaminase (ADA} or to some eXte;nt
degraded by purine nucleoside phosphorylase (PNP) to the base
(Snyder anc‘i Hendert'son,“ I975; Henderson, 1979). Any inosine
formed, either from adenosine or IMP, is used b.y PNP to generate
hypoxanthine. Phosphorylation is generally the favored pathway
of adenosine metabolism (Srjydér' et al, 1976) but when the levels
of "adencsine are .beyond the capacity of the kir‘lase, as in resting
cells, in stimulated cells exposed to high levels of adenosine
or in cells with at:;nof-mally elevated 5' nucleotidase activity

v

(SNyder et al, 1976b), the excess metabolite is removed by the
action of ADA. Since inosine at high concentration inhibits ADA
_activity - (Agarwal et al, 1975), its rapid degradation by PNP .

is necessary to avoid indirect accumulation of adenosine. Adenosine,
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at high concentration is particularly toxic go.lymp-héi-d c':ell-'s a;wd
among other effects, it has been shown to inhibit the proliferation
“of mitogen stimulated lymphocytes (Seegmiller et al, 1977; Hirshborn
et al, 1970). . Therefore, the impairment of immune response
observed in ADA and/or PNI; deficiency results from the i‘ntracellular‘

accumulation of adenosine or of adenine also krmown to inhibit
) .l

—

lymphocyte activation (Quastel and Kaplan, 1970a).
The metabolism of guanine in resting and mitogen-stimulated

tymphocytes has been studied mainly by Raivie and Hovi (1978). =«

’ -

They reported that after short incubation with radicactive guanine, .-

most of the label associated, with the cells was used for nucleotide
] - -

: /
synthesis and was not immediately externalized. This indicates

~

t-hat the degrada'tion‘ of Quanine is verylow and corfirms previous
® : . .

"repor-ts of the low guanine deaminase acitwity in mammalian cells,

(Andrew, 1971).

Nucleotide synthesis from gua.nine or any other purine base
occurs through the purine salvage pathways ir"n which the intact
bases are directly conver:ted to nucleotides by phosphoribo!syltrans—
ferases in the bresence of S5-phosphoribosy! pyrophosphate (PRPP)
(figure 1). The transferases, HGPRT and APRT specific for the
salvage of guani.ne/hypoxantine and adenine respectively,.have
been shown in both res»ting and proliferating lymphocytes (Hovi
et al, I97‘6) although the efficiency of nucleotide formation from
exogenous bases is several fold higher in the p'r‘o[ifer‘ati‘ng cells

than in the resting cells (Raivio and Hovi, 1976). However,

because of 'the correspondingly lower rate of nucleic acid synthesis
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in resting cells,_the fraction of newlg-/ synthesized nucleotides
incorporated into nucleic acids might be the same in both the
resting and st1mulated cells as suggested by stud1e5v in cultured
HPBL and lymphoblast cell lines (Field and Brox, i9$¥3). Purine
salvage pathways are not essentnal for lymphocyte function:
HGPRT-deficient lymphocvtes from patients with Lesch=Nyhan syn-—
drome have been shown to have normal! responses to PHA,. Con,

A and PWM {Allison et_al, 1978).

The data of Raivio and Hovi (1978} on the fate of exogen-
ously gi.ven guaninelalso show Qorne'gu:anosing forrﬁationin lymph-
cytes. This probably results from the degradation of guanylic
acid {GMP) rather than from the ribosylation of guanine, a thermo-
dynamically unfavored reaction since the requisite erizyme, PNP,‘ |
which also catalyzes the phosphorolysis .of nucleosid‘es, has much
higher affinity for the nuc.leo_side than for the base (Har‘trnan.,
1970). ° Phosphorolysis, the oniy route of éuanosine metabolism
in lymphocytes which wsu al'I;/ lack guanosine kinase activity
(Friedman et al, 1969; Scholar and Calabresi, 1973} is also enhanced
in proliferating ceils.

Conver‘sior: of GMP into AMP “must occur in lymphocytes to
explain the presence of‘label in adenine nucleotides after an
exposure to radioactive gu’anin-e. This involves reduction of GMP
to IMP which is further dehydrated by SAMP synthetase and cleaved
by SAMP lyase to yield AMP (figure I). These interconversions
might constitute one of the r'ne_chanisms for providing the cell |

with balanced levels of the various purine nucleotides although ¢

*
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regula‘tion..of the rate of de novo synthesié seéms to be more
efficient. .The control of de novo purine synthesis is exerted

at the level of the firs_t, presumably rate‘—limiting,‘ reaction. by
inhibition of the requisite enzyme PRPP amidotransfer‘aée (Hend'er-son,
1972; Kelley et al, 1975) and/or more efficiently .through reguiation
of the levels of PRPP, the necessary substrate in this reaction.

A selective control of the synthesis of various types of purine
nucleotides has been shown 'in lymphocyies (Her'sh't;ield and Seegmiller,
I97"6); tihis is exerted.at the leve! of the IMP branch (figure [)
from .where all the purinés are synthesized de novo. For example,
an excess of guanine nucleotides (in case of hi_gh extracellullar-
guanine} hé;s been shown to depress the -over'al! rate of @
synihesis as; well as decrease its own synthesis (inhibition of

IMP dehydrogenase), the resultant increased availability of IMP,
combined with the stimulatory effect of GMP on SAMP synthetase
(the first en‘zyme._commit‘ting AMP synthesis f‘r'orn IMP} might then
ca.use ar;- increased synthesis of AMP. Thus, an e,xogenou..c, supply
of guanine or any other purines base might have consequences for

the overall purine metabolism.

The rate of de novo purine synthesis is great!ly enhanced

by mitogen stimulation and ,this activation correlates with the
reported general increase in purine metabolism. Wood and

coworkers (1973) have measured up to IOOfoId-acziv.a:tion of de
novo purine synthesis as early as 4 hours after PHA addition

to HPBL; they proposed that the increase in purine synthesis

was due to an increased availability of PRPP rather than to

~
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increésedl amounts of enzymes. lndeed; increases in PRPP concen-
trations have been obs_er-ved both shortly {Hovi et al, 1975) and

at later times {Hovi et al, 1977; Wood et al, 1973) during lympho- 4
cyte transformation. Increases in the amounts of purtne metabol-_
izi_ng enzymes occur but this is part of th'e increase in protein
synthesis per cell and it is too high to explain the aﬁtivation

of purirfe metabolism; furthermore,. no change has been reportéd.

-—/-__.—’ .
on the specific activity (activity per mg protein) of any purine

metabolizing enzyme and the report by Holmes and' coworkers (1974)

on PRPP amidotransferase activation during lymphocyte transfor-
mation indicated a modulation of the purine metabolizing enzyme

" activities by allosteric effects.

l.4.2 Pyrimidine Metabolism

Since purine anralogues can interfere ‘with purine synthesis
.thereby inhibit lymphocyte prolieration independently from entering
RNA, experiments were carri;ed out with pyrimidine base analogues,
which a‘lso enter ribonucleic acids but do not affect purine metab-
olism és severely as purine analogues might. Furthermore, no
disorder in pyrimidine metabolism has been found asso;:iated with
irﬁpairment of the immune function.

The analogue used, S5-fluorouracil {5-FU) is like uracil,
taken up in mammalian cells by facilitated diffusion and is further
utilized for nucleotide synthesis by the same pathways :':15 uracil.
The only differ‘encc'a in the 'metabolism of 5-FU is that the analogue
is not converted into cytosine or thymine nucleot.ides, F-UTP and

F-dUMP being not good substrates for CTPSase and TMPSase, the
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enzymes involved in amination of UTP and méthylation of dUMP

respectively (H.iecl:ielberg,_ 1964)." Synthesig of ur'éc'il nucleotides
from uracil -occurs, like in the salvage off purine bases, mainly
through the .phosphoribosylation reactiony uracil is converted
directly to UMP by the: action of orotidylate phosphoribosyltr‘ans—
ferase (OMPppase) in_the presence.of PRPP. OMPppase is also
involved in the de novo syntf;e'sis of pyrimidine nucleotides (figure
2) and this enzyme activity has been suggested as the rate—lim'iting
component in the synthesis of uridine ‘nuclsi-otides in several mammal-
ian cells {(Ullman e;nd Kirsch, 1979). The alternative pathway

of ﬁyrimidine sal.vage which Involves formatioﬁ of the nucleoside
{and further p_hosphor‘ylnationl) is used for nucleotide synthesis

from cytosin'e and.thyrﬁine but for ‘u'r-acil, the uracil phosphoryliase
has mo.r‘e affinity for urid{ine than for the base and is rather
utilized in degradation. ' )

- -

Both, the de novo and salvage pathway of synthesis-of.

uracil nucleotides utitize PRPP (figure 2} and PRPP is also a
substrate for purine phosphoribosyltransferases. Therefor-'e, one
way by which pyr-imi.dines or their: analogues might affect purine,;
metabolism is by reducing the level of FI’QP‘P available f-or purine
synthesis and purine and pyrimidine biosynthesis might be coor-
dinately regulated by PRPP levels. Indeed, orotic acid which
i_ncr‘easeé the intracellular conc;entr'at.ion of pyrimidine nucleo.tides'
has been. shown to slightly reduce th;e synthesis of purines (Fox

and Kelley, 1971) and sublethal doses (507M) of adenine, adenosine

+
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and inosine, in turn have been shown to decrease the concentration‘
of pyrimidi'ne nucleotides in lymphoblasts (Astrin et al, 1977).

Howev‘er', studies wi:i'} the HGPRT-deficient lymphoblasts derived .
from Lesch-Nyhan patients failed to show any change in the concén-
tration of pyrimidine nucleotides as, compared to normal lympho-.
biasts and there ;s ne clear evidence for a coordinmate regulation
of purine and pyrimidine synthesis by PRPP. The iRtracellular
concentration of pyrim.idine nucleotides, like that of purine nucleo-
tides, is more effectively controlled by modulation of the e’;wzy-mes

involved in the de novo pathway of synthesis. For example,

o

high pyrimidine nucleotides feedback inhibit CPSase (the first

. enzymt; in the pathway) and. this e;nzyme can-in turn be stimulated
by purine nucleotides. . | ’ N

The degradati'on of pyrimidine nucleotide_’s_,, like that of
purine nucleotides, involves the séquential action of S'-nucleotidase
and gracil p‘hosp-hor‘yiase to vield the base. The base is theﬁ
-cle;ved and degr‘ad;.ed by the action of dihydrouracil dehydrogenase ,

.to)B‘-alanine' (or itsﬁ-ﬂboro derivative in the case of 5—FUY,

]

the main degradative intermediate released by animal cells.

The changes in the metabolism of uraci! after mitogenic
stimulation of lymphocytes are not well documented but increases
in uridine kinase and the reported enhanced activity of ATCase

and OMPppase in regeneraiing rat liver and tumor cells (Cohen

N

and Marshall, 1962), together with the enormous increase in nucleic
acid synthesis associated with lymphoctye transformation, strongly
suggest an enhancement of pyrimidine metabolsim during mitogenic

stimulation.



Figure 2:
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Pathways of Pyrimidine Metabolism in
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CHAPTER I1I

MATERITALS AND METHODS

-

Culture of Mouse Splenic Lymphocytles

2.1.1 Preparation of Cells

Male Balb/C mice (Bio-Breeding labs), 8-10 weeks
old, were killed by cervical dislocation. Their spleens
were removed and disrupted on a wire screen, ‘into a drop
of .calf serum (Flow La.bs), then suspeﬁded in medium RPMI .
1640 (Flow).

.The cell suspension was lavyered on calf- serum to
sediment debris. Red Plood cells were removed b-y lysis;
with NH,CI (0.83%) for 7 minutes at 4°C. Resultant
suspensions (95% lymphocytes) were washed onde with RPM‘I"
1640 before use.

2.1.2 Culture Conditions

Cells were cultured in RPM! 1640 supplemented with
6% fetal calf serum (Flowj, penicillin-streptomycin {1o0
u'nits/ml - 100 4fg/rnll; Difco} and 2 mM L-glutamine, buffered
with pH 7.0 with 20 mM Hepes buffer.

All cultures were at a density of 2.5 - 3 x IO6 cells/ml.
Cells were incubated in plastic tubes (F;alcon), at 0.5 - 1.0
ml!/tube (depending on the experiment); or in plastic flasks
(Corning) at 10 - 20 ml/flask.

Containers were kept sealed and cells were cultured

at 37°C.
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2.1.3 Mitogen. \ T
J }oncanavalin A (Calbio;hem; Sigma) was édded to
__cultur-és at a final concentration of 3ug/ml.
This was added prior to distribution in flasks or
tubes, or after inhibitor treatment (depending on the
experiment).

Dose-response curves were occasionally done to check

the Con A stock for mitogenic activity.

2.2 Bases, Base Analogues and Other Inhibitors

In all cases, inhibitors were given for 6 hours, at times
indicate_-d for various experiments. When necessary, the treated
and control cells were washed twice in RPMI- 1640 cor.'atair)'in'g 2
mM L-glutamine and resuspended in fresh culture medium.

All the bases and base analbgues were obtained from Sigma.

In some experiments {figure 5) adenine (132 uM) and uracil
(132 LM) were added along with purine base analogues, from
42 to 48 hours of culture with mitogen.

Guanine (132 M) dissolved .in 0.5% KOH was added either
together with 8-azaguanine and 6-thioguanine or after treatment
with these analogues.

8-azaguanine was dissolved in 0.5% Na,C0; and added to
cultures at indicated times while contrel cultures had an equal
volume of 0.5% NA2CO3 added (100« 1; pH adjusted to 7.0).

I3

6-Thioguanine (2-amino-6-mercaptopurine) {in 0.5% Na2C03)

and 5-Fluocrouracil were added under same conditions as 8-azaguanine.

+

- -
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THe concentrati'c_m 6f‘analogues used‘ w:as b.a,;sed on standard dos‘e-.
response curves (fig. 3) carried out with cells of high metabolic
acti.vity (l&2 -~ 48 hours ConA). .
| Stable solutions of amnisomycin (Pfi;ér, c.!i'ag.nostic division’ -
were prepared as described by Schwarz et al (1971). The base
—
was dissolved in water', diluted with an aequivalent amount HCI
to the desired concentration (0.5 mg/ml!) and fimally adjusted
to pH 6.5 for maximum stal:l'oilihty at 4°C. )
A céncentration of 200 né/ml anisomycin, added from 42
to 48 hours to Balb/c splenocytelCuﬁltures, was sufficient to b'rir-wlg
about 70 - 85% inhibition of‘pr‘otein synthesis and the inhibition

was found to be reversible‘ upon washing.

2.3 Measurement of Thymidine Transport

Lymphocytes wer‘e,tre:ated with 66 4 M 8-Azaguanine after
&2 hours in ConA and the thymidine transport assay was carried
out at 48 hours. Thymidine transport in Balb/c splenecytes was
measured by the rapid sampling technique of Strauss (Strauss
et al., 1976) as modified by Rudd (MSC thesis, 1980). Cells
were removed from Corning incubation flasks, washed twi.ce and
suspended in LMGB (Lgukocyte medium, pH 7.4 - 7.6, containing
glucose and bovine serum albumin) at a concentration of 10 x
10® cells/ml. LMGB consisted of 10 mM sodium phosphate buffer

(pH 7.5), 0.9% naCl, 0.1% bovine serum albumin 5 x crystallized

(Sigma) and 5 mM glucose {Fisher).
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Transport was measured by mixing equal valume (0.5 x

0.5 ml)} of cell suspension with ,thym?dine at the desired C:Jnce.n-
_:,_._t.ration at 20 p,Ci/rPI in” LMGBE -After the appropriate incubation ' ii
time {30 secohds), 200 ! c;f' reaction mixture was layered into 3
a A'OO p! microfuge tube {Canlab) containing.50 | of 7% perchloric
acid-as the bottom layer and 150 Wi of silicon oil (12 volumes )
of Dow Corning 550 fluid and I3‘ votumes of Dow Corning 510 fluid).
.The tube was spun at 10,060 rpm for 20 seconds uéing a Beckman.
microfuge. The microfuge tubes were frozen in etl';anol‘/dr-y ice
and the tips sliced into a scintillation vial for counting. Cell
digestion was a‘ccomplished overnight with 10 ml of Protosol (New
England Nug;lea;') at 379C. This.was then neutralized with o4t
glacial .acetic lacid and counted in 7 ml scintillation fluid
(Scintiverse; Fisher) with a Beckman scintillation countér model

LS 233..

Non-specific associa'ted Iabel was determined by the method
of Rudd (C.E. Rudd, M.Sc. Thesis) which accounts for non-specific ’
adsorption to the cell surface as well as for label ts:-appec.l in .
the intr-tacellular- space.

Values in this range were subtracted from cell associate'd

radicactivity to determine the actual transport values.

2.4 Potassium Influx

86 . - ' i
» RB was used as a tracer for potassium. 8-Azaguanine

(66 ].LM) was added at 6 hrs and potassium fluxes measured (in

‘presence of the analogue) by 12 hrs since the increased fluxes
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of mouse cells are best detected 12 to 14 hrs after mitogen addition

(T. Owens, Ph.D. thesis).

88 pbe|

One hour before the assay, 40 pCi (in 25 dfl) of
\('NQW England Nuclear) was added to each ml of culture, in plastic st

tuoes. i .
Cells were sampled by cen":rifuga‘tionéf 200‘ Ml aliquots thr-o-ugh

100w | of silicone oil using a lmicr'ofuge.' The tips of the tubes

‘ﬁ were cut off an‘d' the'radioac}ivity in the pellets cpunted-in a
~ gamma counter.

Conversion of the 86Rb data to K+ uptake was performed

according to equation | and 2:

. + _ Counts/ml
V. SRM (counts/fmole K) © 7 (fmoles/ml)

where SRM is the specific radioactivity of the medium and
Z is the concentration of K¥in the supermatant, 5.4 x !09 fmoles/ml .
- {Counts/pellet) - (counts
2. K+ uptake (fmoles/cell) = in trapped medium)
' ‘ SRM X viable cells/pellet

Correction for trapped space was done using a zero time
uptake. " Cells and isotope were pre-cooled at :°c for 15 min.
mixed rapidly,. immediately sampfed and spun with 15-30 seconds

of mixing.

2.5 Assay for DNA.Synthesié and Chromatin Decondensation: ~

-

2.5.1 Measurement of 3H-Thymid'ine Incorporation
To measure DNA. syﬁthesis, the incorporation of (3H)-

thymidine (5 Ci/mM, AmersHam) was assayed at 24 and
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48 hrs. The isotope was. added 2 hrs pr-'ior' to harvest,
in 50 ‘p,l PBS (Phbsphate Buffer Saline) to a final-cor'ucemra—'
tion of lZ;_LCi/mI.

The incorporation of isotope was measured on a manifold "
_(Milli;ﬁore) equipped with glass. microfibre filters (Whatman
type .GF/C)'T .Cells were deposited on the filters, washed
wi.th .isr‘btonic saline (d.ss% NaCl), ice-cold 5% trichloroacetic
acid a.nd. methanol. The dried filters were counted in 7 .
ml §f Scintilene in a scintillation counter for 2 min. At
least 3 replicates wer:e counted for .each sample, méan

-

counts were presented with their standard deviations.

2.5.2 Autoradiography and light Microscopy

~

Tza ascertain the effects. of base ‘analogues on DNA
synthgsis, autorédiographic grain counts wer'é ar_‘lso perfpr-med.

At specified times .after tr‘ea.tment with rhe.énalog@es,
cells were labelled with 3H-thymidine‘- (‘IO}.L Ci/ml}) | hr pric;.ar
. - .
1o fixation. . *

Fixa_tioh was in 2% glutaraldehyde-2% formaldehyde
in Q0SM sodium cacodylate buffer (NaCac, pH 7.4) for |
hr at room temperéture. After. 3 washeé in0.05 M ;ﬂaCac
buffer',\_;cyells were'post-fixed in 1% osmium ;etroxide inO.OSNIl“
NaCac buffer for | hr at &OC, then washed 3 times in buffer
and dehydrated in 70% ethano! at 0°C for 10 min. Cells

were resuspended twice in pure dioxane, then in dioxane-

E_po-ni araldite mixtures (1:1, 1:3) and finally embedded in

-
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W

pure € pon araldite and-incubated at 80°C for 2 days..
The hardened blocks were ‘then processed fowligh:t autoradio-
graphy.

The sa\me preparation was alsg used in studies of

nuclear decondensation patterns observed herein 'by light ¢

microscopy. . .
For both autoradiography and light microscopy, 0.5
pm thick sections were cut with glass knives on a Reichert

OmU2 ultramicrotome, expanded with xylene vapours and

placed on ge!a:i;-co;ted slides {0.1% gelatin).

Light autoradiographs were prepared by coatiné.slides,
with Ilford L, emulsion diluted I:l with distilled water.
After exposure times of |, 6 and 10 days, the slides were
developed in Dek:hol: water I:1 for & min (Eastman Kodak,
Lid) and st,a_ineé with toluidine blue pH 9.0.

Slides were mounted in immersion oil under coverslips
for scorimg under brigtl'zz field optics using a Zeiss photo-
microscope.

300 nuclei/slide were scored for nuclear mor;ﬁhozype

¢
distribution and silver grains counted in 500 cell samples.

Assay for RNA and Protein Synthesis

fn experiments measuring RNA and protein synthesis, the

incorporations of * (5, 6—3H) uridine (42 Ci/mM; Amersham)} and

-

L-{4, .S—q-l) leucine (65 Ci/mM; Amersham) were assayed at i2, 18,

24 or 48 hrs depending on the experiment.

N -
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The isotopes were ,added 2 hrs be‘fore harvesting, in 50
1wl PBS to final concentrations of 5 pCi/ml for 3H-uridine and
1nopLi/ml for 3H-ieucine, respectively.

Trichloroacetate precipitate material was collected using

‘a manifold, then counted in a scintiliation counter..

2.7 Blast Tramsformation

After the treatment with base analogues, cells were washed,
incubated in fresh culture r;ned‘lum and the distribution of cell
sizes determined between 44 and 50 hrs, either using a Coulter
counter or by phase contrast microscopy on viable cell_s..

Percentages of blast cells in culture were calculated on -

the basis of the number of cells with a diameter greater than 8 pm.

»
-

2.8 Determination of Mitotic Indices

Cells were culiured in flasks. After rh8 hours, colcemid
(0.1 g/ml. Difco) was added for 6 hours. Cells were collecied
by centrifugation,- washed in PBS and gently resuspended in 0.075M
KC! for 10 mfnutes. They .were then fixéd in methanal: acetic
acid *(3:1), and spread on glass slides. )

Spreading was accomplished by gently blowing on the slide
as it dried under an incandescent- light bulb. Slides were subse-

guently stained with 2% Giemsa solution for 15 mir&tes then dried;

metaphase spreads were scored over 1000 nuclei/slide.
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CHAPTER !11
. ' RESULTS

The activation .of mouse splenocytes by Con A is accurately
assayed by measuring the incorporati;::n- of rad’i‘oactive thyrﬁidine,
uridine and leucine, all of which increase to reach peak values
approximately 48-60 hours éfter‘ initiation of culture.

)_ The increase in'.3H—Ieucine and 3H-uridine incorporations are
detected as early as [2 hours while 3H-thymidiﬁe incorporation
cannot be measured earlier than' 24-30 hours.

Since it was necessary to determine simultan_eously the sensi-
tivities of protein, RNA and DNA synthesis to purine analogues,
fuIIy. activated cells (40-48 hours) were used. to establish the

conditions required for maximum impairment of transcription in

cultured lymphocytes.

3.1 Purine Analogues in Metabolically Active Cells

" 3.1.1 Dose Response Curve

Frqm the pnopésed méchanism of action of B-AG in
animal cells (Roy-Bur-rr:an, 1970}, i‘ncorporationl of that analogue
into RNA was expected % be revealed by a decrease in .
protein synthesis. ’ -

The Ie'ngih of exposure to 8-AG was arbitrarily fixed
at 6 hours and the conditions for maximum i‘ncorporation

into RNA established for that length of time. Figure 3
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shows the effects of increasing-concentrations of 8-AG on

the incorporatims of 3H-thymidine, 3H-uridine and ;H—leucine

.

~

measured at Aé hours.
Aftee the 6 hours exposure, there was little or no

inﬁibition of 3l-i—.leL.tcirna- or uridine incorporations while

the ‘in_cor'p'or-ation of 3H-thymidine was severely affectec_:i.

- c;ncentration of 6.6 x lO-sM 8-AG was sufficient to decrease

thymidine incorporation by &d% and maximum inhibitions .

(80%) were achieved with doses of 6.6.x 07> M or higher -

whfch decreased 3H-leucine an‘d uridine incorporation b;z no

more than 20%. ’
For purpose of_comparison, sirr{ilar‘_experiments were

carried out with 6 ~TG, another analogue' of guanine, having

a more complex' mode of action than 8-AG. Unlike 8-AG,

6-TG ‘can enter both RNA and DNA and also inhibits some of

the pathways involved in DNA synt‘he.sis (Le:;age and Jones,

1961},

_SM 6-TG are shown

The rgsults obtained with 6.6 x 10
in Table [. Here again, 3H-thymidine incorporation was’
more sensitive {90% inhibition) than were leucine and uridine
incorporations which were inhibited by 70 and 40% respect-
ively. There was very I)ittle inhibition of biosynthesis of
RNA a;nd protein in resting cells.

. Degrees of inhibition observed with 6-TG were in general <

higher' than with 8-AG. In a few experiments somewhat
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Figure 3: Effect of Different Concentrations of 8-AG on t

lncorporation of SH-Thymidine “H-uridine. and ~H-ledcine
in Resting and Con A Stimulated Mouse Splenocytes.

8-AG was added at 42 hours and the incorporation of radioactive
precursors measured at _hB hours, in presence of "8-AG. Results
from 3 experiments: are combined, the bars répresent standard

deviations. LY

.
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lower levels of inhibition {approximately 60%) were observed
with both analogues but the stronger effect was always
on the incorporation of 3H-thjmidine.
.// 5
A concentration of 6.6 x 100 "M was then selected for -

all the experiments with guanine and other base analogues.

3.1, 2'—"-":‘._::;1Thymi dine Transport

The action of 8-AG on thymidine incorporation might

result from an inhibition of the Con A - dependent activation

of thymidine tranmsport in stimulated cells (Rudd, 1980}.
Thymidine transport was assayed  at 48 hours in cells
in which the 3H-thymidine incorporation was maximally

S

inhibited (80%) with 6.6 x |0 °M 8-AG. Figure 4 shows that,

at any extracellular concentration of thymi‘dine and for
comparable specific r-adioac-tivi:y, the same amount of radio-
active thymidine was .transported whether or not 8-AG was
present and %—l-thymidine incorporation inhibited. This
indicates that approximately the same amount of. 3H-thymidine
is made available for DNA incorporation im control and 8- AG

treated cells.

3.1.3 Effect” of Exogenous bases on the activity of purine
analogues

The presence of natural bases during exposure to base
analogues can - affect the expression of their effects. In
this and the following experiments, the expression of B8-AG

or 6-TG effects was assessed by the degrees of inhibition
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Figure &4: Thymidine 'Er'énspor‘t in Con A Stimulated Mouse Spleno-
cytes Exposed to.8-AG. :

Con ‘A stimulated cells were exposed to 8-AG from 42 to 48 hours
then suspgnded in prewarmed LMGB at a cell concentration of

10.0 x 10° cells/ml. . A volume of 500 11 of cell suspension was
then mixed with an equal volume of LMGB containing concentrations
of thymidine between 107 to 10'2 M. The final specific activity
of radicactive thymidine remained constant at 20 p,ci/ml. A 200

wl aligquot of reaction mixture was then centrifuged using the
_mﬁicrocentrifugation technique outlined in the Materials and Methods

47
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in . thymidine incorporation. Figure 5 shows the changes

.

in B-AG dose-response curve when 13.2 x 10'5M guanine,
adenine or uracil were added together with B-AG. It is

clear that both guanine and adenine almost completely prevented

the inhibitory effects of 8-AG. At any concentration of
o .
B8-AG, with guaning (curve B) or adenine (curve D) present,

-

-

the incorporation of thymidine measured represented more
than 85-90% control values while in the absence of the- bases .
(curve A), the counts did not exceed 15-20% control.

Similarly (Table 2), the $0% inh.ibi‘tion of thymidine

_S'M 6-TG was reduced to

iess than 0% by the simultaneous addition of 13.2 % IO-SM

*

incorporation caused by 6.6 x |0

4

-

guanine. ) . . h
. However, in presence. of uracil (curve C}, the dose--.

response curve for 8-AG effects was not changed. The degrees

.

. of inhibition were the same, with the same inhibitory maximum

(80%) -reached with 6.6 x IO*SM analogue, whether or not
uracil was present.

éuanine and adenine.alone did not affect ‘the incorpor—'
a-;ion of thymidine, nor did uracili in ti_'ae conditions used here.
The prevention of the‘ inhibitory' effects of guanine analogues
by adenine and not orjiy_by guanine can be explained by the
intracellular interconversions between purine nucleotides
or by the use sof consmon metaboli; pat_hways by alrl purines

{Hershfield et al, 1976). . . : :
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Figure 5: §ffect of Exogenous Bases on the Inhibition of
H-Thymidine Incorporation by 8-AG.

Guanine, adenine or uracil (13.2 x IO_SM) were added along with

the different concentrations of 8-AG, at 42 hours. -Incorporation e
of thymidine was measured at 48 hours. Points represent the : ;
means of 3 experiments. The bars are standard error of the

mean. Resting counts ranged between 1.5 - 3.0 x 103 cpm.
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Thus, all the effects of guanine analogues in ‘prolifer-

ating lymphocytes must result from their ability to mimic

.

guanine and, as shown in figure 6, there is a competition

between the base and iteanalogues for some functicn related .

to DNA synthesis. The degr‘ee'of inhibition of thymidine

-5

incorporation by 6.6 x 0°°M 8-AG was inversely proportional

1o the concentration of guanine until the ratio added guanine: -
added 8-AG was egual to |, the minimum ratic at which
the effects of the analogue were no longer expressed.

However, once the effects of guanine analogues were
B -

- -
kS

expressed (6 Rour-exposure in the abserice of excess purine

pases) they were no longer sensitive to the presence of

eXx 0 genous purines. In féct, the inkbition of thymidine
incor'porat';on by 8-AG or 6-TG was irreveréible. Figure™ 7:
illustrates the persistence_ of B-AG effects after washing
and incubation of the cells in fresh ('anatogue-fr;ej medium

containing 13.2 x lO_SM guanine. A general increase in
-

thymidine incorporation with time of incubation was observed.

In the cultures previously treated with 8-AG and then washed,

the reincubation with guanine (curve B) for 4 hours seemed

to increase slightly the incorporation of thymidime as compared

to the cultures incubated in the absence of guanine (curve A).

Normetheless these counts_smever reached those of control non- .

azaguanine cultures (curves A and B) which increased propor-

tionally in suéh a way that the degree of inhibition remained
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Figp.r‘e 6: Effect of Different Concentrations of Guanine on the
Inhibition of Thymidine Incorporation by 8-AG.

Guanine .was .added along with 8-AG (6.6 x IO-SM) from 42 to

48 hours in Con A stimulated mouse splienocytes. Thymidihe . incor-
poration was measured at 48 hours in presence of 8-AG and guanine. -
Points represent the means of 3 experiments. Resting counts

vranged from 1.0 to 1.5 x 103 cpm.
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Figure 7: Persistence of 8-AG Effect on Thymidine 1ncorporat|on
after Wash and/or. Addttson of Guanine.

8-AG (6 6 x 10 SH) was added between 42 and 48 hours after Con A
addition, then ce]ls were washed and reincubated with or without

guanine (13 2 x 107 H) Thymidine incorporation was measured at
48 hours and after wash.
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glmost unchanged 6 hours after removal of the analogues

from the medium.

. ) +*
3.1.4 Onset of the Inhibition of Thymidine incorporation

1

Inhibition of DNA synthesis following an exposure to
8-AG, is usually an indirect effect resulting from the inhib:-
ition of protein synthesis. | )

To determine whether in pro[i‘fer'ating .lympl'_nocytes,
the effects of B-AG on DNA syr-‘wtlﬁesis.were also indirect,
5y ci/ml 3H—thyrnidir'ne was added along with‘S-AG at 42 hours
and theﬁ"changes II"L thymidine incorporation were followed
every 30 minutes for the duration ;:>f the exposure'..

Figure 8 shows that significart difference (p=0.001)
from the cbntrol non-azaguanine treated cultures was observed
as early as 1.5 hours. after the addition of 8-AG, at which‘
time dNA synthesis had decreased by about AS?&. Increases
in 3H—thymidine incorporation with time were still observef:i
in the cultures treated with the anmalogue but these were
very low compared to the control cultures. This indicated
th:at the progr‘essi.on of 'the cultures in or beyond the S
phase was greatly reduced but there was still some replica-
tion in presence of 8-AG, that could have resuited from

the activity of few, unaffected cells or from the combined

equal and partially inhibited activities of all the cells

in the cultures.



Figure 8:. Time-course of the Effects of 8-AG on Thymidine Incor-
poration.

[ .

F2.=.1ciioactivq"5 thymidine (5 peci/ml) was added together with 8-AG
(6.6 x 107°M) 42 hours after Con A addition. Incorporation of
thymidine was measured every 30 minutes up to 48 hours. Points ° .
represent means of 3 experiments * Sl '

-
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.3.1.5 Non-Réquirement for Protein Synthesis
The cweral_l protein synthesis being only partiaily
inhibited by B-AG, the synthesis of abnormal or _tc;xic proteins
in présence of the analogues could explain the observed
increase with time of th‘e inhibition of DNA synthesis (figure 8).
lt was thus important to investigate the role of protein
synt_)!nesis in the act.ion of B-AG on DNA synth;esis.
’-_/ Anisomycin, a reversible inhibitor of protein synthesis,
- was added -along wit-h 8-AG for 6 hours and the effec-ts
of the analogue assessed in presencé of the inhibitor and
after recovery of protein symh;esis. Fig'ur-e grshows that
all the inhibitory effects of B8-AG were independent of protein
synthesis. Anisomycin alone decreased _the' incor‘por'at'ionl
of leucine by 82%, that of uridine by 40% a.nd tha incorpora-
tion of thymidine by hé%. The effects of Anisomycin were
apparent within 30 minute incubgtion {data now shown).
8-AG alone showed the usual pattern of inhibition i.e. 45,
30 and ;15% for leucine, uridine and thymidine incorporation
respectively,. When added Itogether‘, the effects of the 2
drugs were not additive although the degree of inhibition
of 3H—thymidine was slightly .hi'gher than that observed for
each drug separately.. After washing (to restore protein
symhésis) and.addition of. excess gua}nine, the levels of
inhibition were identical in all the cultures exposed to

8-AG whether or not protein synthesis had been inhibited.

6l



Figur‘e 9: Effect of Anisomycin on B-AG Action''in Con A Stimulated
Mouse Splenocytes. ¢ -

Anisomycin (200 ng/ml} was added between 42 and 48 hours in
presence or absence of 8-AG. ' Cells were then washed and
reincubated in presence of guanine. Incerporation of radioactive
precursors was measured in presence of the drugs at 48 hours
and after wash. Results are expressed as percent inhibition
over control non 8-AG, non-anis. and/or non-8-AG-anis. cultures.
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This suggests that the inhi.bihtion of DNA synthesis

-

by B-AG is not due to the synthesis or accumulation of

toxic proteins.

3.2 Effects of guanine analogles on the entry into S phase.

Exposure of f‘ully._activ_ated lymphocytes to guanine analogues

-

‘result‘_ed iﬁ severe inhibition of DNA synthesis accompanied by
-.a dec::ease in the synthesi.s of proteins and RNA.. Thé inhibition

of protein and RI\{A synthesis ca‘r; be ex;-alained by the incorporation ,
of th‘e analoéges into ril:;c'mq_cleic‘ acids. ".However‘, the effect on DNA

synthesis apparently does not require protein synthesis and is so

r-a{aid and prohounéed that it might not be a consequence of impaired

-
-

transcription.

O'ne'p'ossib'ility by which such an immediate i‘nhi'bition of
replication could occurtis ihrough incorporation of t‘hé analogue:s
into DNA, althogh the entry of 8-AG i:l'no DNA has never been
demonstrated in'anima! cells. Ther‘efor-le, exposure to these anal-
ogues prior to the onset of DNA synthesis and also before the
increase in transcription may give some insight into tl-'ue actual
mechanism of the inhibition of replication éﬁd berhaps may_’r'eveal

-

the importance of transcripts made at-:various times during trahs-

formation, for the subsequent proliferation.

The prevention of the action of guanine analogues by guanine

- was exploited to limit the interference of the analogues at selected

LA

periods. ‘ .
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3:2.1 Similarities in- the imhibition patterns for different
times of exposure .

-

- - 8+-AG was giveri far the standard 6 hours "at different

times after Con” A addition and the incorporation of thymidine,

uridine'and leucine measured after removal of the analogue '
” P UL -5 .

“from the medium and incubation with 13.2/xx 107" M guanine

- -

for up to &8 P;ours.'

]

~Zhe results obtalned after- an exposure to 6. 5 x 1077 M

8-AG for the first 6 hours following Con A addmon are .
shown in Table 3. Protein ar:'d RNA- synthesis were measured

)
at 12, 24 and 48 hour-s- DNA- synthesus was measured at

1.

24 and 48 hours. It~ appears that all the 3 parameters, . .
protein, RNA an-d DNA synthesis were permanently decreased
. - -~ . *

after the treatment with_8-AG. At 12 hours, the incorporation . -
- of 'Ieucine.anq uridine were similarly affected; they both . 1

répresented about 50% .of .the incorpor-gtions in control cultures.

The imhibition of uridine incorporation ‘dgcreased lafer while

it |

tHat of leucine remained’cohstant! and by 48 hour's the: fgnal

™

- degrees of mhubrt:on were 50 and 30% for Ieucme and uridine

mcorporatuon respectively. In fhe case of thymidihe ipcor-pqr-a','—_
tion, there was a pr-ofou-nd inhibition 180%) at 48 hrs. The z
de'gree of i"nhibitio’m in r‘estmg cells 5|m|1ar'ly tr‘eated vamed

from 30% for leucine mcor'por‘atton ‘to 40% for the basal thym|-

- . 5

dine mcorpor'atxon.
~ ’ A Y

Tables 4 and 5 show the results of exposure to' 8-—%6 C ‘ .

for .6 to 12 hours of culture and from 12 to- I8 hours, after

o . U ’ .
~ 8
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the increase in transcription has began. Here again, ‘when

measured at 48 hours, ‘there was a much stronger inhibition

of thymidine incorporation (60 to 85%) than of leucine (10 = 3

~

to. 45%) or uridine incorporation (3 to 35%).

In comparing the effects of the different times of exposure
to 8-AG (figure 10} or 6-TG (figure I1) on the proliferative
response at 48 hours, it ié ?vi.dent that exposures either

before increas;d, tr'ansc_:r-iptional activity or any t‘imq after

(even after tlhe onset of ONA synth‘ééi's') resulted in -similar

patterns of inhibition -ar 48 hours, with the same severe

effect on DNA synthesis. There was some variability" in

- degree of inhibition in different experiments performed with

one analogue under the same conditions. This is illustrated
in figures 10 and Il by the two sets.of -data -(labelled | and
2) obtained after exposures from 42 to 48 hours of culture:

in some experiments, the incorporation of leucine and uridine

— ———— B

—

were not, or oniy slightly affected and the inhibition of

‘thymidine incorporation was less marked (60-65%).

Whether or not the data in figures 0 arrd 11 exclude
the incorporation of the analogues into. DNA as a r.t:_]?chanism'
. %y
of inhibition of DNA synthesis is not evident, Thé presence
of analogue:.s might have indirectly affected some earlier

events “essential for proliferation and the inhibition .of DNA

synthesis cquld . have been a consequence of the abnormal

activation.

69



(Y

Figure 10: Effect of 8zAG Treatments at Different Times of Activation
on Con A R%s;ponse at 48 hours.

\
- .

Cells were exposed to 8-AG at times indicated, for 6 hours, then
washed and reincubabed in presence of excess guahine, with
or without Con A (depending on the time of treatment) until 48

hours. ' 2 separate sets of results are presented for the treatments

between 42 and 48 hours to show the experimental variability;
each set of results represent means of 3-4 different experiments.
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Figure fl: E\.ffect of 6-TG Treatments at Different Times of Activation
' OK'Con A Response at 48 hours.

Cells were exposed to 6-TG from 0 to 6 hours or-from 42 to 48
hours after Con A addition. Incorporation of 3H-thymidine,
3H-uridine and 3H-leutin€ was measured at 48 hours after wash
and incubation of cells with’ guanine alone for the S phase treat-
ments and guanine plus Con A for the early treatments. The

2 sets of results presented for the 42-48 hour treatment illustrate
the expemmental variability. .
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3.2.2 . Potassium Uptake

The activation of K+ infiux was assessed at |2 hours

in Con A-treated cells exposed to 8-AG at 6 ‘h_ou:js and whose

RN

thymidine incorporation at 48 hours was inhibited by 75-80%.

Table 6 shows that the influxes of K+ in B-Aé and

~control cultures were not significantly different (p=.3) from

each other.: In both Con A control and Con A - 8-AG cells,
the uptake of K+ was about |.8-fold greater than that of
resting ‘cells. This corresponds to uptakes of 7.2-7.4 fmoles/
ce[I/_.hr.i-n the stimulated cultures as cc;mpar'ed t? 4.0-4.2
fmdles/cell/hr in resting cultur:es. . The influx_-méasur‘ed

‘at 48 hours (data not shown)} after early treatment with

-8-ACG were also the same as control. it is thus clear that

B-AG treatment does not inhibit early stages of activation.

-
-

3.2.3 Blastogenesis

The morphological changes induced Sy mitogens afﬁer-
20 hour ‘culture are also essential for the subsequent entr-y. |
into S phase. It was'then necessary' to investigate the
effects on early exposure to 8-AG might ha‘v.e on the Con A
induced increase in cell size and decrease in chromatin

-

aggregation.

Figure 12 compares the Coulter 'channelizer' size distri-
butions at 48 hours of control cultures with those of cultures
. . A

expesed to B-AG from 0 to & hours.- The stimulated cultures,

both control (curve A) and 8-AG treated {curve B) showed

_. C

24
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Figure 12: Coulter Channelizer Cell Slze Distributions of 48 hours . :
' ' Gultures of Resting and Con A Stimulated cells Exposed i
or not to 8-AG from 0 to 6 hours.
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a wider distribution of cell sizes (ranéing from 75 um3 to
300 um3 volume} than the resting cultures (curves Al and B!)

where most cells had-a volume ‘around 114-120 pm3. Although -

-

" there were ingHtly more cells with a volume in the 150 to

225 um3 range in the Con A’ control, ‘the mean cell volume in
L3

these 48 hours stimulated cultures was around 230 um3 whether

or not they had been-exposed to 8-AG. The mean cell volume.
s i o
in restingfcultures was 160 um3 and 170 um3 £or control and

q;AG treated res§ECtive1y. . Co . \

-

<T/’ I't was then. concluded that exposures to 8-AG during

the eariy stages of activation had no effect on. b]ast trans-
formation measured at h8‘hcurs, even |f protenn synthesns

was decreasedﬂbyrsoz_and RNA synthesis by 35%. In these

. . - ' K .
experiments, DNA synthesis was decreased by 85% at 48 hours.

Snm:lar reSuIts were obtalned when: blast transformatlon

wag assessed by countnng the proportion of cells with.a

d:ameter greater than 8 uH (Table 7). : . -

3.2.4 -an A Response afterPretreatment of Resting Cells
- .with 8-AG. | -
| Guanine analogues had very iitele efFeCt od tbe-activities
of, rest:ng ceIIs but their presence durnng tﬁe.Fnrst hours of
activation prevented the entry of cells into S phase. ‘
It was thus interesting to determine whether‘resting'cells
previbusly treated with these base analogues could”respond'£b

-

mitogens, Ny - T ) ‘ ' 7
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. _' Fd
Table 8 compares the incorporation of thymidine, uridine
s and leucine measured at 48 hours in cells exposed to 8-AG

* .
before Con A addition with those measured when 8;AG was

added together with Con A. The difference in “the rés_ponses
in the t.wo assays is evideht: the counts measured- i_n the
first case represented more than 90% of thé control values
while in the. second case, low counts, typical of B8-AG effects
Cin activated‘lymphocyt‘es (80, 13 anrd‘hZ% inhibition of DNA,
RNA and pro'tein synthesis respectively) were obtained with

a stimulation index (ratio thymidine incorporated iln St.irr:ullated
cells: thymidine incor'por'e;ted in resting cells.) of 8297_ The
stimulationindex in cultures treated with 8-AG befo:rj; ‘the

addition ow-‘- Qon ‘A were the same as in control, untreated,
3
cultures (19 foid).
Blast tr‘ansformatiqn (figure 13) could also be dgmoﬁst’rated
in these culltur'es ind_icating that resting cells previously

exposed to B-AG can respond normally to mitogens.

A
3.3 Pyrimidine Analogues in Con A Response

An intact purine metabolism is essential in the immune response
and purine analoguehs have been shown to inhibit‘d_e novo purine
synthesis (McCollister et al, 1964). To exclude the possibility
that the inhibition of _lyr,np.r%o‘c:yte pr‘olif.;er'ation observed with 8-AG
and B-TG resulted from their ability to interfere with purine
mefabol'ism, the effects of pyrimidine analogues, which also inier-

fere with transcriptiom but have a less pronounced effect on purine

X
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Figure 13:

il

'Compérison ‘of Cell Size Distribution at 48 hours between

Cultures Exposed to 8-AG before Con A Addition and
Stimulated Control Cultures, non-azaguanine Treated.

- -
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Figure‘l&: Effect of 5-FU Treatments at."Di-fferer}t Times of Activation . .

on Con A Response at 48 hours. ~ ‘ -

Cells were exposed to 5-FU for 6 hours, at times indicated, then
washed and reincubated in presence of uracil, with or without:
Con A, until 48 hours. Results are means of 3 experiments.

\
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~synthesis were investigated.

3.3.1 Effects of 5-FlJorouracil.

i

5-F luorouracil (S-Fu)' was .used to study the effecté

6f pyrimidine analogues on the~iymphocyte response to Con A.

As in the case of the experiments with purine analogues,

the cells were exposed for & hours to 6.6 x 10_5 M 5-Fu at

various. times after Con A addition and ‘the-prolifer'ative

response assessed at 48 hours. Figure [4 shows the inhibition

of thymidine, uridine anq leucine incorborations at 48 tours

for the different times of exposure. Under all conditions,-

. ti;we Iﬁcbr‘poration of 3H—_thy.rnid‘ine was the most sensitive

, _par-ame.ter-.. Leucine incorporation seemed more affected by
exposure before 12 hours (60% inhibition as opposed to 30%
for treatments at later times) ahd there was a sméller' effect
on uridine iﬁcorporation in the 42 to 48 hours treatment.
De.spite‘ these differences and a stronger inhibition of uridine

incorporation (75-80%), the gemeral patterns of inhibition

by' 5-Fu in Con A activated lymphocytes resembled those

.
.

observed with the analogues of guanine, and DNA synthesis
was still the parameter the mo_:-it affected ip any 6 hour
. exposure.

- 3.3.2 Biast Transformation.

Figure 15 and table $ show that blast transformation
occurred in cultures exposed to 5-Fu during the first hours

after activation. The distribbtkion of cell size was typical

86



Figure 15: Coulter Channelizer Cell Size Distribution of 48 hours

Cultures of Resting and Con A Stimulated Cells Exposed _

to 5-FU from 0 to & hours.
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of Con A stimulated cells with a mean cell volume around’
2‘30|_u%and the proportion of cells with a diameter above
8im was the same in contro! and 5-FU treated cu;tt.ires

~

{about 40%).

3.4 Nuclear Changes

Both purine and pyrimidine analogues inhibit the pr'olifer;ation
of lymphocytes ‘with no apparent effect‘on the increase in cell 'size.

The following experiment we;s intended to analyse the i:hanges
in nuclear size and in degree of c'hron;na_tin aggregation and to
relate them to the increase in cell voiume. Table 10 shcn:.:s the
increase, with time of incubation;_of the proportign of cells having
lar‘g‘e, decondensed nuctei, in control cultures as _wélt as in .cuitur‘es'
exposed to 8-AG or 5-FU dur-'iné the early stages of activation.
Protein, RNA and DNA synlh?é’i‘s were inhibited by 40; 25 and 80%
in B-AG treatet™ gultures and by 60, 80 and 9% in the cul:ur‘e(s
treated with 5=FU. The nuclel were arbitrarily classified mto
3 groups of morpho;ypes based on the appearance of.chromatin in
the light microscope {Dardick et al, 1981). Representative nuclei
are shown in figure (6. Morphotype | represents the small nuclei
with very condensed chromating .charac.:te:'-is"tic of unstin;ul.ated .
celis, mrphotype 2 the intermediate degrees of chromatin disaggre-
gation and nuclear size a'nd morphotype 3 represent the large nuclei,
typical of blast_'cells, with little condensed chromatin.

24 hours after addition of Con A, about 50% of the nuclei

in all the cultures were still type |, with only | to 3% type 3

- 90
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nuclei. At 36 hours, the proportion of nuclei of morphdtypes
. . _ .
2 and 3 increased at the expense of the fype | nuclei which repres-

ented only 27% of the nuclei in the cultures'treateg with base

.. .

analogues. By 48 hours, the percentage of large nuclei was .

even greater, representing 50% of the nuclel in control cultures
R .

and 40% in 8-AG cultures. The progression toward complete nuclear

disaggregation seemed arrested at the intermediate stages in S-Fu

cultures where only 20% type 3 -nuclei were counted; this predominance

.

of nuclear mor-%hotypes 2 in 5-Fu cultures {(also evident in figure

16-C} could be explained by the lower syhthesis of proteins and RNA.

In any case, the proportion of inactive, condensed, nuclej
~at 48 hours was the same (14-20%) for the 3°culture conditions

suggesting that the increase in size of the, cells treated with

- -

base analogues must have been associated \.\'ai;h some chromatin

disaggregation and enlargement of nuclear volume as wou.Id. have
beén expected for a typical .blast cel!.-‘ Hehce, all' the evidence
suggests that .th.e pur-.ine and pyrimidine analogues do not inhibit
the early stages of blastogenesis but act mainly on the later
stages.

85 to 90% of the nuclei in résting cultures remained small

and condensed after 48 hours incubation. p

3.5 Utilization of Exogenous Thymidine

Measuring thymidine incorporation to assay for DNA . synthesis
can be misleading when drugs with complex sites of action are

being used (Drach et al, 1981).
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Figure 16: Light Micrographs of 48 hour " Con.A stimulaZted mouse

. tymphocytes showing the different nuclear morphotypes
in control cultures (pane! A) and in cultures treated
with 8-AG (panel B) or-5-FU (pane! C) for the first
6 Hours of act:vanon
’Note the presence of large, type 3 nuclei (lymphoblasts}
in 8-AG cultures and the predominance of type 2 nuclei
(activated but mot full-suze lymphoblasts} in "5-FU
cultures. - '

Bars are 5u m in panels A and B and !0 4#m in panel C.
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The base ana-logues tested here did not affect the trénspor‘t

of tHymidine (figure &), however, they still migh'_: act by inhibiting -
the in_corporat'ion of thymidine into DNA simply by interfering

-

‘with some steps in the utilization of thymidine after its entry

in the cell.
To e>§_clude this po'ss.ibility, DNA Synihesis wés assajédl
by autor‘;&xd?og:"aphy (grain density} in both 8-AG and 5-Fu treated o
cultures, und‘er optimgm inhibitory._ condit.ions t.e. drugs addéd ‘
for 6 houfs at the onset of the cultuf-es, "along with Con A. -
'_'Figurc:: |7_shows.the labelled cells found at 48 hours in each

culture after | hour pulse wiht Sﬁci/ml 3H—thfy_midine. ‘All the

labelled cells conmtained approximately the same number of grains

over their nucleus indicating that all the cells able to replicate

DNA incorporated the same amounts of 3H—thymidine. However, ‘_the"

. . . N _
proportion of labelled cells was found different for everw culture

o ' ' : 3 s
condition. Table |l compares the counts measured for “H-thymidine

incorporation with the percentage of labelled ¢ells at 48 hours

in resting 'cultur'es and'stimulated. cultures treated or noi with
B8-AG or 5-FU. Al.t}'.mough there was no simple arithmetic proportion
. . A

between the differences in the percentage of grain-containing

cells and the differences in the counts measured for 3H—thymidine
incorporation, it was still clear that there was a corr‘elatioﬁ
between incorporation of 3H—thymidine on the one hand and number

of labelled nuclei on the other hand.
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-Figure. 17: Light Autoradiographs of 48 hours

" Con A Stimulated
mouse splenccytes. i

Panel A: control

-

Panel B: B8-AG treated

Panel C: 5-FU treated,

~

Note the "all or none" presence of grains ‘and the
similar heavy labelling of cells in the 3 cultures.

The proportion of grain-containing cells is different

in the 3 cultures (Tablé Il). Bars are 10pm.

-
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Inhibition of Mitosis

. . -

Table 12 sho@s the mitotic indices at 54 hours ‘for: restir;g,
Con A and Con A p_lus analogueffrea_téd cultures.

| As expécted from 'tﬁe pr.‘evio\gs obéervatioﬁs, cells exposr:.-d
to base alrjalogt_.:es‘. and whiéH did nc;':t r-epl.icate much DNA_couId

not enter mitosis. Cells were probably- arrésted to late Gl by

the early exposures and in S phase if the base analo'gues were

present after the onset of DA synthesis.
, .

LA
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CHAPTER 1V
DISCUSSION

My original intention in studying the effects of purinme and
A ‘
pyrimidine analogues was to affect reversibly the synthesis of

normal RNA itranscripts during the early stages of lymphocyte.
. \
activation and thus to determine whether transcription played

.

a significant role during these early events. This intention
was frustrated by the fact that the analogues used here (8-AG,

6-TG anmd 5-FU) or some intermediates in their metabolism (perhaps -

the modified tramscripts synthesizéd in their presence} were interfer--

ing irreversibly with the cell metabolism and these agents could

therefore not- be used to answer the gquestion that | originally

thought | would answer. However, the effects of the analogues

were interesting and unexpected in several respecis. The first

| have already referred to, namely that the effects of a relatively
brief treatment (6 hours) could not be washed out, even by an ~
excess of the nmatural base after the treatment. The second Qnexpectéd

fimding wasthat a 6 hour treatment with the analogues caused

»

a severe degree of irreversible inhibition of DNA synthesis at

all periods of the <:ultuj/of lymphocﬂztes stimula:ed ;.-vith Con A,
even the eaf[y stages remote by 24 hours and more from the onset
of S phase. The third is thé—zt pretreatment with the analogues
early in culture caused inhibition of none of the early events
such as stimulation of K+ transpor‘t,'increase in nuclear and

\l
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E:yt'op_lalsmic' volumev(b‘last formation‘)' chromatm dlsaggregatlon and:
the development of the thymndlne tr'anspor-t system. Fur-ther-more

-

the mcrease in RNA and proteln synthes:s' measured by m‘cor'por-ation'

|
of label]ed uridine and teucine wer‘e but little affected. Essentially
the only parameter of the stimulated state that was irreversibly '.»:
and sebér‘lelyr_ p.r‘évented.. was the en;r‘y of most of the‘pfetr'eated
cells into S phase of DNA synthesi.s‘and the s_ubseq_gent mitosis
= that is the final stages of proliferation. Another unexpected
finding was that pret‘reatment of resting cells with the analogues
did not .affect their respomse to Con A. These findings seemed
of comsiderable inter‘e_stﬁ and éxplain ‘why | decided 1o cohsecrate'

my thesis to their study. - . N ' )

4.1 Effects of Base Analogues in Proliferating Lymphoctyes.

4.1.1 RNA and Protein Synthesis in Presence of Base Anal‘ogues.

In all the experiments with prolife?ating‘Iymphocytes, a
pretreatment with 6.6 x 10> M 8-AG, 6-TG or 5-FU had little or ‘ o®
no effect on RNA synthesis while protein synthesis, in.some‘ cases
waé inhibited by as much as 70% (Table 1, figure 11). These
data are co‘nsisten‘t with those expectgq from an incqr‘porétion
of the analogues - into ribonucleic acids, an action that has been
unequivocally shoLn to cause partial inhibition _Of protein synthesis -
tZanen and Pechere, 1966) when the overall RNA synthesis was
either unaffected (Zanen and Pechere, 1966; Szepezi and Freedland,

- 1970), slightly depressed (Carrico and Sartorelli, 1977a) or even
stimulated (Chantlrenﬁe and Devreux, 1960) depending on the cell

type and experimental conditions. 7The mh:butlon of RNA synthesis

observed in some experiments (Table I and figures 10 and [y,
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.I :bel-%eve.was .due to the presence of toxic metabolites of the
analdgués I.n the: soluble pool that C;Ould caufse- some decrease
in nucleotide synthesis (Heidelberg, 1974); the var;iabi!ity in
aegree of in.hibiti'on observed with different experiments usiﬁg
a same‘an_alogue (figures IO'énd 1) could thus be explained.

by the differences in intracellular levels of toxic metabolites

that might result form variability in mitogenic stimulation of

purine gr pyrimidine metabolism {Raivio and Hovi, i978). In any.
case, there was always a good correlation between inhibition of

RNA synthesis and that of protein and DNA synthesis: the lowest

,inhibition of protedn synthesis (3% with 8-AG, 35% with 6-TG or

5-FU)} and DNA synthesis (60-67%) being observed when RNA synthesis

was notaffectedfigures 10, Il and 14).

4.1.2 Inhibition of DNA synthesis

In-the conditions where RNA and protein synthesis
were only partially inhibited, DNA syhthesis was found

totally and almost immediately depressed by the presence

-

of analogues in proliferating lymphocytes (figure 8).
i ) :

Whether this résulted also from the incorporation of

the analogues into RNA was questionable since for all the

L4

systems studied so far, inhibition of DNA synthesis following

incorporation of 8-AG or 6-TG into RNA, after short time

exposures, was found negligeable an;i even with very high

doses of anmzlogues, never exceeded that of RNA synthesis
5

(Mandel et al, 1965). Using 6 x 10 "M 8-AG, for |2 hours,

Zimmerman and Greenberg {1965) found DNA synthesis in

. 103
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was depressed by 36% and protein syntheéis by' 75%. .With

. used in the assay, must reflect some specific action of the

L — P o, Jp—— -

.

Hela cells_to be inhibited by only €% when RNA synthesis

-

respect to the effects on protein and RNA. sv.nthesis, these

data are compatible with mine, but the strong inhibition |

.

found on DNA synthesis,‘}which wa;_ mot an effect on the

transport. (figure &) or utilization (figure 17) of the thymidine

analogues in the Iy"mphocyﬁe system. That this might be on

the DNA replicating systém itself is suggested by the fact
that this action was expressed with a short lag period of

1.5 hours (figure 8) corresponding to the time period reported

by Kwan and coworkers (1973) for RNA-containihg 6-TG to be
synthesized and manifest themselves in the translational
appatatus of Sarcoma I80 ascites cells. ‘

+

In the case of 5-FU, conversion o the deoxyribonucleo-
tide 5-FJUMP was possible and has previously been implicated
in the inhibition of DNA synthesis via i_'nhibiti.on of the
enzyme thymidylate synthetase (Heidelberg,‘ 1964) that converts
uridine to thymidine nu'cleotides., However, Sp[égelmar;
and coworkers (1980) showed this effect of 5-FU not to be
significantly expressed In. the mammal.ian cellis having high
levels of thymidine kinase. Th;/qnidine?"ki.nase is one of .
the enzymes greatly actiQated'b.y mitogens (Hoywood et al,

1975) and its activity would probably be high enough in

48 hours stimulated lymphocytes for the cells to have a
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- source of dTTP 6:Her‘\ than that from thymidylate synthetase,

especiallly in, presence of exogenous thymidine. Ther*ef.ore,

the inhfibition of DNA synthesis observed after a pretreatment
of prolif rating lymphocytes with 5-FU might occur by. mecha-
ism(s) similar to those of 8-AG or 6-TG action.

4.1.2.1 Availability of Nucleotides-

Both' the guanine analogue§ and 5-FU can alter
the levels of nucleot%des in thé cells, ho;vever this
cannot account for the severe and almost selective.
inhibiiion of DNA synthesis here, since inhibition of
purir;e or pyr-i.midine biosy.nthes-is and/or utilization ..
would lead to_;similar decreaées.in the synthesis of
all the nucleic'acids.and probably of protein synthesis
as wéll. Furri.-:er-more:, inhibition of the synthesis of
nucleic acids through lack of ;:;-urines or pyrimidines
has been shown to be in;mediately reversible upoﬁ
the addition of ;xogen'ous bases (Hryniuk, [975; Sriram
and Taylor, 1977) and my results showed that the
effects of the analogues on Iyrﬁphocyte proliferation
persisted a;’ter- the addition of the adequate natural

bases (figures 7 and 9).

4.1.2.2 Activity of DNAReplicating Enzymes.

Strong inhibition of DNA synthesis by pur‘iné\
analogues is usually a long term effect, associated
with_ the lack of enzymes involved in DNA replication

(Bamberger et al, 1963; Carrico and Sartorelli, 1976).
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That .abs_erice‘ of er;zymes is not responsible for tl".1e‘
.tot'al de;:r-ease_ in DNA synthesis observed after a treat-
ment of proliferating Iymphbcytes with base armalogues,
is implied by ihe fact that a_l.5 hour exposure was
sufficient to inhibit the incorporation of thymidine

"by about 45% (figure 8). _'P-lus for cells already in

HS phase, the enzymes invqlved in DNA replication muét
already be preser\t- and evén i‘f they éontinue to be
synthesized, their mRNAs could have all been transcribed
at earlier times and just translated after the onset

of DNA synthesis (Loeb, 1973), in which case they

would be synthesized nor‘rﬁally since the presence of
8-AG {(Zimmerman, 1963}, 6-TG (Carrico and Sartorelli,
1977b) or even~5~-FU (Carrico and Glazef-, 1978) in

rRNA or tRNA would not significantly depress translation
a‘md the amount of functional ribosomes and tRNA is
'usualiy not iimiting in .Iymphocytes. The decrease

in boverall protein synthesis then observed involves
proteins such as some ribosomal proteins (Kay, 1980)
whose mRNAs are transcribed and.translated during

S phase. If so:ﬁe mRNA for the enzymes of DNA rep[ica-
tion was transcribed after the onset of' DNA synthesis,
the observed increase in the degr-ée of inhibition of

DNA synthesis with time of incubation in 8-AG (figure 8)
would be explained by a pr'ogr'es-sive decrease in enzyme

activity. (although the time-course for inhibition of
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prot\ei?'\ synthés-is by B8-AG was not investigated .here),
however, - the rapid- 45% 'inhibition of DNA‘sy.nthesis

woui;i still have to be consjdered. The results in . '
figure 9 where S-AG"was addea along with tlhe inhibitor
of protein synthesis, aniéomycén, also indicate, {in
a.ddition of showing that synthesis _dr accumulation

of toxic proteins waé not‘th'e mechanism of inhibition

of DNA Synth'esi‘s b-y 8-AG) that at least 38% of the
. decrease in DNA synthesis was not due to a decrease

in protein synthesis: in the combination 8-AG plus
'anisomycin, the inhibition of let‘.:ciﬁe incorporation

was about the same ,as that caused by anisomycin

alone, i.e. about 80%, but the inhibition of thymidine
incorporation due to the anisomycin action was ébout
38% less than that observed with the combined drugs.
_Furthermore, anisomycin. inhib;ted the synthesis of
proteins fr'om' all the mRNAs tr;anslate.ci ‘at that time

as suggested by its site of action (Schwarz et al,

1971) while the effects of 8-AG on protein synthesis,
-shown by Roy-Burman (1970} and La'ngen (19758) to

result entirely from its presence in mRNA, were restricted .
to t_he'c_:i_g novo mRNAs transcribed in it;; Vpresence.

4.1.2.3 . Incorporation of the Analogues into DNA

Another possibility by which immediate inhibition
of DNA syntheis could be achieved is through incorpora-
tion of the analogues into DNA- after their conversion

to deoxynucleotides. ' \
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Incorporation of 8-AG into DNA has only been

reported for §..ceréus (Mande!, 1958} but its significance

. T, -
X

" was uncertain since most of the inhibitory effects observed

could have result‘ed from.thte presence of the. analogue
in@ RNA. 5-FU nucleotides, like uracil nucleotides
are usually not incorporated into.l.JNA and in case

of error, enzy‘n-:es have been found nn lymphoblasts that
will immediétely~ excise any rﬁisiﬁcorpor‘ated 5-FU or
uraci! Flngraham et al, 1980). However, the fact that
the pattér-ns of inhibitior;n by 8-AG and .S—FU were s.‘imilar
to those observed with 6-TG which 'is known to enter
DNA, lead me . to c.onsider~ that possibility. There are
a nﬁmber-of repor;ts claiming that the toxic e'ffecisr of
6-TG in animal celis_are s‘olely due t§ its incorpor‘atibn
into DNA. Lepage §I963) showed a correlation between
sensiti.i.fity to 6-TG and its incorporation into DNA.
Nelson and Carpenter (1975) reported thatthe selective
inhibitio.n of DNA synthesis prevented 6-TG cytotoxicity
while inhibition of RNA synthesis failed to. H:wever,
the expression of tHis toxicity Waé shown to be greatl&
delayed .(Tidd and éater.'son, 1974) and the short-term
significance of 6-TG in DNA is not clear. Beikirch

and coworkers (1972) reported that transcription of
syr;thetic deoxynucleotide polymers containing 6-TG was
inhibited compar‘_ed to the transcription .of corresponding

“

polymers contair"ﬂ-ng guanine. Wotring and Roti (1980)
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have found an inhibition of DNA replication in L210

mouse leukemic cells shortly after their exposure'to

B6=TG; this was reversible and shown to result from .

an .inhibition of purine syntt'-uesis and the authors suggested
that the presénce of 6-TG -in DNA would not interfere with
the completion of DNA synthesis./ C_:a,rr-ico ar;\d Sartorelli
(1976) came to the same conclusion when they showed
that‘ex\_bosure to 6-TG before the onset of DNIA synthesis

in regenerating rat li;/er inhibited DNA-synthesis through
interference with transcription and inhibition of the
enzymes necessary for replication (thyﬁidine kinase,
cljeoxycytidyla:e. déaminase,.Cytidine diphosphate reductase

"~

and DNA polymerase) while exposure after DNA synthesis

had started had littie or no effect.

My data, although indirectly, also prove that

incorporation into DNA is not necessary for 6-TG, or

~any- of the analogues used here, to inhibit DNA synthesis.

Figures 10, li and 14 showed that exposures to base
analogues 'any time before the onset of DNA synthesis,
when no significant replication could be aetécted,
resulted in SEmil'ar inl:ﬁbition patterns as with th.e
exposures in S phase. ‘ | - .
Therefore, incorporation into DNA by the analogues,
if it occurred is probably; not r'ésponsible for the effeclts

observed at 48 hours in proliferating lymphocytes after
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_a 6 hour exposure !o analogues; and while not un;equiv-
: ocably-hprove'n by .tﬁe present studi‘e's (dffficulty to
obtain radioéctively labeiied énalbgues), _i.ncc':rpo.r-a_tio'n
of ;he ‘an_alog:.les into RNA ns the likely explanation |

for their ability to inhibit DNA synthesis in lymphocytes.

4.2 Imhibition of Lymphocyte Proliferation by Exposure.to
Analogues at Ditferent Stages, of Activation.

The data ptesen:ed in this thesis shé‘wed -that any 6.hour
expos-ure"yo 8-AG (figume 10), 6-TG (figure -Il)- or 5-FU {(figure 14)
after Con A addition to mouse splenocytes r'-es‘,ul'ted;. in a strong
inhibition of proli.fer"atior‘\ (t:Jp to 98%) at 48 hours.: Th-e _e.ffec'ts-
observed »;hen the ane;lo'gues wer-é given at timfe of Con A addition
were in gener'él as severe as when the analogues wer‘ev present
\in G! or 5 phase. |

- Although base analogues are not neceésar‘ily phase specific

drugs, studies with other growth induction systems have shown

that there was always a period where the presence of the analogues

had very littie consequences for cell activities, and this made
it possible to determine the stages during which essential trans-
- o= ' - .- '
cripts were synthesized. In these experiments, an excess {13.2
-5 . .

x 10 M) guanine or uracil was added after each treatment and
the possibility for continuous reutilization of the toxic nucleotides
(generated by RNA degradation) for subsequent transcription was
minimized. However, my data do not prove that transcription

throughout the whole transformation is necessary for the lymphocyte

to proliferate and enter mitosis, but rather reflect the compiexity

o




'andl'peCUliar-ities of the 'I.ymphoc.yte system, __Even if a- 6 hour
eprsur-é w‘e;s too long to detect the "'lanalogues-insentive" periods
and assuming lthe effects of ahalogti:es h‘gr‘e are, lik.e.in theE
s;stems, expressed mainly by absence of enzyme activities,' one
would still expecf some differences in the degrée of_inhibition
of protein synthesis with treatments at dif.fer*ent times but this
is not theﬁcase here, at least with the guanine analogues. This
suggests that inhibition of protein synt'hesis is not responsiﬁle
for the total inhibition of DNA syntiwesis 6bs’erved after pretreatment
with analogués in G0 or GI‘ phases: the mRNAs transcribed dur‘ingr
_activa;ion'aré different from one stage to 'a}'xother- {Ling and Kay,"
1975) thus. different broteins are affectéd in the different treatments;
even if these proteins were all essential, would their m.‘e.zssagesi
l:;e transcribed exclusively in 4 to 5 hbur‘s? |

In thé case of 5-FU, RNA sy.nthesis at 48 hours was far
more affected by the prESence of the'analogue any time before
S phase than when it was pﬁesent after- the onsc;:t.of DNA synthesis.
This might be due to the inhibition of rRNA processing and t‘ranspor—t
(Wilkinson et al, 1975) and also to the inhibition of poiyadenyla-
t'ion- of mRNA precuréor‘s (Glazer and Pea}l'e, Ié} which perhaps
by retaining the defective transcripts in the nucleus could affect
the synthesis of additional RNAs. This explanation would be
consistent with the observition that the greatest ir;hibition of
RNA synthesis (87%) was obtained with treatment in the first

‘6 hours of activation and the minimum inhibition (30%) with

the expgsure in S phase (figur-é 14). B8-AG or 6-TG would not have




the same ‘effect on RNA synthesis bécause they inhib_it RNA.pr'orcessing

to a lesser extent than 5-FU (Weiss and Pitot, 1974).

e

4.3 ' Resting Cells Pretreated with 8-AG can Respond o Con A.

Table 8 shows that e-xposur'e_ to B-AG p}ior‘ tc'>: e addition
of Con A had little or no effect on. the subsequent pro iferative:
response -wh'l.le exposure at time' of Con A addition stroggly i-nh_jbitled
DNA replication. This suggests. that th.g effects of the aﬁa gue'

on Iymphpcyte transformation are related, 'directt.y or indirectlry;

£o the aztion of the mitogen. . Sensitivity to base analogues i.s'
largely .deter‘rr.ained by the -rate‘pf analogue4uptake ‘(Ha.:r-r-is'and
Wh‘itmor‘e, 1973} and conversion ‘into nucleotides (Berman et al,

1980) . Mitogens 'incﬁeas'e thé _ra'te <.>f‘incor-porati,on of exogeno.us '
purine 6_:- .pyrimidirje bases into nucleic acids but. this effect‘

cannot accour.at for the present data. First, although there is

IittFe information cor;Cer'ning transport of bases in r‘e's'zinlg_ and
activaﬁed lymphocytes, evide_née @ndicates that in mamm_alian_ cells,
gua’ning and consequently 8-AG at concentrations below .lrr]M enter
the cell by simple diffusion and at higher concentrations, they

are taken up by %aci!izated diffusion { Zvika and Plagemann,._ 1975;
Rivera et al, _;197_9); therefore, a difference in 8-AG uptake between
resting and activated cells cannot be invoked here.: Second,

the rate of nuclediide synthesis in general correlates with the

rate of nucleic acid synthesis in such a way that the proportion

of synthesized nuclectides entering nucleic acids is the same

in both resting and activated lymphocytes. Third, there was

e
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 always some'in.hibition of RNA and protein synthesis in the resting
. cells, which at least with 8-AG was. not significantly different

from that observed in the stimulated cells. -

4.4 Involvement of RNA'in DNA Replication.

Al tog,e:ther' my data seém to ‘i_ndicate that the base anal’ogues,
probably after their "incorpor‘?tion into ribo;jucleic acids, affect
' some component(s} in the activated state that ig sp_ecifical-ly required
for DNﬁ% replic;ation: {none of the pr;eliminar events of transfom:nation
were inh_it;ited). ‘As‘ previously mentioned,- this doeé not involve
the synthesi_s lof faulty rr;RNAs and inhibiticn of protein synthesis
but possibly that of an RNA Qpecies that participates more dir-éctly
Ain replicati'ﬁn. One such RNA could be the primer RNA required
for i'nitiation of BNA replic!atic;n (fo'r reviews see Kornberg, [976;
2echel, 1978). It is well established that DNA pc-alymer'ases cannot
initiate chains de novo, they need a free 3'-hydroxyl end that
is provided by‘én RNA primer synthesized by special RNA pélymer-
ases, the primases. Primers ex‘EISt in all DNA replié:ating systems
and have oft_én been isolated attached to the 5' end of nascent
DNA fragments. The primers isolated from in vitro replication
systems.fr-bm animal cells, including lymphocytes (Tseng and
Goulian, 1975; l97'f’) are B-1l nucleotides long. THey have apparently
no s_.pecific seguence but carry adenine or guanine residues at
their 5' end. There is no cellular pool of primer RNAs as initially

suggested by Goulian‘(l969), the primers are short-lived molecules,

transiently synthesized at time of replicatioh; however, there .is
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evidence that certain celiular tRNAs i?_‘ eukaryotic cells serve

as primérs for the DNA syrithes_is on thé\senomes'of avian myelo-
Y . . . . ) \ . . :
blastosis virus {Verma et al, 1971; Brown and Armentrout, |977}.

a2l b ek £ R 2

Since r-eb‘_lication is discontinuous, several pri;iers are fqr'med'
aloné the DNA.template and each nascent DNA frégment'is elongated | L
until the DNA pcglymer‘ése reach the 5' end'of the néxt primer. in
‘line‘.' At this pc;int, the pr-ir'ne'rs' are .remerd_ by'. the rribonuc'leaSes,
hybridases in e'ukaryote§ or by the 5_'_;3' exochlease activity
.of DNA polyﬁerase 1" in prokaryotes. ' The g.a.ps left by primer
'ex'cision are sub-sequémly filled in by DNA polymeré.ses .(Iﬁ-ahd ¥
in eukaryotés and ! and [ in proka‘rydtes) and the discontinuous

[

Okazaki fragments are rejoined by ligases to form the natural DNA. -

Excision of the primer is an essential step in DNA replication,

— - - - ) ‘ - - . . A ’
E. ¢oli temperature sensitive mutants defective in the 55— 3" | !

exonuclease activity cannot replicate DNA at the no'ry-permissive
temperature (Konrad.*and Lebhman, lI974). One could suppose that
a smalt RNA or oligonuc.leotide that normally turns over ‘rabidl'y
resists degradation by nucleases if it contains base analogues;

this hypothetical molecule inhibits passage of the G1-5 boundary.

4.5 Conclusion

From the available data, 1 have attempted to construct a

model concerning the mechanism of inhibition of lymphocyté'._prolif-

eration by purine an.d‘pyr'-imidine base analogues. It accounts
\ | .
for the following observations:

4
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l. ~ The presenée of base 'a.nalogues at ahy time duﬁiné tr-a'msf.or--,
matiloh'cau'ses. ‘a_ severe ,énd kir\"reversible 'inhib.ition, of DNA ‘
synthesis that; cannot be totally exﬁtainec.l by inhibition . .
of p}otein s.ynthesis or “accumulation of toxic protéir\s.

I_t' has.been suggested that the entfﬂy of cells in the S phase
of grcswlth must .b'e- pr‘eceded,.by: the_synn‘;es‘is of specific
proteins. -in late Gl (Sheinin and‘ Humbert, 1978). but algain

'_ nothinlg’ is kmown about the period their mRNAs are.trans%
cribed and it is unlikely the presence of analoguesl in G0 or

S phase will totally inhibit synthesis of ‘these proteins.

2. AH‘ the events pr‘erequisifé for pr-olife-ratio_n such as in;:rease
in ion fl'uxes,‘.tl:ell 'volume enllérgemént' and. nuclear deconden-
sation are essentially normal i_n cells w}-ioée proliferation
has been totally inhibited by a previous exposure to analogues.
3. .-The degree of inhibition of basal. RNA and protein synthesis

by the analog‘ues in resting lymphocytes is in. general not

significantly different from tHat obtained in the stimulated

lymphocytes. )
4.  Resting lymphocytes can respond to Con A after exposure
to 8-AG while activated cells, still' jn G, cannot: ‘the

inhibition of DNA synthesis is related to the action of the
. - .
mitogen.
4.5.1. The Model
The mitogen induces the synthesis of an RNA species

of low molecular weight, this RNA is unstable but continuous;[y

transcribed during transformation. Its function is not clear,

| .
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it might serve to prepare the cells for an eventual entry

in S phase. In presence of base analogues, all the RNA ‘ . .

in process of transcription are being affected including
“that species: in mRNA, it can be-seen as inhibition of the
overali protein synthesis; in rRNA or tRNA, the effects will

not be as apparent in lymphocytes because of the excess

ribosomes and functional tRNAs they contain. tn this low

molecular weight RNA, the main consequence will be a change

in the half-life: the substitution of the ar;alogues for natural

bases makes it no longer acce_ssible to the nucleases. The
per"sista-nt‘e c:;f this species in the vicinity of -the DNA sEuts
off further synthesis of other small RNAs. . The consequence
is that, at time of replication when primers are required,
these low -~ molecular weight'ﬁNA species substi:t;xte for
\them and the Okazaki fragﬁents are probably elongated
from them; but when they haVe to be exised, the hybridases
cannot degrade them, neither can the. discontinuous DNA
fragments be rejoined and the cycle of replication is irrevers-
ibly arrested. .
In this model, | assumed that incorporation of analogues-.._
_into RNA can change its half-life; this has been often proposed
for 5-FU and 6-TG (Spiegelman .et a!, 1980; Carrico and
.Sar'for'elli, 1976b) and it would not be surprising 8-AG has -
the same effect. Spiegelman and coworkers (1980a, !980b)

" have also suggested that the presence of 5~FU in.a primer

RNA could irreversibly interrupt the cycle of DNA replication.

—
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Regulatfon of cellular activi;ies.by' small RN_Aé or oligori-
bonucleotides seem t-o be a common_phenomencn in both broé
‘karyotes and eukaryotes. DlNA replication of the E coli
plasmid Col E! is negatively controlled by an unstable small
RNA ‘that acts by inhibiting the formation of funétional
-primers. Simil.ar-ly, bacteria starved for amino acids have

been shown to synthesize oligonucleotides, the so-called

,'"Magic spots' to limit the synthesis of- additional ribosomes

.~ and tRNAs. In animal cells,. the production of interferon

after viral infectiom is the main defense mechanism devetoped
by the cell to inhibit viral r-eplicé.tion; this is mediated
mainiy by a small oligonucleotide that is induced by the

interferon and that acts to degrade viral mRNA by activation

- of a nuclease. o . o

4.5.2 Possible Alternatives

<&

There are a number of other alternatives Eo my model
which could explair; some ©of the dgta:
. For example, the effects of base analogues in activéted
lymphocytes resemble thogé";f hydroxyurea, a specific inhibitor
of DNA synthesis. -Setter'field and coworkers (I98|). have
shown that blast formatio;'- in lympﬁocytes ;vas not affected.’ '
by hydroxyurea while their DNA synthesis was severely
inhibited. This drug inhibits ribonucleotide rfeductase and
it is quite possible that Bbase analogues, somehow, irrevers-—
ibly affect that enzyme and the resultant lack of deoxynuc=

leotide triphosphates could account for some of my data.

Howéver‘, preliminary work by Wenda Greer (personal Commun-

7
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ication) failed- to show an'y change in the in.traceilul'ar’f

‘Ievgl-s-of nucleosi'_de' tr‘iphosphétes after ’exposurﬁe of Con A

stimulated mouse splenocytes to '5-!-:U.

2.  Another possibility, although unlikely because base

analogues nér‘mally do not cause free re;dical formation,

is that of direct damage of the DNA by the analogues.
= “This COL;|d be investigated by ‘one‘of these: new technicu:tes

for rapid detection of DNA strand breaks (Birnboim et al,

1981 ).

(e
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