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ABSTRACT

N

INTERACTION OF POLYCYCLIC AﬁOMATIC
HYDROCARBONS WITH THE ARYL HY DROCARBON HYDROXYLAOP ENZYME
JYSTBM IN NORMAL AND NLOPLASTI\ C3H MOUSL KMBRYO CELL LINEu

e

by. o | ‘ ‘/d:///

2 . Malcolm Mark Feeley . -

Two mouse embryo cell llnes, C3H/10T% cl-8 and 1ts Doly-
cyclic aromatic hydrocarbon (PAH)~transformed countorpart C;H/
10T MCA.cl-16, were analyzed wlth respect to their growth
charactorlstlcs and aryl hydrocarbon hydroxylﬂse (AHH) enzyme
system (AHH activity and Ah rccentor binding properties).

It was found that the malignant 10T% MQA cl—l@ had a

longer generatioh time, a higher saturation density and

guantitative polypeptide differences (as measured by by sodium.

dodecyl'sulphate/ndlypdrylamide‘ge] electrophoresis) when com-

pared to 1tq non-neonlastic propenltor, 1074 c1-8.
“Ihen the AHH enzyme system of the two cell llncs wns ex-

amined, it was discovered both cell lines possessed inducible

_AHH activity as measured by theVStandard'fluorgmétric assay

with cl-8 having approximately 1.7 times greater maxiﬁally-_
induted éctivity compared td cl-16 (5.0 vs. 2.8 ricomoles’
B;hydroxy b@nzd(aXPyrene formed per miiligram protein per
minute respectively). Of‘fodr'PAH tested, 2,%,7,8-tetrachloro-
dibenzo-p~dioxin (TCDD) and benz(a)anthracene (BA) both in-

duced AHH actiwity while 3~methylcﬁolanth}ene (MCA) and di-

-benz(a,h)aﬁthchehe (DBA),.tWo potent carcinogens, did not.

]
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In addition;:thejtwa non-!gﬁucing PKH h?d t?e‘hbility‘to
totally suppress AHH inductiqn by TCDD and BA when éo-‘
.admlnlatered in a-dose- denendent manner., .
'hen the repulatory gene vroduct of the Ah locug, the Al
cytosolic receptor, was examlned by sucrose’ den51ty grad;ent
”cen£ri£ugation, it was found that both ﬂCA <nd DA could
inhibit the binding.of 3H TCDD to the receptor, the 1n1tlal
'~tep in. Lhe 1nduct10n of ARW uct1v1ty '“urthermore, neither
3H-MCA br 3H Rﬂ ‘could spec;flcally bind to the same recentor.
?his afforded » poss 1bli¢§§y anption for their inability to

[

induce AHH activity in ¢1-8 fnd cl= 16 In”~ comnarlqon, when
the two latter PAH were tested in another cell llne whlch‘
Dossessed 1nd§01ble hHH‘a£t1v1ty, Hepa cl—9, it was found
Lhat both MCA and DBA could induce AHH. act1v1ty and spec1f1—
cally hind to the Ah rocentor. B ’

These results sugrest that there is = possible defect in.
the Ah r@ceptor found in the two lO%v cell lines Wthh results
in a decreased affinity towards normally- 1nduc1ng PAH.-This
decreased affinity may result in the inabilitx of certain
PAH to bind speéifically to the feceppér thué.preventing AHH
induction. The reason(s) why the two_ﬂon-iuduéing PAH still
retain the ability to.suppréésthH iﬁdqction'by other active
PAH may involve unknown cellular controls over the entire AHH
.induciion'process that when_reeolvedgcould provide further in-

site into the role of the "AHH system ir chemical carcinogenesis.

-',..9“
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CHAPTER I
INTRODUCTION

]

It has recenti& been eétimated that anproximately 85% of
all human cancers can be attributed to direct or inmdirect
association with various physical and cnemical environmental
agents (Fishbein,1980). Historicaily; polycyclic érOmatic
. hydrocarbons (PAH) comprise one of the most extensively;
studied groups of chemical carcgnogens known to occur both
naturally and artificially‘in the environment (Weisburger
and "illiams,1980; Sall et al.,1940). '

The najority of PAH occur as both : inCOmplepe pyrolysis
products of organic.material (i.e. forest fires) and as the
transformation byproducts of the petroleum industry re-
leased directly or 1nd1rect1y after mechanical procesqlng (
Stegeman,1981) Common PAH generally found in the en-

" vironment are shown in figure I.
* Numerous epidemiologinal;studies now relate dermal
J"éi?bgﬁfé;”éibBSU}e-thrnugh'inhalatidn'and exposure by in-
gestion as the thrée main routes of chemical contact . in
humans which may lead to occunatlonal- or env1ronmental-
1nduced neonla51as (Nynder and Gori,1977). Accordingly, PAH
have been 1sqlated from foo@s (Mlllgr-and Miller;1976;
Hirono,1981)} natural plant material (Emerole,et al.,1982),
water, sedimgnts (Stegeman,lé81), polluted air (Nettesheim,

1981) and'human_tissues‘tObana.et al.,1981). With a relatively
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FIGURE I
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constant supply ‘of PAY confrontlng most ‘humans daily, it was
1n9v1table that the carcinogenlc risk vosed by these chem1cals ‘
be eluc1dated

Benzo(a)pyrene (BP Flg 1) renre=énts'the most widely
studied member of the PAH group. Because BP is primarily o
found in association with numerous other PAH (orimarily BA,
DBA, ﬁMBEaand MCA, Tigs I), measurements of human exposure to
PAH generally utilize BP as an index'compound_(Bidbord, 1976).
BP, asAyiﬁh most.PAH, is fouﬁd in motor vehicle eéissions,
char-broiled foods, as a constituent of toba?co'smoke ana‘as
" an‘industrial contaminant. ﬁecause 6f its widespread

4

occurence, BP is considered omnipresent throusghout all areas

- - -

,
" of the environment,

The initial studies into the metabolism of PAH showed that
when these chémicals were applied‘ﬁo intact mouse skin'or
transformable rodent cells in culture, certain fractions Ee—
caﬁeicévalentiy bound to DNA, RNA and proteins (Boyland,
1950). This, cadpled with the fact that metabolic activation
of PAH was necessarx/before this coyalent_binding could occur,
led to extensive studies into PAH metabolism gy liver
mlcrosomal preparatlons. In 1964, Brockes ‘and Lawley demon-"
strated that radiolabelled PAH when applied to mouse skin
became covalently bound to nuclelc acid fraqtlons. But the
focal poiﬁt of their invéstigétion was that the extent of
covalent binding to DNA correlated directly Wi}P\Eii carciﬁ;

'ogenic-poteqtial of the hydrocarbon. These findings“combined
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with further metabolic studieé_led to the PAH elecbrophile

“theory éSvproposed by J.AMiller in 1970 (see review by

- “Weinstein et al.,1978), Briefly, the theory stated that the

majority of PAH werelfound in a predarginogenic state and

a .

phderwent chemical decomposition or cellular metabolism to
gene;ate highly reactive electrophiles. This ultimate .
carcinogenic form of‘PAH could then establish covalenf

" bonds with nucleophilic residues (DNA) and these‘covalent

interactions .were necessary events in the carcinogenic

process.

.Studies with NAﬁPH-dependent microsomal enzyme systems
iéd to the diécoVery.that 2 moneoxygenase was involved in -
the conversion of various PAH éo metabolites that bound

covalently to nucleic¢ acids. ﬁubsequently,,varibus‘specific
components of this honookygenase enzyme s&étem have been'
isolated and purified (Xouri et al.,1980). The postulated

organization of this monooxygenase system.responsibie for: .

the metabolism of PAH is illustrated in figure 2. '_'
Theffuﬁctional components of this endoplasmic. reticulum-

located oxygenase sﬁstem include: 1) the substrate and

oxygen binding site , hemeprotein Cytochrome P1-450 aﬁd 2)

the electron-shuttling system, HNADPH-Cytochrome c qeductage.

Thg ability for this system to :accept a wide variety of en-

dogenous and exogenous (iqnobioﬁics) compounds led to the

acronym MSMO (mixed function multi-substrate monooxygenase).

. A simplified reaction involving- this enzymé system and PAH
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P — — | HyomoeHoBIC
- NADPH——>F NADPH{yt.c 1= 3 Cyiochromels) | . SUBSTRATE
reductase P43
'?/ : > 02
/ 1] on m
NADHL—t- N?g}:; 3‘:5:5 : Sensitive : (a4
S Cit.bs pp_ Factor EPOXIDE {—=] PHENOL

MOND OXYGENASE SYSTEM

: | COVALENT
L _BINDING |

UOFG
HA Acid | )

GSH

'GSH

Conjugate DIHYDRODIOL

CELLULAR MACROMOLECULES

Fig. 2.

Postulated scheme for NADPH-dependent monooxygenase(s)
responsible for the metabolism of hydrophobic xenobiotics

(PAH). Modified from Nebert et al., 1975, .




can be summarized as follows: 1) the initial-substrate; PAH,
has one atom of hoiecular oxygén inserted across an aromatic
double bond with reducing eguivaients being shppl%ed by
NADPH; 2) following the formation of this epoxide-PAll, a
hydraﬁion weqctioh can dccur, catalyzed‘bf epoxide hydrase,
to form a dihydrodiol oflthé initial PAH; 3) the dihydrodiol=-
PAH can again be reoxygenated by the Cytochrome P1=450-depen-
dent monooxycenases regulting in the formation of the ex-

tremely electrophilic diol epoxide-PAH; 4)'this compound,

along with the epoxide-PAH, can thén be either cdhjugated with

glu%athioﬁe and excreted (the reaction being catalyzed by
giutathione S-transferase) or be covalently bound to cellular
macromolecules, including. DNA (Grover,'1é82) (Fig. 3).

1~t50 and
metabolizing PAH is'commonly referred to as the arjl hydro-

The specific enzyme system utilizing Cytochrome P

‘carbon hydroxylase (AHH) system and has been found .to be
active in numerous animal and human tiésues (%einstein et al.,
_ .12’78).' | o o

AHH, along‘with several other hepatic enzyme systems, has
been found to be substrate inguciblé; that is, substrates for

-the enzyme éystem cause inbreases in enzyﬁe aciivity levels
(Conney et al., 1957). This "responsiveness to induction by
PAH has been.observed in most tisqhes of a variety of inbred

mouse strains while both basal and indﬁced levels of AHH are

decreased or altogether absent in other strains. This has"
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(NADPS -+ 0,)

i 0Q
Hydrocaroon
NG OO

»

Epoxide
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+
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Hydrocarbon
Hydroxyjase

(NADPH + 02)

DIOL EPOXIDE
(Ultimate Cirpinogen)

Fig. 3. The metabolic activation of BP by enzymes of
the endoplasmic reticulum. ‘ :

The aryl hydrocarbon hydroxylase (AHH) monooxygenase enzyme
system inserts one atom of Q. into the hydrophobic PAH, BP.*The
resulting epoxide then becomés a substrate for a hydration ‘
reaction catalyzed by epoxide hydrase. The newly formed dihydro-

i0l of BP can be once again re-oxygenated by the NADPE-devendent

hi system to form the electrophilic BP-diol epoxide. This
reactive metabolite may then bind to varisus cellular macro-
molecules such as DNA, RNA and protein resulting in the initiation
of the cell to’a tumorigenic stote.



prompted researchers to designate murine speciee responsiVe ﬁ{_
Oor nonresponsive in terms of thelr reaction to AHH 1nduct10n
(Nebert end Jensen, 1979) |

The ability tb induce AHH act1v1ty seems to be under
genetic control, specifically the Ahh or Ah gene locus, with
a s;ngle gene.dlfference determining reSponsiveness (
Heidelgerger, 1é75; Grover, 1982; Kouri et al., 1980; Nebert
et al., 1977). The actual mechanism of AEH inducfion.by PAH -
‘has now been determined to be regulated by cytosolic receptor
- protein(s) desigﬁﬁtéd-the Ah receptor, which recognizes a
wide variety of polycyclic (including‘halogenated) aromatie'
hydrocarbons (Legraverend et al., 1982; Hitchins et al.,
1980) (Fig. 4). | -

After combining with PAH, the PAH receptor complex has been
shown to translocate from the cytoplasm to the nucleus where
it apparently "stlmulates" the transcrlptlon of structural
genes of the Ah locus causing tHe appearence of AHH-specific
messenger RNAs (Kahl et al., 1980; Okey et al., 1980;
Legraverend et al., 1982; Tukey et al., 1982), The increase
in AHH-specific mRNAs is then correlated to elevated mono-
oxygenase activity which results in increased metabolism of
PAH Of all mouse stralns tested, approximately 50‘p show AHH
1nduct10n while nonrespon51ve strains seem to either
quantltatlvely or qualitatively lack the regulatory gene .
product of the Ah locus, the Ah cytosollc receptor (Poland
and Glover, 1975) (Flg. ‘5). ‘ L .
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Hypothetical involvement of the AHH system in cellular malignant
transformation. AhR-regulatory gene, RS-DNA receptor sequence for
PAH-receptor complex, REC-Ah cytosolic.-receptor, AhS-structural

genes for Ah locus. “k
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.
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o :Becéuse of the role that the AHH enzyme éys}em has.in the
‘metabolic activation of numerous PAH precarcinogens, there

has béen{;n.increased effort to relate AHH activity lngls

to increased susceptibility to numeroag chemical-induced

cahéers. The area of lung cancer and its link to éigarette

_qmokinp has received a rroét deal of interest within the hast

10 years. Tobacco ‘smoke has.beon found to contaln numerous. PAH
partlcularlly BP and BA, which are present'in microgram

quantltles Gﬂettesheim et .al., 1981). Conseauently, AME activity . -

’

has becn compared between smokers Aand non—cmokers who have or

have not developed various lung cancers. Preliminary results -
now suggest thet smokinr does induco AHH actlvaty in, Ddlmonary
tissue and hlgher levels of AHHN 1nduc1b111ty are ass oc1ated'
with an increased suscentlblllty to bronchogenic carcinomas:
(JeLt et al.,, 19?8 Cantrell et al., 1973), Furthermore, the -
mere wnresence of the An receptor is.now associated with various
disease states associated with recéptor 1igands.(TdD and PAH)
{Dencker Gnleratt, 1981) and DOS?lbly an increased rislk, to-
wardé chemically-induced neop1a81as. “hile a correlatlon he~
twgenlinducible AHH activiﬁy and increased risk to PAl
tumorigenesig is generaiiy accepted (Kouri, 1976), what factors,
.both 1ntr1n51c and extrinsic, affect the PAH- metdbollzlng o
system? It is now clear that humans are cxnosed daily to su%r
threshold - concentratlons of numerous chemicals and vdrlous

PAY, few of which are or ¢an be considered carcinogenic or

mutagenic at such low single doses . - -

1 J' \
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luBecausé of the 16ng.1aten9y or deveiopmental periods needed’

for the majority of cancers . (3-20 'years)(Fishbein, 1976),
it would seem.thut carcinogenésis c;ﬁ be considered a pro-
"1onged, multlstage process 1nvolv1ng a number of modlfylng
factors. Early after the carc1nogen1c capablllty of PAH in-
experimental animals was ascertained, numerous modifiers-of.
PAH-induced neoplasias were found that could both inhibit or
increase PAH tumorgenicity (Falk‘et al., 1964). Specifically,
'PAH analogues, both natural and synﬁhetic, here discovered
that ¢ould aiter the mutagenic potentiéi of vérious known
carcinogens. But it was unknown whether-or-not thgse’PﬁH
actually altered monooxygenase activity at the level of met-
abolism or at .the level of gene expression (ﬂelnsteln, 1980).
The potentral for interaction of several different PAh at
once within a srngle system is highly probable if the total
number uf weakiy.énd non—cércinogenic compounds which are
}undeteci%Plg in current bioassays are, taken into account, ‘

| One éystem, §oma;ic 6e11 culfure, has proven invaluabie
in the study.of thé multiple.interactions‘of both c%rcinogenig
and non-carcinogeniu.chemicals and their role in the
malignant transformation of éélls. Sinu he inihial discovery
by Berwald and Sachs (1965) that PAH could oncogenlcallf
transform Syrlan hamster embryo cells 1n culture, methods f for
the concise manipulation of the multiple stages of progression

that are thought to occur after the initial exposure of a cell
o

to a qarflnqgen'have develqped. The naturé of the transformed

b
»
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genotype as correlated to phenotyﬁic expression could be

" compared t5 both the non-transformed cell and eventually to
tée whole animal_system. Also, interactions of multiple
carcinogens 4t.sub-threshold doses could be examined both at
the metabolic and- genome levels and. applied to research on
- the identification and quantitation of carcinogenic and/or
Vmutagehic agents in the environment.

In particular, the C3H/10T% mouse'embryo cell system has
been beneficial in both the identific;tion of enyironmental
carcinogens, including PAH (Reznikoff et al., 1973), co- T
carcinogens (Mondal et al., 1976) and tumor ‘promoters, sub-
stances which both alter the frequengy'and latency period of
tumor formation (Nésnow et él., 1981). .

In this present study;'CBH/IOT% embryo cell lines are used
to investigate: 1) the phenotypic changes.associated with the
PAH-induced malignant transformation process and 2} inter-
‘actions of PAH with the AHH enzyme system including the Ah

receptor in normal versus neoplastic cells,

—

\\\\
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CHAPTER II

C“LL CULTURE TECHNIQUES

A. Introduction

The initial phenomenon of cell culture malignant trans-
for%ation by carcinogens (Sachs and Berwald, 19687 has
alloved for the analysis of the different Drogresqlve stages
Ejourht to occur after the .initial evposure of a cell to a
cancer-causing agent. Individual transformed cells can be
isolated after carcinogen trentment oflgpe parent population
and compared with respéct to their various growth paramcters
and genefic composition in an attemnt to underslang the

possible mechanisms of action of a particulsar carcinogen.

E Materials and Methods
1) Cell Growth Conditions
‘The culture medium used for both 10T} cl1-8 and 1073

e (BME) supplemented with 107

MCA cl-16 was Basal Medium Fag

.heat—inactivated fetal call Ge um (FCS) =2nd 50 ug/ml
Fentamy01n sulphate. Cells were seeded at vvrylnr concen-
trations per tlssue culture flask or dlsh that allows for
conferncy to be reached within 72 hours after seeding. At or
‘near confluency, the medium is removed, the cells washed with
warm citrate saline and then incubnied for 4 minutes with
0.05%.Trypsin to collect the cells. Following trypsinizatipn,
the cells are pelleted by centrifugation at lOOOxg'for 10

minutes, resuspended in fresh medium and split 1:4 into new



15 )

]

flasks or dishes. it regular intervals, healthy cultures of
both ¢1-8 and cl-lé in tho exnonentinl growth phase were
collected and cryopreserved in medium con51st1nv of 80% BME
10% heat-inactivated TC) and. 10% dimethylsulfoxide (DMS0).
Testing of cell viability following freeze-down periods re-
vealed that a, slow fPreeze at -20°C for two hours followed by‘
anquick freéze to -19500 in liquid nitrogen pave the hirhest
cell viability (20-3%5%),
2) fArowth Corve Analysis
The generatlon times and saturation denoltleo of cl1-8
-and cl-16 were studied by [first obtaining 2 pgrowth curve for
each cell lino. At time O, a vredetermined nunber of cells
(1Y10?) were seeded in A0 mm tissuo culture dishes. At 2h
hour intervals, 2 platessfrOm each cell tyve weré collected
and. counted. to doterminq the net increase of cells. Thig
procedure was.continued until the saluration density was
roached-aod cell death starfed to occur (Fig, 6).
"3) Karyotype analysis of iOT% cl-8 and 10T} MCA cl-16
| Chromosomal studies were undprtaken of both cl-8 and
cl 16 to see 1f any gross cytoPenetlc chang os could be
atLrlhutod to the malignant transformation process. The baslc
technloue for obtaining chromosome spreads employs the use of
colcemide to arrest the cells in metaphnse. Usually a small
flask (25 cma) of cells'in mid-exponential growth was in-
cubated fo? 2-% hours with 1;0 ug colcemide per ml of medium

in Hank's balanced salt solution. Following the inoubation



Fig. 6

Growth curves of 10T¥ cl1-8 (0-0) and 10T% MCA cl-16 (®-®)

Cells were steded at 1X1O5/6O mm tissue culture dish. At 24
hour intervals, two dishes per cell line were collected by
trypsinization and couhted in a haemacytometer. Each graph

“value represents the average of two dish counts. .
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veriod, the cells were collected by trypsinizatipn and cent-"
rifugation and then vlaced in a 37°C hypotonic solution com-
. posed of distilled water and 0.075 M KCl for approximaﬁely
fé minutes. After centrifugation to coilect the cells, the
hypotdnic solution was revlaced with cold methancl:acetic
acid (3:1) and the cells fixed for 20 minutes at room temp-
erature. Air-dried slides werc then prepared and staingd with
fresh Giemsa for TO minutes (éig. 7 ). As seen in Table_a;
a fairly unstable.chrOmosome number exists between both cell
lines with only 25-35% of viewed svreads fitting the modal
chromosome number. As with most established cell lines, both
c1-8 .and cl-?6lhave prbgressed to the hypertetranloid ctate
when comnarged to the oripginal C3Il mice.
L) Qénsitometer tracings of Cobﬁassie Blue-stsined fels
of 107} ¢1-8 and 10T} MCA cl-16 | .
Quantitative poiypeptide'composition was compared bef
tween the two.CSH cell lines by sodiumhdodécylsulphate/poly—
acrylamide gel electrovhoresis (SDS-PAGE). Briefl§3 cells .to
be subjeéted to SD3-PAGE were grown to near confluency,
collected by-scraping with a rubher policeman und washed three
times with citrate saline. Foiiowing ihis, the cells wcr;
lysed by homogenization with sterile glass beads and fhe whole
celluiar protein samble collected by centrifupation. After
ﬁrotein determination, aliquots of protein sample were“run on a

SDS/PAGE buffer system as described by Laemmli (1970,). At the



Fig,

=
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Table 1. Generation Times and Saturdtion Densities

of 10T} cl-8 and iOT% MCA cl—161

Cell Line Generation 'I‘ime2 Saturation Density3

(hours) (lohcells/mm) '
10T% ¢1-8 15,4 + 0.5 0.85 + 0.3 -
10T+ MCA c1-16 | 20.6 + 0.5 1.13 + 0.5

1. Calculated from growth
2. Taken from exponential

3;‘Averaged from 60 + 100

curves (Fig. 6).

mm dishes,

phase of growth curve.

Table 2. Karyotype analysis of 10T¢ cl-8 and MCA cl-16

Cell Line

1

Chromosome Range Modal No.| % Sp;eads wi the
marker chromosome
10T3 c1-8 75-82 80 0
10T MCA cl-16 70-78 75 100

hY

1+ Modal chromosome number calculated from 50 spreads.

2. Presence of large, aerocentric marker chromosome(Fig. 7).
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end of the electrophoretic run, the gels were removed, afixed
~in acetic acids methahol (3:]) and stained ‘with Coomassie

. Blue, TIndividual gel lanes were then removed and scanned at
260 nm on a Gilford gel scanner (Fig. 8 ). Scanning vro-
cedures for both cell types were identical as was the proteih

concentration used in the SDS-PAGE (55 ug).
C. Establishment of Cell Lines

1)‘03H/TOT% cl-8 and C3I/10T% MCA cl-16
The two mouse embryo line used fg- tue majority of

Aéxberiments, 10T ¢cl1-8 aud 10T MCA. c1-16, were-initially de-
velopeé by Reznikoff_ et 2l. in 1973, The original clone 'cl-8
was initiated from » pool of F}H mousc (Heston strain) embryos
collected after the thlrtcenth day of gestatlon (Reznikoff et
al., ]975). After the primary culture veriod of 150 days (
passage 20), the resulting cells were cloned folLow1nF Lhe
schedule of transfer of Todaro and ﬂaronson for BALB/3135 cells.
One clone, cljﬁ, vas selected nnd_extens}velg characterized.
‘'The nomenclature for 10T} c1-8 was coined from the culture
procedure used during the early develoomental phase, namely,
seedlng the cells at O, 5)(105 cells/60 mm tissue culture dish
and subculturing every 10 days (10T%). |
. When 107% c¢1-8 cells reach confluency, a flat monolayer of’
" epithelioid-like cells is forned (Fig. 9) which are extremely
sensitive to nostconfluence inhibition ‘of cell- «division. 10T}

[

cl-8 cells are not tumorigenic when inoculated into immuno-
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Fig., 8
Densitometer tracings of Coomassie Blue-stained Gels of

10T} c1-8 and 10T¥ MCA cl-16.cellular protein samples.

-

’Sodium dodecylsu}phate'polyacrylamide gel electfoPhoresié
(PAGE) samples of whole cellular protein exﬁracts were
scanned at 260 nm'on a Gilford gel scanner, The appearance of
new peaks unique to one of the ceiT‘if%es igrindicated by an
"X". Increased peak height corresponds to increased protein ¢
concentration at that particuiar area of the gel. Beth PAGE

samples'were run with 55 ug of protein according to the

procedure of Laemmili (1970).
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" suppressed mice (Tablels) and there is no record‘of spcn-_ o
taneoué transformation up to 150 passageéwin‘culture. - - L

N

- The, second C3H mouse embryo cell line embloyéﬁ,,iOT 3
‘MCA cl-16 was devélqped by the process of maligﬁant trans-
formation. The establishment.cf this cell line ‘resulted from"

the knowledge that numerous polycyclic' aromatic hydrocdrbons

(PAH) could cause varying defrees of mornhdlogic*l trénsf

formation which were exnressed as a change in the sensitivity |
to pogtconfluence %nhlbltlon of cell division. This chcnge !
resulted in the development of transform&d foci which can be
ceSCribed as $ight1yvpacked celIﬁch numerous.layers and

densities. which continue to dividb.after confluency has been B

reached (Fig.11). The cell line.in ouestion, LO'FF HCA cl-16,

wac develoned by the 1n1t13t10n of transformed f001 by the PAH,

’

3= methylcholanthrene (MCA) Briefly, cl § cells vwere exposed

to varying concentrations of MCA (15 ug/ml medium) for‘2q

4 ’

hours, “hlugnnsures that each ¢ell has undergone at least one
complete cell cycle in the presence of Ehe PAH. Follov1ng ‘the .
exposure perigd,-the-medium containing the PAH was rcmcved

,and reéiécca with fresh concfol mcdium tW1ce a week or every

three days. At conflucncy, cells frOm visible foc1 wvere iso-

1gteg, cloned and checked for neonlastlc growth cotentlal.by

two criteria: 1) growth on soft agar (or loss of anchorage
.dependency (Green, 1980)) and 2) tumorgenicity or mallgnancy ‘ T

when 1nno¢ulated into syngenic mice (Table 3)e For the sake .0of

I

clarity, morphologlcal transformatlon is equated to mailgnant,
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. Iable3. Growth of 10T} c1-8 and 3-Methylcholanthrene-

©. transformed clones on soft agar and in isologous

mice1. : . . . .
L :
Cell Line Colonal Rrowth on? | Mice with tumors3
2 soft¥agar
| 10m% c1-8 | 0.5+ 0.2 |- 0/2 ‘
oM wen e1-15 | ise9 s ihp0 | 22 .
10T MCA cl-16 1753 + 142 - L 2/2

"

1. From Reznikoff et al., 1973 and Jones et. al., 1976.

2. Colonies containing greater than 8 cells; 107 celish ‘
seeded/60 mm dish on O.3% agar.,

3. 2>(106 cells injected sub-cutaneously‘into preirfadiated
C3H male mice, 3-6 weeks old; latency period of 2 weeks to

6 months for flbrosarcoma development.

- | L

# -
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Developing transformed foci

"of 1074 c1-8 ’

¢




- neoplastic or oncogenic transformation.‘

Both c1-8 and cl1-16 were generous gifts from Dr. C.
HeldelberFer of the U.J.C Cencer Centre :nd vere cloned upon
receipt to sive homoreneous populations, The morpholoplcal
transformability of 10T ¢c1-8 was verified by the productlon
of transformed foci upon treaement with the carcinogenic PAIT,
dlmethylbnnz(a)anthraceno (DMRA) (Flp.11) . ad

Unllke cl 8 cells, 10T} H“l c1-¥6 doee not readily form &
flat monolayer of cells hut tendo to grow 1n Lrrepular
petterns with clumping. (Fig. 10). uhon the Leneratlon times
and eaturatlon densities of the two ccll lines Jrere compared
(Tnble 1), it . was found tHat" “lthourh cl 16 hzd a eomewhat
slower Fenern tlon time when comoarod to cl=8 (20.5 vs. 15.5
hours respectively), its saturation density 'was appreciably.
.higner (t.13x104 vs, O.85X1(ﬁ‘cells /mm tissue cnliuro
dish), The anparent loss of eone1t1v1ty to postconfluonce 1n-
.h;bltlon of cell division not only reeults in a saturatlon
density hlgher than that of the non-transforwod cl-8 out il
has been correlated to the developmont of cancer in v1vo in .

other cell systems (Pollack and Peebor, 1954),

2) Hepa el 29 A ' \\\

The mouee hegpatoma cell line used as 2 control for this
study has been prev1ously characterlzed wlth rcspect to AllH
'“1nduct10n bv PAH and receptor binding (Okey et al.; 1980).
Hepa was orlglnally derlved from a tranoplanted ‘hepatoma from

a CB?L/J mouse and was o generous gift from Dr. 0. ‘Hankinson

.

s
R
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of U.C;LfA} Culture conditions ‘for Hepa cl-9 were identical to

those of c1-8 except minimal essentia} medium (MEM) was used.

D. -DISCUSSION

. Growth eharacferistics'of 10T} ¢1-8 and its MCA-trans-

' formed clone, 10Tz MCA cl-16, were examined as well as
- karyotyping enalySis and gquantitative polypepti&e'compoeition.

'Itiwas-found that the malignant-transformation process had

created a cell line distinct from the original in 4 major

areas. Under standard growth conditions, 10T% MCA c¢1-16 had

lboth_e longer generation time and a, higher saturation .
- density than its non-transformed progenitor, 10T¥ cl-8. The

apparent loss of_eensitivity to post-confluence inhibition of

cell division exhibited by cl-16 resulted in its ability to
form colonies on soft agar (anchorage-independent growth).

This in turn has been correlated to the ability to form in

vivo neoplasias (Jones et al., 1976; Kemei, 1982) as demon-

strated by cl 16. Deflnlte morphologlcal changes are evident
from Flg 10 and these changes can be correlated to reductions
in cell-surface and ce11~ce11 1nteract10ns thch usually
accompany neoplastic transformatlon (Va5111ev and Gelfand

1982) Karyotype comparlson between both ¢1-8 and c1 16

_ revealed ‘both a difference in the modal chromosome number and

the presence of a large acrocentric marker chromosome common

; to all.cl-16 spreads but totally absent frem‘cl-s spreads

(Table 2). Whereas this chromosome study is superficial,
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previous results with PAH-induced morphological transformation

have shown various chromosomal aberrations and sister
chrépatid exchanges to occur (dehly'et al., 1982). Also, the
prpgressidn td the malignantly-;ransformed state may involve )
just a single gene change or mutation which then 1eaas to a
magnitude of phenotypic changes (Shih and Weinberg, 1982),
Finally,.quantitatiye polypeptide comvosition differences
were exémined between bhe two'céll lines. While certain minor
changes are evident from the gel scans (Fig.8‘) the major.
dlfference seems to be the almost upiformly hlgher nrot91n
concentrations associated with correspondlng gel bands. These
results are consistent with previous results (Leav1tt et al,
1980) which have shown at least 32% of the genes expressing
abundant polypeptides are modulated quantitatively as -a con-
seduence of ﬁeoplastic transformation,

-

In conclusion, treatment of 10TF cl1-8 with the PAll, 3-

methylcholanthrene (MCA), has resulted in the formation of an -

entirely different ceIl line which is considered neoplastic by

two cqlterla, growth on soft agar (anchorage indevendent
growth) and .the ability to form in vivo malignancies. Also,

10T% “MCA cl-16 shows various phenotypic and genotypic changes

“which can be associated with the morphological transformation

process.

i -



'CHAPTER III

AR

ARYL HYDROCARBON HYDROXYLASE ENZYME ASSAY

Previous results with'apimal studies have shown that the
majoritf of PAH éxist in a precarcinogenic state and rely on
&etabolic activation.by a. substrate-inducible ﬁ%nooxygenasg,
the aryl hydrpcarbon hydroxylase (AHH) enzyme system, for ' "
both their detoxification and cxcretion frém biological

" systems and to obtain the ultimate carcinogenic form of PAH,

" a diol epoxide (Fig. 3) (Lagonbach et al., JQBT; Jeisburger.
‘and Wiliiams, 1980; Selkirk, 1977; Grover, 1974), The form-
.atio§ of'this-highiy mutagenic proximate'carcinoggn of PAH

can then lead to covalent interactions by the diol epoxide
with DNA, RNA and éhromatic proteins (Zythovicz et &l., 1980) -

resulting in a block in DNA synthesis in vivo (Rinaldy et'al.,
: , ,

1982) and the initiation of cells to a malignant or : ;
transformed state which may ultimatély lead to the develop— s
ment of neoplasias (Ashurst and Cohen, 1981). Accord@ngl& s0, |

- the metabolties‘of PAH are always more éarcinOgenic than the |

" parent compounds (Slaga et al., 1978).

A. Materials and Methods
_ . Since'its initial development (Nebert and Gelboin,
1968), the fluorometric AHH assay has proven to be a sensitive
and rgliable'methpd to show the_responsivenéssldf mammals to

PAH inducers. Extraction of the metabolites from the index
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PAH, benzo(a)pyrene (BP), has shown that levels of one

metabolite, 3-hydroxy BP (3-OH BP), reflect total BP metabolism

levels Bj the AHH.system. Utilizing the fluorescent prop-
erties of 3=OH BP, the current qésay offers & feasible method
for tﬂe study of PAH metabolism by whoTe animals, hupans and
cells in culture (Gielen and Nebert, 1971). h

. Cells to be assayed for AHH activity were'iﬁitiélly seeded
at 1X10° cells/100 mm tissue culture dish, When the dishes
neared confluenéy (72 hours after seeding), the medium was
removed, the cells washed with ‘warm citrate saline and supplied
“with fresh.medium conéaiping the appropriate PAH dissolved in
‘dimethyléulfoxide (DMSO). Concentrations-of DMSO up to 0.1%
did not siénificaptly effect AHH induction or cell viability.
The’cefls were exposed to the PAH inducers fdr 18 hours as
previous results have shown that ANH activity in Hepa c1-9,
10T$ c1-8 and 10Td MCA cl-16 is linear up to that time
period. After the 18 hour incubation periéd, the medium with
the PAH was decanted dff and the cells collected by washing
and scraping with cold phosphate-buffered: saline (PBS, pH 7.4,
0.8% NaCl). This andrall subsequent procedures weré-performeq
at AOC;.Following 3 washes with cold PBS to remove any'traces
of medium and PAH- 1nducer, the cells were pelleted by centri-
- fugation at 1000 X g for 10 mlnutes and resuspended in cold
glycerpl phosphate buffer (pH 7.5). Approximatély'1;25 mg of

the resuspended total cellular protein sample (100 ulL) was

i
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‘then added to 900 ul of prechilled assay buffer (AHH assay

buffer: 0.1 M MgCl,, 0.2 M Tris buffer (pH 7.5), 3.6 107* M -

2
NADH, 3.6 107" M NADPH, 10 uM BSA). The enzymatic reaction
“was then initiated by the additiqn of 2mM BP to each flask,
vortexing the éamples to distribute the cells and placing
the samples in a 3?00 shake; bath fOE.EO minutes. ther the
incubat%on period,: the-reaction was “terminated by the additibn .
of 3.0.nl cold hexane:acetone (3.25:1) to each flask. The
reaction flasks were then reincubated for an additional 10

- minutes in the shakef bath to fgcilitate‘the extraction of
the major fluorescent products (3-0ﬁ BP). After 16 minutes,
the organic phase of each flask was then removed ‘and added
to 3.0 ml 1 N NaOH, which after vortexing should contgiﬁ.the
phenolic reaction metabolites. The 3.0 ml of NaOll was then
‘transferréd to guvettes and‘read at 39§'nm excitation and
522 emission in a'Turner model 430 spectrofluorometer which
had previousl& been éalibrated with & purified %-OH BP -

’ é?andard (Fig. 12): One unit of AHH activity is defined as
that amount of enzyme catalyzing per mihute-at 576Q the
formation of hydréxylated product causing the fluogescende
equivalent to 1 ﬁmol of 3-hydroxy benzo(a)pyrene. All PAH
_concentrations tested were in dupliggte with blanks con-
-sisting of cells'exposed to solvent alone (DMSQ) and -
reaction flasks determining flﬁbreséence caused by BP alone.
Protein conceﬁtration was determined by the method of

Bradford (1976) using the BioRad protein assay kit.

+
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B. 3-Hydroxy Beﬂé(a}pyrene Standard Curve
In order to guantify the T units -obtained from the
spectrofluorometern readingé, a 3;OH BP standard ;urve was
prepared (Fig. 12).

Briéfly, a crystallized amount of purified 3-OH BP (a
gift from Dr. A. Okey) was dissolved in acetone and methanol
to give a final concentration of 2x107H M. From this stock
soiution, dilutions ranging from 2 X105 2)'(10—8 M were
prepared and added to reaction flasks bontaining AHH assay
buffef and heat-inactivated cell protein .samples, 'The
samples Qere then treated as normal AHH assay reéction
mixtures, -extracted and read in 1 N NaOH, -

As shown by Fig, 12, a staight line is Gbtained. but with a
lack of linearity at low 3-0OH BP concentrations. Because of
the aifficulty in extraction of low 3-0OH BP quantities,’ the

lower limits of the AHH assay were established as 0.1 pmel

3-0H .BP/mg ppoﬁein/minute.

.C. Results . 7

1) Hepa cl-9 . : . .

The mouse hepatoma cell l;né was tested with a variety
of PAH at different concentrations. As shown by Table 4,*all
PAH tested ;nduced AHH aciivity to some degree. In fact, even
Weakl§;céfciﬂégenic PAH (benzo(ejpyrene) wére also able to
induce AHE activity (unreported results). The chlorinﬁted PAH,

. TCDD, induced maximal levels of AHH activity at the lowest

~N
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Fig.-12

! ' N
3-Hydroxy Benzo(a)pyrene Standard Curve

Thé'relative fluorescence tF Units) of 5-h&droxy'benzo(a)-
‘pyrene>as measured by a Turner Model 430 Spectrofluorometer
vas plotfed against 3-hydroxy benzo(a)pyrene concentration in-
picomoles. (10_12) . See "Arfl Hydrocarbon Hydroxylase AssgyA

Materials and Methods". Standard “rror (S.E.)= * 2.5 F linits. *

-
.
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Table 4, Aryl Hydrocarbon Hydroxylase (AHH) aetivity‘ih

’ Hepa cl-9
Cell Line Indu;er] : Concentratioq " Specific Acti,vitja
Hepa clone 9 f BA | 10 uM - 18.2
| BA - 1Tu'h'4 9
DBA . 10 uM 6.2
DBA LM | 2.7
MCA - 0.1 M s
MCA g ay | 2.4
ICDD - - . 0.1.uM N
TCDD .. 1M 27.3
DMSO 0.1 % : 0.3

1. BA =Benz(a)anthracene-
. BBA =Dibenz(a)anthracene
"MCA =3-Methylcholanthrene
TCDD =2,3,7,8-Tetrachlorordibenzo-p- dloxln
: DMSO Dlmethylsulfox1de {control) .

2. Expressed as picomoles 3-hydroxy Benzo(a)pyrene formed per
: milligram proteln per minute. .




concentration; 1 nM, whlle other PAH such,as BA and DBA ~
éhowed 1ndu01ng ontzmas at or near 1 uM. TCDD h&s been
shown to be an extremely stable compound 1n v1vo uith an
approximate half 1i fe of up to ‘17 days in. rdts and it is
known to have a 30 OOO><greater AHI inducing capability than
MCA when tested in mice at the above mentlonod concentratlon°
The Hepa cell llne s response to 2 wide variety of PﬂH may
stem from the faqt that its organ of 1n1t1at10n, liver, 1s 4
the main source a PAH detoxification in vivo and Lthus would be
expected to have high indueible AHH act1v1ty in respon81ve
anlmals (Niva et al., 19759, . '

2)'10T~2~ -8 . ..

3 %The non- transformed embryo‘cell line, 1073 cl-+8,
had beenvnrev1ously shown to be sensitive to malignant trans- 7
formatlon by PAH As seeh by Table 5,.cl-8 doeg possess'ln-
‘duc1ble AHH act1v1ty towards TCDD and BA but %ot DBA and MCA
_ Once agaln, TCHDh 1nduced maximal activity and at the same |
concentratlon ‘as in hena cl-9, The fold~1nduc1b111Ly,,however;
differs by almost & times with Nepa hav1ng.the greeter 1nduc;ble
actliuty. On ‘the basis of Al activity, the_ laok'or respon- -
slveness towards MCA and DBA 111ustrated by 10T% cl- 8 could
not be explalned at thls point in the 1nvest1pat¢on. Both PAH
have been shown to be capable of mallgnantly transformlnv cl 8
and are known inducers of ANN act1V1ty (1n vivo and 1n.v1tro)

in other murine . species (Reznlkoff et al., 1973).

The "low total AHH activity 1evels as seen 1n'1OT%.c1-8 cells,

’
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Table 5. AHH activity in 10T} c1-8 and 10T MCA cl-16
Cell Line Inducer Concentration ~ Sp'.ec_ifici
. : : ) Activipy.
10T¢ c1-8 . BA . 10 uM 5.0
- L BA 1 uM 1.8
TCDD , 10 nM- 2.9
‘e | "1 nM . " 3.8
. MCA. 10 uM ‘n.a.
MCA. v M n.a.
MCA {00  n.a.
Mca - 10-nM neas
- MCA 1 nM n.a.
DBA 10 uM n.a.
DBA ‘ 1 uM n.a.
"DBA’ 700 1M n.a.
10T% MCA' c1-16| BA 10 UM 2.8
-, | 'Ba - 1 uM 0.9
TCDD 10 M 1.0
‘ TCDD ) 1 M 1.4
" -MCA 10, uM _n.a.
“MCA 1 uM n.a.
. MCA 100 nM " n.a.
o MCA 10 uM " n.a.
MCA .1 uM _n.a.
DBA . © 10-uM .. n.a.
mBa- "N S 1M n.a.
‘1 DBA ' 100 nM + Do

., A1l specific activity values (pmole 3-OH BP/mg proteln/
min,) expressed minus solvent (DMSO) controls; Neae =
no activity detected over- solvent control. ‘

-
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-Legraverend et al., 19823\\\\\

may'in'fact %elect the lack of opfimal or peak levels .of AHH
1nduct1gn as seen’in fetal or. pre—partum anlmals. Cytochrome
-450 content and therefore specific AHH activity levels do
net reach a max1mum in most.laboratory animal species until
1-2 weeks post-partom (Kahl et al., 1980) while human AHH'
inductienbievels do not peqk‘uetil 6-8 months after birth (.

Neims, 1.982). “hether-or- -not we ‘are involwved with an

‘ontogenetlc explanatlon to the cuantltatlve dlfferences as

seen-between fold-inducibility levels of AHH activity in the

‘e

.Hepa versus 10T$ cell lines may only be explained by following

the- developmental course of Ah 1ocus gene expre551on in the

C3H mouse. It would ‘seem that even low levels of AHH act1v1ty
are capable of contributing to the morphologlcal transformation
process as. seen in 10T% ¢c1~8 as repression of AHH induction in

-t
this- cell 11ne leads to a decrease in malignant transformatlen

caused by PaH (Marquardt et al., 1974). Also, a point of

interest is the clomal stability in AHH activity levels-as
exhibited by 10T% c1-8 (unreported results) which has pfe—

viously been shown' to be absent in the Hepa cell line (
- '\_E'

-~ 3) 10T MCA ¢l-16

o The rationale for investigating the AHH gctivity
properties of 10T¢ MCA cl-16 were two-foid;-firepf/fz AHH
. : . ] !

iﬁduction is intimately involved with the PAH-morphological

-

. r . ‘ . .
transformation process, it was desirable to know whether-or-.
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‘not an altered {esponse.to PAH would be deteéfgd following
initiation of the cell line to the tuﬁ;riéenic state; second,

as Ehé transfofmingligent, MCA, did not‘inducé AliH activity in ;
the Darent cl- 8, it was wondored'jf 1071 MCh dl—16‘still or

gnce possessed a resnon51veness to MCA., Results in Table % show B qb

-~ . ) )
that cl—15 resvonded 1dentica11y-t0 the 4 PAH tested as did cl-8
TCDD and BA were able to induce AHH activity while DBA and MCA .

——— et
0

did not. The lack, of response to MEA by cl-16 was unexpected as
metabolism of PAH is thought to be neces,arj for both cyLo- )
tox1c1ty ‘and mutagen1c1ty (1 rookés et. al., 19?8) The apnrox—»

1mate two- fold 1ower AHI act1v1ty a3 shown by cl 16 may be . '
either as a result of quantitative ch nges in zene. eybreguion |

which accompanied neoplastic transformation or Ah locus changes
1nvolv1nﬁ AHN 1nduct10n partially observed in .the cl1-8 cell

11n9. it may be poséible that the latter exglanatlon is more

plausibie as it has becn bbservgd that less phan.one percent of . ¢
'gene transéription_prbducts aré altered during trgnsformatign-in e
othef similar cell lines (Leavitt and HOV7is,r 9?8) fhc total

~lack of response by either cl-8 or cl-16 to MCA has also been

observed in Swiss mouse 373 bells.which-progressively lose their - -
responsiveness ds é function_of both cell age énd culturé

¢

conditions (Gehly et al., 1979), o ' - .

) Suppression of AHM Induction . . -

As the simultanedus administration of both carcino-

genic and weak.or non-carcinogenic PAH to whole anpimals is re-

'
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'ahown to have an inhibitory effect on the overall tumor

A

42 -

v

ported to . have a differing effect on the overall tumor'respdnse

(either a tumor vromoting or s tumor inhibiting effect) (Slaga

et al., 1979), the possibility of a similar response in terms of

induced AHH activity by MCA and DBA in both 10T+ ¢1-8 and cl-16 .

nossible potentlﬂtlnr or. inhlbltory cffect on Al wctlv1ty in=

"was investiga ted Thls was accomplished b/ simultanecusly ad-

ministeringxaﬁfh}an inducing P&H (TCD\ or BA) dlong 1th a .non-
inducing PAIl (MCA or DRA) to the cells and monltqunrv either the

duction. Table 6 and 7 illustrate the outcome of the co-admini-

straticn of non—inducing PAR with TCDD or BAL Bauimolar concen-

trations of both MCA ond DBA when applied simultansously witk

maximum inducing concentration cof BA,were able to sunpres

the

almost

100% of control'sneceific activities in.cl-8 and cl- 10 (10 uM BA

alone), The dnts w1th TCDD inductiod may sugge t that thi

particular compound has a much greater affinity for AHH=

specific comnonents than BA as a 10 0C00~fold greater concen- ..

tratlon of elther comnetitor °t111 dooes not comnletely SUpDNres

s
t

TCDD—lnduced et

\\

sysﬁemarlt is un

genesis do s0 bﬁ altering the metabolism of the carcinowgens or

activity. ?hereas in the maaorlty of animal
. -

lear whether PAH modifiers of PAH corcino-

by competitive interaction. or antagonism (DiGiovanni and Slaga, -

' 1981), it would secm clear that in this system,'the non-

inducing PAH are acting at the level of induction or gene

expre551on. ‘Yeak or nan- car01nogen1c PAH h«ve been previously

¢

P
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Table 6. mcﬁﬁummmwou,ow\br: mnnH<wwK.M=Q:naHo: by zosnwaazounm mbm
. Cell Line Inducer Concentration | Competitor Concentration Specific powH<Hﬂwd
10T$ ¢1-8 BA 10 uM DMSO 0.1 % 5.0
. _ BA ) 16D uM MCA 10 nM b8
" BA 10 uM - MCA 100 nM 4.2
BA 10 uM MCA 1 uM 1.0
. BA _ 10 uM MCA 10 uM n.a.
. TCDD _ 1 nM DMSO 0.1 % . 3.8
TCDD 1 nM —  MCA 1 nM . 3.2
TCDD A.wzx\hw MCA 100 nM 2.2 .
_ TCDD 1 nM . MCA 10 uM 0.9
BA 10 uM DMSO 0.1 % 5,0
BA 10 uM DBA 10 nM 4.7
* BA 10 uM DBA 100 nM 4.5
BA . 10 uM © DBA 1 uM 1.8°
) ‘ BA 10 uM DBA 10 uM n.a.
TCDD 1 nM DMSO 0.1 % 3.8
TCDD 1 nM DBA 10 nM 3.6
. TCDD 1 nM DBA 100 nM 2.7 )
TCDD 1 nM DBA 1 uM 1.7
TGDD 1 nM DBA 10 uM 0.6

Inducer and c¢ompetitor mnmma

a

1. Solvent controls (basal activity) substracted from specific m0ﬁH<W¢m.<mH:mmm‘

simultaneously in solvent DMSO to fresh medium.
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Table 7.

mcwv&m%muoz of AHE mnww<wn%_H:az0ﬁMo: by Non-inducing

omHH‘ﬁw=m .| Inducer Concentration Competitor Concentration Specific >an<#w%_
10T$ MCA- BA . 10 uM DMSO0 - 0.1 % 2.8 ‘
Locl-16 e gy 10 uM MCA 10 nM 2.3

BA 10 uM - MeA 100 ni 1.2

BA 10 uM " MCA "1 uM 0.7

BA 10 uM, - MCA 10 uM . n.a.
. BA "10 uM DBA " 10 nM 2.4
- BA 10 uM DBA 100 nM 241
) BA 10 uM, DRA 1 ui 0.9

BA 10 uM DBA 10 uM 0.5

.I'. Solvent controls (basal activity) subtracted from specific activity values;

H:azomw and Competitor mamma.mwicwﬁw:mozmww in solvent DMSO to wwmm:,smnwca.
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respoﬁse in whole animal'systems when applied before or

at the same- tlme as known car01nogens (Gelb01n et al., 1970)

while the synthetic PAH, 7 8- benzoflavone, is known to'

suppress AHH induction both in vivo and in vitro (Balrd and
I‘Dlamond, 1976). This inhibition of &HH induction has then led -

to-a.decrease in the binding of reactive metabolites to DNA

and therefore a- reduotlon in PAH tumorigenesis (Cooqps et al

1981). _
. hile it is evident that MCA_ and DBA are inhibiting the
induction of Al activity by TCDD and BA, the actual mechanlsm

.by which these PAH can both not 1nduce AHH act1v1tv and
. compete for 1nductloq is thought to involve somelother aspect

other than Cytochrome P,-450 interaction..

- De . Discussion
‘The AHH aétivity in three cell lines was examined'by a
standard fluorometric assaj utiiizing the major me#abolite of
' benzo(a)pyrene as a standard. Hepa ¢l-9, which had preﬁiously
“been shotn to possess inducible AHH activity towards TCHD (
Okey et al.,‘1980), has now_beep shbwn to:be‘similarily re-
sbonsive to BA, DBA and MCA., The two mouse embryo cell lines,-
1073 c1-8 and its malignantly-transformed counterpart, 10T}
MCA cl-16, also possess inducible AHK activity but only
toWards TCDD and BA. Also the fold-inducibility levels differ -
between the Hepa and 10T} cell lines with Hepa cl-9 showinéy

up to 6 times higher activity. The two non-inducing PAH in the

-

\
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10T} cells, MCA and DBA, still-however retain’the ability to
. suppress AHH induction by both TGDD and 5A. If the actual
mephaniém of suppression is hypothesized te involve the re-
gulatbry mene product of the 4ih-locus, the ah.cytosolic
recedtor, = de}ailed s%udy of PAH binding to thisz receptor

in 10T} <1-8 and 107} MCA ¢l-16 (as compared to Hepa ¢l=9)
‘ma&'explain_this Dhénemenon. Moreo%er, the results from these’
studies may pré%ide insite into the mechanism(s) of PAll ine-

hibition of tumorigenesis in whole animal systems.
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CHAPTER IV

- Cytosolic Receptor Assay

A. Introductlon ;' T ; .

-

The ablllty for certain microsomal (endoplasmic
reticulum) monooxygenases to undergo induction by PAll has

been established for over 20 years (Vebert et al., 1981) But
the molecular mechanisms leadlng to QHH induction after a PAll
enters a cell remained relatively unclear. Drawing on the bio-
chemlcal model which exnlalns the 1nteract10n between steroid
hormones with target tissues through a receptor.molecule,,
Guenthner and Nebert (1977) have hyoothesized a similar
sequence of events to explain enzyne induction (aryl hydrocarbon
hydroxylase) by small molecular weﬂght compounds of extra-
cellular origin (PAH). _ | .

Their theory brlefly states that : 15 an lnducer, PAH,
enters a cell and binds with hlgh affinity to a specific
cytosolic receptor protein; 2) this PAH-receptor complex can
theu undergo nuclear translocation where it maj interact with
one or more nuclear sites; 3) following this DNA-receptor

'interaction, specific mRNA synthesis is stimulated and protein
synthesis results. Experimental evidence from genetically
'responsive" and "non~responsive" rodent species now clearly
supports thls hypothe51s and further states that AHH induction
is regulated by an Ah cytosollc receptor (Okey et al., 1979)

The initial studies on whole animals have now expanded to cell

e
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culture systems., Work in this laboratory in collaborntion‘with
Dr. A. Okey has established a definite correlation between AHH *
induction and the temperature-dependent cytoso%-to-nucleus trans-
lgcation pf the receptor complex (Okey et al., 1980; Heintz
et al., 1981)., | | '

It now appears that in the locus of genes controlllng

AHH 1nduc;10n (Ah locus), there is at least one regulatory

gene and 5 structural gene products 1nv01ved in the induction

. seouence of events: (Lang and Nebert, 1987). Induction of AHH‘

‘act1v1ty has been shown ‘to 1nvolve de‘hovo synthesis of
Cytochrome P -450, a critical part of the NADPH-devendent
moﬁooxygenase system (Fig. 2) crucially involved‘inltﬁe
binding and metabolism of PAH (Xitchin and Woods, 19?8; imai,

. 1982). The regulatory géne product of the Ah locus is now

idenfified,as the Ah cytosolic receptor and "responsiveness"

to AHH (Cytochrome P{—QSO) induction by PAH is regulated by

its presence'(Hannah €t al., 1981). Finally, it is now

accepted that transcriptional.control and quahtity of mRNA

rather than gene duplicétion’or rearrangeﬁent or some ‘en-

hanced polypeptlde initiation or elongation is the mechanisnm

of AHHE 1nduct10n (Tukey et al., 1981),

B. Matefials'and Methods
. The cytosolic receptor proiein associated with'AHH
induction has been examined by a numbér of different tech-
niqueslincluding Sephadex CG-100 gel permeation chromatography

(Mukhtar et al., 1982), iscelectric focusing‘in poPyacrylamide

L
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gels and DNA-cellulose chromatography (Gustafs son et al.,

‘1980), actlvated dextran charcoal binding assay (Nebert and

Guenthner, 1977) and sucrose density gradient centrifugation

. follow1ng dextran charcoal adsorption (Okey et al., 1080)

Of these .procedures, our 1ab has found the latter to be a
rapid and sensitive method to test for both the presence and
folleow the cytosol-to—nucleus translocation of the Ah.
receptor in a variety of established cell llnes.

Cell lines to he examlned for the vresence of the Ah
receptor were grown under identical culture conditions as
described for the AHH:aqsay (see AHH assay, Materials and
Methods), Followiﬁg the standard grqwtp veriod of 72 hours
after seeding_orﬂwhen the cells négred conflueﬁcy, the cells
were washed with cold PBS and fresh serum-less medium con-
taining the apbropriate concentrations of radioligang:hnd/or
competitor supplied, Unless‘dtherwise indipated, the standard
treétment to show specific bindigg of a PAl téﬁthc regeptor
was incﬂgztion at kpC for 1 hour in the presencelofvthe
radioligand and 100-1000-fold exXcess of unlabelled Pal, This
temperature treatment nrevents the temperature denendent
nuclear translocatlon of the receptor PAH complex (Okey et
al., 1980) and slows the metabolism of the PAH inducer,

Previous investigations with various PAH inducers have
shown that there is no'requirément for the metabolism of the
PAH inducer during AHH induction, whlch simply suggests that
the parent PAH is the best ligand to use for binding studies

(Kano et al., 1977). "hen the detection of specific binding

AN



50

i

and nuclear translocatlon is dcslrod the cell"are'once'
again 1ncuhated/;or/f’hour at u H then transferred to a j? C
incubator: for 207 m1nute,. Thls lee perlod at 3? C allovis for
g_dotectable translocatlon to occur w1th mlnlmum metabollsm or -
ireceptor comple"d1S°001at10n. Cell v1ab111ty is not affected

'by the medlum or.temnerature condatlon, used

PN

Follow1ng the Dresc1bed temperature treatments, the cells

" are collected by scraplng the plates w1th a rubber pollceman
and washed 3 tlmes with PBS by . centrlfuglng the cell .

| suspen51on at 1000x g for 10 mlnutes. As w1th the AHH assay,
this and all subsequent procedures were oerformed at 4 C.

For Hepa cl- -9 receptor assays, the cells from 20- 100mm plates-
were comblned to form one samole whlle 10T% cell llne assays
requ1red ‘the celf!tfrom 30 100mm plates. :

Cell pellets obtained were then resuspended ih 2 ml of
HEDG buffer (standard homogenlzatlon buffer, HEDG: 25 mM -
Hepes, 1.5 mM ethylenediamine tetraacetlc ac1d 1 mM dithio--
threitol and’ 10% glycerol by volume, PH 7.6) and homogenlzed
w1th a Polytron PT-10 at settipmg no. L for 3- 20 second bursts.
Nlcroscoplc examination durin’g the homogenlzatlon was used to
ensure optimal cellular disruption. The total cellular
homogenate was then centrlfueed at 1000><g for 10 mlnutes.

The pellet from thls centrlfugatlon constituted the nuclear
fraction and’ was either stored or dlscarded, depending on the

temperature treatment, while the suverriatent was removed and .
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Centrlfuped at 105, OOOX g in a- Becleman 60 Ti rotor. The super—'
matent from thls fraction renresented the,cvtosollc samnle
-Wthh was run on eucrose den51ty vradlentu.
ﬁuzlear Fractions

" ¥hen nuclear. translocation vas allowed to cccur, the
pellet resulting from the 1000X g centrifugation of the _l
cellular hOmogenizatiou was washed 3 times by resuopendlng in

_1n 2 ml of HEDG buffer and centrlfuglnv at 1000)(5 for 10
minutes. The pellet from the final wash was then resusoended
‘in 1 ml nuclear extraction buffer (WPB HEDG buffer + 0.4 M
Kcl), homogenlzed with the Polytron at setting no. 5 for EQEQ,
second burets and allowed to incubate for 1 hour on ice to
“extract the nuclear receptor. The fotal extract waz then
- centrifuged under: the game condltlone as the cytoeollc extract

(105,000.x & for 60 mlnutes) w1th the resulting supernatent
_comprlslng the-huclear fraction. The total -extraction procedure
for both the cytosbtl and nuclear fractlons is summarlzed 1n

Plg. 13 ( as well as in v1tro 1abe111ng procedure).

Sucrose Density:Gradient (SDG) Analysis 7
Foliowing'the Preparation ef the nuclear and cytosolic
extracts, non- . or looselyibound radroligand was removed prior ,
t0 SDG analysis pyhtreafmeut‘with-dextran charcoal.thefﬁl of
cytoselic orlnuciear extract uas added to the charcoal pellet
obtained from centrlfugatlon of 1 mlof dextran charcoal—HEDG

buffer solutlon, vortexed and 1ncubated for 15 minutes on ice.

-
. -
' X .
. .
. . .. . ’
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- Summarized Procedure for Ah Receptor Agssgay

Expose cellq from 20-50 plates
) to label '+/- competitors
: 1n,cu1tureo

collect cells
Wash 3 ¥ PRS.

Centrlruge @ IOOOyg 10 min,

Pellet
‘Re'suspen

. - ' vsﬁpernatéht’(cytosol)
Centrifuge @ Co s '
105,000Xg,1 hr,

v T

\ . . . ' .

i

Supernatent (cytosolic fréCiion)

Pellet

Sucrose Graddients '

Discard

A4

Tn vitro labelling

In vivo = cells exposed to
. label in culture. .}
In vitro = cytosolic and nuclear
fractions from cells

. nrev1ously unexposed
. to label.

(nuclear
fraction)

(In yivo labellihg)"

Fomogenlze with Polytron
Centirifuge € 1000xb,1O M1n

" Pellet (nucléus)—e——_f——)Pellét‘

Wash 3%’

with HEDG
buffer.

~Centrifuge”

@ 1000xg,
10 min.

ReSuSpehd
in 1 ml NEB

" buffe

Homogenize
with Polytron

IncBbate 1 hr.
@ l '

Centrlfuge @

Supernatente————-105 000x g

for 1 hr.
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~ The resultlng solution was then*centrifuged at AOOOX'g for 10

mlnutes to remove the dextran charcoal and unbound label and

300 uL of the cytosol or,nuclear?fractlon applied to pre-

chilled 5- 20% linear sucrose gradients (total volume = L4 ml),
The sucrose gradients, were prepared by layering 1 ml of 5-20%

sucrose made w1th elther HEDG"* buffer (cytosol samples?) or

" HEDG buffer plus 0.4 M KCL (nuclear samules) in ascending

order (1 ml EOo sucrose + 1 ml 15% sucrose etc,) onto chilled-

-

, Beckman nltrocelluloseatubes. The total gradient samnle plus

T
cytosol or nuclear alaquot comprlsed 4 3 ml The gredlents-

A

were then ¢entrifuged at 48, GOO rpg in a Beckman sW 60 rotor
(gav—235 000) for 16 hours at 2 C..Affer centrlfugatlon, 20

'200 uL ff!ttlons were then collected from each gradlent tube

on an ISCO model 640 gradlent fractlonator and the radlo—-
act1v1ty per fractlon (DPM) determlned by llqu1d¢5c1ntlllatlon

counting. An 1nternaldsed1mentat10n marker { “C) methylated

' bov1ne serum albumin CﬁSﬂ)(h 65), was adqhd to sample gradlents

to determlne approx1mate sedlmentatlon values for radloactlve

‘peaks (Martln and Ames, 1961). Protein concentratlons were

determlned by the method of Bradford (1976) using bovine gamma

. globulln as a prGteln standard..

. - . ’

C.  Ah Cytosolic- Receptor Bindi'-ng‘in‘Hepa cl—9 -

The blndlng of (3H) TCDD in Hepa 1 cells tq a-

RIS
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This receptor, now correlated‘to.AHH inouCtion; vas founo )
‘to be sensitive to, proteolytic eniymes;.sdch as‘trypsin.and
chymotrynsin but not to RNases ,or DNaees. Similar resultef/”/'
are shovn by flgures 14 and15 for Hepa cl 9 As thlS clone

of the orlﬂlnai Hepa culture exhibits AHh 1ndug;b}llty (Toble
q), it was expected that this cell line "would possess the’

eﬂulatory gene oroduct of t;;rﬂh locus, the Ah cytosolic

receotor. ulmllar 1nvest1nat ons into-other lepa clones

ﬂ‘(mutant) that have exhibited varying derrees of AHV 1nductxon

‘5def1c1ency (total- lack of résnonse or a . decrease 1n_folda

-

:1nduc1b111ty levels) have shown a breakdown had occurred

in Some stage of the induction process (dedre=sed or no
detectable Ah receptor levels, defective nuclear translo-

.cation of the inducer-recentor COmnlex, non—recognition of

.ercceptor ‘complex by nucleus etc.) (Legraverend et al., 1982).

‘As demonstrated by. figure 14 the 7-8 5 peak on the cytosol

gradient is comoletely ellmlnateo hy a 100-fold excess, con-

centration of TCDD, a known inducer of AHI sctlylty in Hepa

..2C1-9. This is one of the establishing criteria for specific

bindinc to the Ah recentor; only known inducers of AHH
act1v1ty w1ll compete for blndlng. In flgure 15, no peak was
detected Thi.s was expected since the translocatlon process
is temperature dependent. Figures 16 and 17 also 1llustrate

this bOlnt when the cells were allowed to incubate for 20

‘mlnutes at 37° Cy, 2 6 8 peak was detected 1n the nucleus. The"

dlfference in sedimentation coeff1c1ents between the c§%osol
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Fig, 14 0-@ 1'-nM(3H)-TCDD. , _ S
.0-0 - 1 oMCELTCOD + 0.1 yM TCDD. .

Cells were labelled in culture for 1 hour at AOC.

* \
Fig. 15 .
Nuclear extracts of above cells
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Fig. 16 @@ 1 nMCR-TCOD.
| 0-0 1 aMCH-TCDD + 0.1% uM TCDD.
Cells were labeiied‘in‘bﬁltuié%}or 1 hour at 4°C then

transferred to a 37°C-incubator for 20 minutes.

Fig. 17 |
Nuclear extracts of above cells,

.
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and nuclear peaks is attributed to the preﬁence of O. 4 M KC1
in the nuclear gradients., ‘'hen cyt05011c oxtractu are rup an
nuclear pradients (cytésolic gradients‘+ 0.4 M KCl), the main
peak of ‘radiocactivity sediments at ap@roximafely"6 S.
The ability for only'known inducers of Alll activity to eli-
minate the (BF) TCDD binding peak was also establl hed (fipgures
218 and 19). TCDD, DBA and MCA, vhich are all gapable of in-
duci%é Al activity in Hepa ¢1-9 (Table i), ellmlnate the
specific binding peaks in both the cytosol and hucleus. The
‘pos 1b111ty therefore existed that both DBA and MCA would bind
- snecmflcallj to the Ah receptor and translocate to the nuclcus,
a prereaulslte for inducing AHH activity. As een in flgures
20 and 21, ()W) MCA .did bind specmflcdlly to the Ah rocentor
and translocate to the nucleus., Flpure 20 also show“ a non-
specific peak in the L4-6 S region of the gradient (frgctlons
5-7) which did not translocoLe. This same non—speqlflc region
;/\ has.been'found gn rat liver cytosol (Tiernéy'et al., 1980) .
and is thought to he an area of hl”h capacity, low afflnlty
blndlng not assoc1ated with AHH 1nduct10n. -
Figures 22 and(23 also show that (BH);DBA‘binds speci.fically
te the same'receptor és ;EDﬁ and MCA and_undefgoes nﬁclear
,‘translocation. Also; a 2,500~fold excess concentration of ﬁhe
$cbrticast9roid, dexamethasone, had no effect on biﬁding‘or the
trqnslocétion event, This ipdﬁcates.that'AHH induction is not
‘mediated thfough a giucocorticbid receb%or wvhich are known tb

occur in hepatoma-derived cell lines (Okey et al.,'1980).
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Fig. 18 '
®-0 1nvCH-TCOD
0-0 1nMGHE-TCDD + 0.1 uM TCDD
X-X NMCH-TCDD + 0.1 uM MCA
A -8 1aMCHLTCID + 0.1 uM DBA
Cells labelled in vivo for 1 hr. @ 4° then placed in an

incubator @ 370 for 20 minutes.

Fig. 19 ‘ , - N

Nuclear extract of above cells; same conditions.
- . . .
=




61

-

Thw is e e

HEPA c1-9 Cytosol

'?b—BSA

10, 15
FRACTION NUMBRR

)

HEPA cl—9‘ Nucleus:

FRACTION NUMBER:




/‘/‘ ‘6.2 |

Fig.20 -8 L4 nMCHFMCA _
0-0 4 nMCH-MCA + 0.1 uM TCDD
X-X 4 nMEHMOA + 0.1 uM Mca

~

-

Cells incubated in vivo for 1 hr. @ 4° then placed in an

incubator @ 37° forf20~minhtes.

Fig. 21 Nuclear extract of above cells; identical ‘conditions.
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F‘ilgl 22 *:
-0 4. nMCH-DBA

0-0 4 nM(ﬁﬁLDBA + 10 uM. Dexamethasone
| “\x-x i nMGH-DBA + 0.1 uM MCA
Celléxlabe}led in vivo fer 1_hr. @ 4° then placed in an

incubétor @ 370 for. 20 minutes.

]

Fig.23 4
Nuclear extract of above cells; same conditions.
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Also, phenobarbltal and pregnenolonc,‘whlch 1nduce forms of-
Cytochrome P-450 distinct from P =450, had no effect on either -
cytOSollc or nuclear (BH) PAH blndlng poaks (reqults not re-

ported). T . Lo

Discussion ) N i — L e |

TCDD DBA ‘and MCA wers all able to compete for the blndlng‘
of (SH) TCDD to. the Ah receptor in Hepa cl-9. As a consenuence,'
both DBA and MCA were also tested. for thelr ablllty to
) ‘speqlflcally bind to thg peceptor and trdnslocate 1nLo the
nucleus. ‘The resglts”obtained'éaggest all thrée PAH bind Eo the,
same receptor and can un&ergb nuc}ear:transldgation.-Thesé_
. findings are sunnorted by ppe&ious results whichthave~sbown
(PH)-TCTD and (PH)-HCL both bind to the sime cytosolic Ak
receﬁtor‘in mohse and ré£'hepét;b cytosols apd induce AHH
activity through thié receptdr (Okex and Vella, 1982). An im-
portance should be placod on the fact thaL ve have shown that
other PAH follow the same route of 1nteract10n w1th the Lh
receptor as TLDD. The maJorlty of blndlnp‘studles 1nvolve the
‘blndlng of ()H) TCDD alone and as a conseasuence, the Ah rcceptor
has-not.beeplgorrectly identified when.bindiqé gtudieé with. PAH
other than TCDD are undertaken (Zytkovicz, 1982).

»



-‘110Tw cl- & and 10T§ MCA cl 16 be 1nveut1gated .
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D, Ah Cvtosollc Receptor Blndlng in 10T§ cl 8 and - —
~ . ] S :
: lOT$ -MCA cl- 16

. L) '
" The aryl hydrocarbon hydroxylase and Ah receptor aesav

fresults from experlmentatlon with the highly- 1nduCLble Hepa .
cl -9 cell llne suggested that any PAH capable of dlonlac1ng ;
(BH) TCDD from the Ah receptor vrould also 1nduce AHH act1v1ty .

through a spe01flc 1nteract10n w1th the same receptor. Thls
ability .to dlsplace (3H) TCBD from the Ah ‘receéptor should then
result 1n the suppressmon of AHH 1nduct10n by TCDD. This ovent

is not measurable in Hepa at the ANH aseay 1evel due to the con-

comltant 1nduct10n of AHH act1VLty by the dlsnlaunfT egont In

the transformable 'C}F/1OTK cell 11ne, cl- 8, we heve dlecovered
the situation where two PAH whlch do hot 1nduce AHH act1v1ty,‘
‘DBA and MCA; stlll reta:n the ablllty to supnresu TCDD- and h
BA 1nduced AHH act1v1ty. As only known 1nducer° of AN
act1v1ty were QOHoldBP&d capable of dlsnlac1nF (5H9 TCDD from
the Aﬁw}eeeptO;;(Biéglow and Nebert 4982& and\therefore ' I
euppreseing'TCDD-induceé AHH acthlty, it was dec1ded that the ° '

blqdlng,bharaqterlstlcs of the "M cytosollc receptor in C)H/

.“_o
“ '

Procedures for the11n vivo labelllng of the Ah receptor 1n‘
cl- 8 and cl 16 were 1dentlca1 to those for Hepa cl 9. The sat- .
' Urable peak femptomole values were calculated by flrsﬁlob— - '
;talnlng the DPM spec1flcally bound per m11115;em proteln and ’
{'conwerting to femptomoles by Sp&dlfic actlvity.values of the ‘ >

. LS et R
,'labal (see Appendlces. III) - " ;'-"ﬂ“-_ -
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The 1n1t1a1 receptor, assays with the tweﬂfjH cell 11nes vere

deslgned to show whether-or- not (3H) TCDD would bind

speclflcally to the- -same receptor as in Hepa Figures 24 to

27 111ustrate the tlme-and temperature=- dependent movement of"

'spec1f1cally bound label (DPM/mg proteln) from the cytoplasm

to the nucleus in both cl-8, and cl- 16 In V1tro lcbelllng of
nuclear extracts of either’ cell line," as - well as in Hepa,

detected no native nuclear recentor. Also, if nuclear samples"

}from cells labelled 1n culture where translocation had becn

—
allowed wvere relncubated with extra amounts of (BH} TCDD, no

lncrease in the speC1flc peak size vas detected (results un-
reported) In cl- 8 (flgures 24 and 25), maxlmum blndlng :
occurred in the. cytoplasm when the cells were held at 0°C for
1/hour to prevent any translocation. "hen the incubation

ure was ralsed to 37 C, an approx1mate1y 6 S peak

" was observ d in the nucleus within the first 10 mlnutes.‘

Within 40 minutes, the majority of the label in the cells was
associated with the nuclear fraction. The reason why greater
DPM values are found in the nucleus than observed at any

time in the cytoplasm may.be exnlalned by two- theorles. First,
ve may be observ1ng receptor recyclrng within th?rho minute
3? C perlod .or second, 'maximum blndlng to the cytosollc

receptor requlres the temperature actlvatlon of the receptor.

As in tge case of the'estrogen receptor, active substrate and .

phys1olog1cal temperatures are reoulred before trapslocatlon

- . .
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2 - 1 aMEH-TCOD 0% 1 hr. -

0-0° 1 nM@H-TCDD 0%- 1 i + 37°- 4O min. -’
‘x-\x? 1 a4 Cr-reop 0% 1 hr. + 37°%- 10 min,
a-4 nM(3H)-TCDD +1.0 uM 7DD 0%~ 1 hr,
Cells were ‘labelled fo the 1nd1cated tlmes and

temperatures before receptor was extracted.

Saturable-peak femntomole values nmer mg vwrotein

128

0-0 = -80 -

1

¥ -X 37 '. B ZL//// 1'.5

A-D = 0
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Nuclear extracts of above cells,

Saturable-peak femptomole values per mg,protein
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Fig..

26 -0
0-0
XX
A-b8
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0°- 1 nr.

0°- 1 hr. + 370— L0 min.
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+ 1,0 uM T¢DD 0%°- 1 nr.

labelled for the indicated times and

temperatures be'fore receptor was extracted.
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can occur (de Boer and Notldes, 1981). HoweVER; no .
measurable chanre in the sedlmentatlon values of the Ah
receptor—whlch may have 1ndlcateq a transformatlon step-were
observed., As the receptor is detecteble,in the nucleus within
5 minutes at '39°C (unreported results), it is more likely we
are seeing some form of.receptor recycling.in its active form
‘under these noﬂ—physiological doses of TCDD. Previously,
nucleer binding’was found to decrease efter }-hour.atJB?OC in
Hepa-1 ¢1-7 (Okey et al., T980L25uggesting a poscible movemedt“:
of the receptor ot of the nucleus in(iy active or inactive
form. | | ' -

The same cytosol- to- nnclcue translocntlon was, seen in 10“‘
MCA ¢1-16 (flgures 26 and 27 )+ Increased CJLoaﬂllc blndlng
-after uO minutes at 3? C when compared. to 1 hour at o°¢ may
once araln euvfest recevntor recycling or an lnherant error in -
reporting fmol/mg protéin rather than fmol/ug DNA,

The approximate two- qi%d dlfference in maximally 1nduced AHH
activity levels between the. tvo C)I‘cell lines was not explained
~ by the initial receptor ‘data. It appears'uhder similar con- -
dltlone, both cl- 8 end cl- 16 translocate almost equal a ounts
of (BH) TCDD into ‘the nucleus. However, adenuate levels of
cytosollc receptor with nuclear translocation doés not. ensure
1nduc1ble AHH activity, as demonstrated with another henatoma~
'derlved cell 11ne, HTC (Okﬁg et al., 1§80) The pOSSlbllltj ex-'

L RESSEFY Ny

_xlets that 1n the 3~ methylcholanthrene-qltered cl-16 the inducer-
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receptor complex in ¢1-%6 is not fully 'recognized" by the
.7 genome regions respon51ble for AHH induction. This may be

| - a result of some unknown ontogenetical repression or more
likely as a result.of the malignant transfornation process ‘

ch may have altered AHH induction in cl- 16 at the pre--
transcrlptnonal level, '

As reported earier (Tables 6 and 7), MCA 2nd DBA were able
to supnpress TCDD and/or BA induction of AHH .activity in both
cl-8 and c1-T6. When the abillty of these two non-inducing
PAH to displace (3H) TCDD from the Ah“receotor was examined,

a suitable explanation for the above- mentloned phenomenonxwao
didcovered (Figuree 28-31). 1056-fold exceés concentrations of
-f the non- inducing)PAH as well as TCDD, seemed to quantitatively
ellminate (3H) TCDD binding to the Ah receptor. These concen-
trations of competitors needed to compete for binding_.
correspond -approximately to the amounts of DBA and MCA - re-
gquired to suppress AHH activity ip cli&‘or c1;16.

THe ability for DBA and MCA to displace J(sH)—TCDD_from the
Ah recéptor suégeeted that they in turn should/be able to.
‘induce AHH activity,'As it had bgen demonstrated that tRey in
fact do not,lit'Was decided to &nvestigate %heirﬂebility,or ]
lack of, to bind to the receptor and hopefully digcover why '
they were no longer ‘able to 1nduce AHH ncthlty. Figures 32

to. 35 show a lack of detectable receptor in the nucleus of

- both ¢l-8 and.c1-16 cells following treatment with (3H)-DBA.

.‘ . N ’
.



Fig. 26 -8 1 nMCR-1cDD |
0-0 1 nMEH-TCOD + 1.0 uM TCHD
- XX 1 aMCETeDD + 1.0 uM MCA
-8 1 aMCR-TCDD + 9.0 uM DBA” ‘
Cells were exposed to label and competitors for 1 hou; at :
, 0° and ‘then transferred to a 3? incubator for 20 minutes

[}

to allow for translocation., : ' " “ b

, Fig. 29 ' . -

Nuclear extracts of above cells. . . -.' .
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Fige30 ©-8 1 nMCR-1CDD _.
. 0-0 1 nMEPH-TCDD + 1.0 uM~TCDD
- XX 1 aMCHATCDD + 1.0 uM Mca

.8-8 1 nMCH-TCDD + 1.0 uM DBA

.

Cells were labelled. in vivo for 1 hour @ 0° and then

-

transferred to a 37°'incuba£or for 20 minutes to -allow

-

for translocation, ) ';" .-

.

s

. Fig.31
Nuclear extracts qf above cells.
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Fig.32 -9 10 nM(H-DBA = ' | |
0-0 10 nM(Cr-pBa 41,0 uM TCDD . ' .
X-X 10 nMGE-paa + + 1.0 uM MCA
T Cells_were.labt;];led in vivo for-1 hr. @T‘L}'Q am_i then
| placed in an incubator at 3?0 for 20 min. | .
| 8
]
Fig. 33 - | g |
‘Nuclear extracts of above cells; identical conditions.
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Fig..31+ -0 10'nu'(3m-DBA .
| 0-0" 10 nMGR-DBA + 1.0 M TCDD
X-X 10 nMGR-DBA * 730 uM MCa B
G-élls lati'elled“in.v.ivo for 1. hr@ 4° then transferred to
a 37° incubator for 20 min. S )
Ao \\P -
)
Fig. 35
Nuclear extracts of above cells.
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. Thi‘s wou]txpiain why DBA would net induce AHH activity but
C . - not how it was still able to succesofully diwplace (BH) TCDD
from the Ah zecentor. “hen (3H) MCA was tesﬁed in both cell
linés (flgur9836 -37-), apain no receptor was detected in the
nucleus. jH ~MCA did howeyer bind with high capacity to an
approx1mately 5 5 repien of thp cytosolic gradients. This
.binding had been previously discussed in Hepa .cl-9 results
and ieAbonsidered non~specific Oor not associated with the AHH

induction process due to the inability of known inducers ol

MAHH act1v1ty to effectively compete for this h»inding. Further

investigation of this peak (figures 4O and 41 ) revealed that
unlike the Ah receptor, it was sensitive to . neither heat or

rl
«  Pproteolytic enzyme denaturation.

-
[}

Discussion . _ _ .
v The inability for either MCA orp DBA to induce AHH =activity
~ in 1073 ¢1-8 ond 10T¥ MCA cl-16 was explained:by-iheir lack
of.sbecific'binding to the Ah receptor. However, both non-
inducing PAIl sti11 retained the ability to displace (PH)-1CDD
. 'from the Ah receptor and thue suppress AHH induction by-TCDD.
Two bossible exnlanations for this behavior are: 1) the Ah
receptor in cl-§ and cl-16 is modifled or mutated so recog- .
nition of normally 1ndu01ng.PAH such as DBA and MCA does not
take place, or 2) binding does.occur to some area of'the

~receptor by DBA and MCA and is not detected by our assay

procedure. Various un&nown endogenous factors which regulate
. \. .

}
1
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| Fig.36 -0 L nM CH-MCA
| 0-0 4 aMCGENCA + O. 4 uM FCDD
XXy nM CrlMca + 0.4 uM Mg
Cel]irwere labelled in vivo for 1 hr, @ 4° fhen transferred

to a 37 1ncubator for 20 min.

Fig. 37 .
Nuclear ex@racts of above cells under identicai conditions.
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Fig. 38 -8 4 nMCH-MCA
0-0 -4 nM@H-MCA + 0.4 UM TCDD
., X=X 4 aM(H-MCA + 0.} uM-MCA

Cells were labelled for 1 hour @ hOC and then transférred to

a 37°Ckincubator for 20 minutes.

Fig. 39

Nuclear extracts of above cells,

L] *
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JFig; LO @-® 4 nM (BH)-MCA,'control. ‘ .
| 0-0 4 nM(CHMcA, 45°- 20 min, - - -
X-X 4 nM(BI-ﬂ-'MC'A; Trjpsin.

Cells were incubated with 4 nM SH-MCA. in culture for 1
hour at 4°C, following which \cxgltosoli'c extracts were pre- :
pared aﬁd e_ithe'r placed in a water bath at 45°¢ for 20
minutes or -tr‘e.ated with 100 ug Trypsin for 1 hour at 4°c.

Control and treated portions were then applied to sucrose .

gradients as described under "Receptor Assay - Materials

“u

and Methods'.

~

Fig. 41 -8 1 nMCH-TCDD, control.
00 1 nmCh-weDd, 45°- 20 min, .
%-X 1 nM@r-TcDD, Trypsin. ’
Identical procedure as in fig.40 but cells initihlly
incubated in culture for 1 hour at 4°C with 1 nM SH-TCDD.
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the overall AHHU induction'ﬁfocess and. other sustained pleio-
tropic” responses a55001ated with the Ah rpno locu~ (1nduct10n
of ornlthlne decnrboxylase acthlty, UDP-zlucoronsylirdnsferasé
activity and glutothione-3~transferase Hcthlty)(Polnnd and
Knutson, 198?) may‘wn fret repgulate the ultimnte binding of (

5H)-PAH te the Ah receptor.,

. b d .
E. Scatchard Analysis of “H-TCDD binding to the Ah

receptor «in 101 c¢l-8 and 10T MCA ¢l1l=16,

Originally désigned for the snalysis of steroid
horméne feceﬁﬁors (Scatchard, 1949), the Scatchard rlot analy-
sis has been ekbanded to dnclude the Al cytosolic receplor wnd
. other cytosolic proteins cabéble of bindinﬁ PAH (Schaeffer et

al., 1981; Bresnick et al, 1980; Zytkovicz,; 1982),. (3H)—PAH
bfndinm’to"a séturable recentor can be. ummﬂrlzvd by ~ graph
showing the total amount or_ﬁnec1r1cn11y bound receptor dlviﬁed
by the Lotal-unbound PAH (B/U) on the orulnqte ax1s plotted
against the bound recentor (B) on the abscissa. In endocrine
termlnolOgJ, B/U is uqudlly expressed as bound over free or

3

- B/F (Clark and Peck, 1977).

Cflls to be subjected to Scatchard analysis were grown
h‘idéd%ical-to those to be analyzed for'the Ah rcgeptor.-The only
difference in nrocedure is that’ the cells are pxnv1ou¢ly not
.exnosed to radlolabel in culture and are not subJectod to nny

temnerature Lreatments to limit or allow tranulocatlon.
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Tollowing the preparation of the: cytosolic extract as per

receplor assy procedures, aliguots of the cytosolic protein

(1.5-2.mg protein/ml) were then incubated with concentrations

of (7H)-TCDD renging from 0.1-5.0 ni for 1 hour at 4°C with
gentle mixing every 15 minutes. Following thovincubation
period, 50-uL‘sémples of each mroun werc added to 5 ml of
cocktail and.couﬁted té agﬁermine the total radiosctivity or
binding (T) before dextran charcoal treatment. Tiis total
binding (T) wéé expressed as femptomoles ligand bound/mg
cytosoliclproFeinl After dextran chércoal adsorption Lo remove
any unbound ligand; the samples Qere then anvlied ﬁo SUCrose

pradients in the same manner as described opreviously (see AH

recentor assay me thods). .
Snecilically-bound liﬁand was cnlculated as the difforence

between ().) I'CODD binding alonc and ()N) TCDD binding in the

neesence of 100-Told excess unlabelled TCDD. . From dqforg

charcoal readings and the calculation of total specifd binding

(B), -the amount-of unbound lirand or that quantity removed by

'dextran charcoal treatment can be caIculatod

T = total binding before charcoal (fmol/mg vrotein)
B = total specifically-bound ligand (fmol/mg protein)
U =

total unbound ligand.(T-B) (fmol/mﬁ protein)

. . ’ N . -
Figures 42 and 43 illustrate-the saturabidity of (ZH)-TCDD

binding to a cytoédlic fraction of ¢1-8 and cl-16. Maximum

kinding was recorded as 130,3, and #0.9 fmol/ms protein for

.

s ..

e s
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Fig. 42
' Saturablllty of(jfb-TCDD blndlng to. Ah receptor of 10‘I% cl-8
and 10T¥ MCA cl-16. ' -

Fixed amounts of_ cytosolic protein (1 .5-mg,pro.tein)- frp'fn
cellé previously unexposed to label were incubaf:ed_ in vitro’
with varying concentrations of(j}f)-'T.CD'D'. Specific Binding, B,
was 'calcu‘lated és the difference between Itotal'and‘ nonspecific

binding and plotted vs. (BH)-TCDD concéntration.

- | | | . & |
Fig. 43 ' : - / o
Saturability of(BH)-TCDD blndlng to Ah receptor of lO‘I‘ir MCA
cl-16. ' : .

e o
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" Fig. L&

4

Scatchard analysis. ofCEﬁLTCDD binding to the Ah cytosollc

receptor’ of. 10t3 cl 8. o

-

Spe01flc .binding was: Qlotted accordlng to Scatchard (1949)
w1th amount offixgand bound divided by free, 11gand (B/F)

« plotted V8. amount of spec1f1c blndlng (B) The amount of

blndlng 81tes per mg cytosolic proteln, B max? Was calculaﬁed

from the 1ntercept absclssa.-ﬁlope _1/Kd s Kd = 1.45 nM and

Bméx = 12? 01 fmol/mg‘protelnf‘

LY

Total number of receptor siteg per, cell = '903,

-

’Fig. L5 } | i" ) B

Scatchard analysls of(sﬁLTCDD blndlng to the Ah cytosollc

' receptor of 10T% MCA cl-16.

\ | : ‘

Similar procedure as_ab?ve. Kg = 1.01 nM and Bmax = 74.78

fmol/mg protein.,

Tobal number of receptor sites pe].iell = 800.

vir . . . . “

S
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~additional value for qu

in whole.animals (1.45 nM-c1-8 end 1.01 nM-cl-16).;Also, B

96

¢c1-8 and cl-16 respectively, The corresnonding values for B
and U were then plotted "according to Scatchard (1949) as illu-
strated by figures 44 and 45. From the Scatchard plots, an

x °T maximum bindins can be calculated

( . . . o .
from. the abscissa intercent as well as obtaininig a value for

Kd‘ the dissociatiqn constant. The Kd value will tgll the

+

relative affinity of the receptor for the lizand in usec.
, o

"y least-souares linear reﬁres:ion-analymis, we obtained
Bmax values close to nrevious moximum binding values frorm
figures 42 and 43 for both cl-8 and cl-16 (127.01 and 74,78

fmol/mg protein respectively). The K4 values were both within

“the expectcd range as had been revorted for the Ah receptor

mail

figures were nuantitated to total recentor number Der cell by
L ‘ B v

direct cell count prior to cellulsnr homogeniznation, assuming
- X

one binding site per (3H)-TCﬁD molecule on each rece:tor.

‘Discussion-
.The actual relevance of the information gained by the -
Scatchard analysis is limited to our overall outlook on the“Ah

receptor. From spepific'binding data, we had-obtained saturation

- values (Bmax) and the fact that the receptor was responsive to
ligand' concentrations as low as O.1 ni hzd besn estimated from

. AHH induction results, A criteria for cytosolic receptors is

their ability to bind endogenous and exogenous ligands at.
3

physiological concentrations (nM-pM). Our reported values for

3

-
P

oo
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Kd are comparable to previous results (Gustaffson et al.,
1982; Okey and Vella, 1982; Zytkovicz, 1982) which Suggests

that rodent species which are '"responsive" to AHH induction
' #o0 : ‘.
have a common Ah recevtor.

&

The low B . vzdues obtained for cl-16 may be partially due

to.our stajght line extrapolation by the least-scuares anslysis

(Klotz, 1982). The approximate two-fold dilfercnce in AlH
activity between cl-8 and cl-!6ﬂwer at first thought to be due

to lower Bmé

x Values exhibited by cl-16 but when total receptor

number per cell was exaﬁined, less of & difference vwas evident
(903 ,receptors/cl=g cell vs. 800 receptors/cl-16 cell)., A}so,
-it 1d possible that due to knowA chromosomal .alterations as a
?esultIAf the transformation process, nuci%ar binding sites for
the recevtor comﬁ?bx may be lost or.modified.fﬂitﬁout actual'

isolation of the receptor molecule as in the case of the

estrogen molecule, we can only hyvothesize to the total binding.

and/or functional sites on the Ah receptor. ) ' \

P . -

Y




‘. o : CHAPTER V

-

] : : o CONCLUSION

The interaction of Ea}cinogenic PAH with the éryl hydro- -
carbon h}droxylase enzyme éyétem was examihpd in C3H ‘mouse
embryo celié. The PAl, j;methyléholanthrene (MCcA), was able
to malipnantly transform G3HA107] ¢1-8 to a cell line which
differed in various growth parameters, This morphalogically—

" altered clone of cl-, 10T} MGY cl-16, oxhibited two of the
i - standard characteristics of”mélignnnt-cell'linesj 1) the
| gbility to form colonies on §oft apar (loss of anchorago:
dependency) and 2) ﬁroducgiqn_of neoplasias upon'inqculqtion
¢ . into host animals. |
~Yhen the Al enzyme systém of the two C}H-cell lines was
examined,.it wasg® found tﬁat.both possessed inducible Al
activity but at é much lower level ﬁhan 2 contfol cell line,
__Hepa ¢1-9. Also, while the lesa cell lin@ responded to all
PAH tested, only TCPD and BA were able to induce ARH activity
- © in either C31 cell line. "hen two of the non-inducing PAH
vere examiﬁeH for'their‘efkectsjpn,the ovgrall AHI éyétem, it

was discovered- that both MCA and DBA vere still capable of

.interacting with AHH components in a way which prevented the
- ) : ' o LR .

inductionf AW activity by either TCDD or BA. Besides rot

inducing AUNL ackivity, MCA and DBA also did not bind soéci fi-

cally to the AH cytosolic receptor, ‘a pférequisite for the

)

g
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induction of AL activity. Recent investizations (2o et al.,
1983} have sugrested that MoA under normal cirgums twnces
would induce AHH aétivity in 107¢ cl-&. But MCA is somehow
converted to cytbtoﬁic derivatives (?) which’interfere with -
the normal 1ncuct10n -response of Lhe cell._Thjt nxplénatidn
however doeg not'lnterpret.how Lhe cytotoxic netqboiitcs'are

formed 6r how MCA is s tlll capable of¢uomnetlnﬁ for (“H)-TCDD

to the ﬂh xmceptor in coll freo extracts, ilore 'obablc is

the theory¥that the’an receptor in 1073 c1-8 and 1OF’ MCA

cl-16 has undergone a mutation which is “YprLSbGQ as a de-

creased alfinity for normally- inducing PAl “uc} as MCA nnd DBA.

.

>poculatlon has been raised that there F\l%uo an unknown en-
'dogenoum 115and for the Ah receptor shich resulnte 25 & much
wider spectrum of ovent; than AN activily (cell division,
cellular differentiation, cell toxicity) (Polsnd and Knutson, =
1982), This may exvlain how MCA can still contribute to the
PAll-mediated transformation nrocess in 10T cl1-8 (go-carciho—
genic) while not inducing AHH activity (Nesnow and Heidelberger,
1976). Winally, an explanation may be offered by Lhe system
that AHI enzyme induction is patterned after, steroid hormones
and the'estrogen reéeptof. Tﬁc estrogen receplor reouires the

presence‘of an "active" ligand before under301ng modification

to a form whlch is recognlzed by DNA hormono receptor seguences

(de Roer and Notides, 1981) &1t iz possible that the Ah

CYthOllC receptor is only activated to a Jecognizable form

an
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By PAH;capable of induciﬁg AuH activity. Noh—inducing FiH

can stlll occuny receptor blndlnF sites but not in a specific
manner. “hls explanation is plausible except Ho sedimentation
differenées-were'dgtecﬁed between cytosolic'and nuclgar forms
of the feceptor. Howevér, 2 chanrme in the final configuration
of the receptor‘béfofe translocation would not be detectable
by S valuéfcoﬁpafasons énd could posnibly.account1forﬂthe

recognition factor previously mentioned.

ARH ﬂCthltJ hqs prev:ously been as sgociated with PAl-
induced Lumorlggpeslg in animzls and-mnn. However, our results
with C’H_celi liﬁes indicate thot PAH- 1nduced AT acL1v1Ly may
not be a nrerequ151Lc for the mallgndnt trgnsformﬂtlon process,
as in the case of 3- methylchol¢nthxene and 107! ¢l-8, fhereag
3-methylcholanthrene did not 1nducn Al activity in cl-8, it
still was ~b1e to 1éteract in some unknown manner with the
binding of normally—lnduCLng PAY (TCDD) to- the Ah recep;or.'
This interaction is hypothesized to be a contrijbuting factor
in the malignant transformation'procesu 6f ¢l-8 to 10TE MCA
cl-16 hy ;-methylcholanthrene. The larpe regulgLory nnture'of
the Ah rﬂceptor‘wnrrants addltlonal 1nvest1 atlonSIWhlch may
ultimately leqd to a more precise understanding into ‘mene
regulation and” the role of the AHH enzyme system into PAH-

“and environmentally-induced tumorigenesis, .



107

_APPRNDICES °

CL .. I. BUFFERS

. f%s. i 7.4 (»hosvhate buffered saline)

_Kel 0.2 g/L

KH,FO, 0.2 g/L
NagHPO,  1.t4 g/L . !
Nacl’ 8.0 #/L

-
P

Glycerol Phosphate Buffer (ﬁpoq)'pn'?.5

KHPO, b g/I,

KHPO, 9.2 /L , : ’

- dissolve above chemiéals in 700 ml dH,0; add 300 ml glycerol:

Y

AHH assay buffer

BEach reaction flask contained:a(final yoiume of 1.ml)

0.2M Tris . 0.25 ml
0.1M MgCl, 0.03 ml

-

P

dr0 0.62 ml
NADH 0.3 mg
NADPE  0,3.mg
BSA 0.7 mp
'HEG "Buffer pH 7.6 ' ‘ . .
HEPES 11.92 g
EDTA - 0.88 g

.~ -dissolve above salts in 1800 ml dHZO; add 200 ml glycerol.

/
HEDG Buffer

HEG buffer 100 ml .
DTT 15.40 mg
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NEB Buffer pH 3.5 (nuclear extraction suffer) ' .

HEDG buffer 1060 ml
KC1 T 37.25 1 ' -

-Dextran Coated Charcoal (pce)

HEG 100 m
Norit A ' "1 g ' ) '
Dextran 0.1 g T

[ 3 -

Scintillation Fluid (Cocktail)

Toluene - 2000 ml
Omnifluor ° 12.5 g P
Triton X-100 1000 ml < o ‘

-5 ml.of above cocktail was added to each collected fraction
from the SDG., - _ ' o

II. Statistics _ .
A. least Square Linear Regression ! *
Least sguare Yinear regression analysis-wns per formed

on Scatchard plots for 107! cl-8 and 10} MCA cl-16. Input data

points, x and y, were applied to the following formulas to

calculate slope and intércept values:

. slope = m = 12Xy - (Zx) ()

: nx° - ( x)° -

p = &Y - My
n

" intereent
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JIII, Radiolabel DPM to moles conversions

Svecifically-bound DPM per peak were converted to'fempto-

label per one DPM from the specific activity of the label., Using

the two set.variables of manufacturers specific activity

' moles bound per mg protein by first calculating the moles Of

(curies/mmole) and the fact that 1 millicurie = 2.22)(1O9DPM,

a DPM to moles conversion factor was obtained.

(PH)-7CDD
(3H)—DBA
Cr)-Mca

. . : { .
The specifically-bound DPM values were obtained by

calculation of total binding values with label as c¢ompared to '

1 DPM = 8.58%107'° moles (50 Ci/mmol)

1 DPM = 1.21.%10717 moles (37 Ci/mmol)

L)

IV. *Major Chemical Suppliers

Acetone
"BA

BME

BSA
DB(a,h)A
(°H)=DB(a,h)A
DMSO

DTT

EDTA
FCS. .
Glycerol

'Hepes

Hexane
!

_ 1 DPM = 1,28X10717 moles

DPM bound with label plus 100-fold radioinert competitor.

Sargent-tlelch
Sigma‘ |
Gibco

Sigma

Sigma

NEN

JFisher

Sigma

BDH

Gibco

‘3igma -

@ibco .
Sargent-Yelch

(35 Ci/mmolj

-

+



s P — P . R

. 104 L

MCA .J | _ Sigma
(Cr)ZMcA o o
MEM . Gibco
NADH ' . 51 gma
NADPH . Sigma
NaOH ' . . T Fsher
Omnifluor NEN
Sucrose , Becknman
- TCDD " KOR
(°H)-TCDD - KOR
Tissue Culture Plastic "are G%bco
Tris ' ‘ Sigma
Triton X-100 | Amersham
Trypsin ) Gibco
{ | J
Sigma Chemicals, St. Louis, Missouri. , -

Fisher Scientific Co., Toronto, Ontario.

flew Ingland Yuclear (MEN), Boston, Mass.

‘Amersham, Arlington lleights, Tllingi’s.

-

British Drug House (Bbﬁ), Toronto,‘anario.
Gibco fanada Inc., Burlinston, Ontario. °
KOR Isotopeé;'dgmbridﬁe, ass.

Reckman Instruments Jnc.; Toronto, Ontario.

Sargent ‘Yelch Scientific, “eston. Ontario,

A
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