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ABSTRACT

Emfryonal carcinora (EC) cells, the stem cells of malig-
nant teratécatcinomas, can differentiate 1in culture into a
wide range ¢f tissue types, and are ccnsidered a podel sys-
tep fe¢r early émbfycniq events. Using? the P19 line of EC
cells, which differentiates minimally in culture, we lLave
attempted tc influence :he differentiaticn repectoire by the
addition of varicus ccrpounds to the culture .medium. This
thesis describes the response of a subclone of P19 (01a1) to
diretktyl sulfoxide .(DHSO), butyriq_ acid, 6=thioguanine
(G-fG), ang retinoic acid {(RA). In the presence of DESO,
butyric acié or 6-TG, C1A1 cells differentiated intc a iim-
ited range cf cell types, most obvicuél& cardlac and skele-
tal muyscle. The response of 01A1 to DMSO wvas dependant on
cell aggreéa;ion, 'but zoct on cchtinuous exposure to the
drug. Skeletal auscle appeared at nigher DXSO concentrations
apad later in the erperiment thaa cardlac muscle. With 0131,
aé previouély shcwn with the parental E15 cells, bigh dcses
Sf RA (10-7 M or more)} 4induced the formation of neurens angd
glial celise. Léver concentrations of RA induced 0121 aggre-
gates tc aevelop azuscle; predominantly.cardiac-*ﬂuscle at
10-°® M, and skeletal muscle at 10~° K. There fs a similarity

between the responses cf 014171 cells to graded doses of the
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varicus cogpounds tésted: cardiac nuscle at lov doses,
skeletal nuscle at_higher ones.‘ Extensive neural differen-
ﬁiaticn was Anly seen with RA,{ probably because the other
drugs were tox{c at the Eoncentrations that would be re-
guired. Thus with these drugs, the .differentiaticn cf GTA1
cells ¢an be induced and directed in culture, glving a pew

s level of ¢ontrol to the EC cell SyYsSten.

o= viii -



RESUNME

.Les cellules carcinomes émbryonaires .(CE) sont les cel=-
lules souches des tératocarcinomes et peuvent se différenci-
er en plusieurs types de tissus. On les considére ainsi com-
me_un'modéle des eévenements embryonnaires. En utilisant la
lignée cellulaire P19, gqul se différencie miniralement en
culture, ncus avons essaye d'influencer le rérertoire de
différenciatién par l'addition de "divers prodults au mlilien
de culture. | Cette thése décrit les effets du sulfoxide di-
méthylé (DESO)}, de l'acide butyrique, de la 6-thicquanine et
de 1l'actde rétinoigue (AR) sur une sous-lignée de P19
(0141 )e En prEsence. de DMSO, de l1l'aclide butyrigue ou du
s;thioguaniﬂe: les céllules 0121 se différencient en un nom-
bré linits de types cellulaire, les puscles cardiagues et
séuelettiques Etént les plus visibles. Lteffet de DXSO sur
0181 dépend de 1l'agrégation des cellules mais pa? de 1la
présence continue du produite. Du mqscle squelettique appa-
rait 2 des concenfrations_de DMSO plus élevées et plus tard
dans l'expérience gque le muscle cardiaque. Avec 01R17, conme
11 1%a deéja été démontré pour 1la lignee parente P19, les
concentrations elevé d'AR {10~7 M ou glus) donnent lieu 2
des neurons et des cellules gliales. En présence des concen-

trations plus basses d'AR, les agrégats d*01471 se différenf

wo= iz -
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¢ie en cellules rusculaires, surtout du muscle cardiaque a

.10—® K, et du nuscle sgquelettigque 3 10-% K. Il y a une siepi-

litude ,gntre‘les réponses de 0121 3 des concentra;%gns
diffSrentes de precduits teétés: du muscle cardiague aur con-
centrations les rlus basses; - du muscle sgquelettigques aux
concentraticns plus elevées. Une forte différenciation en

neurons n'a été chbservée qu'avec 1'AR, probablement du fait

de la toxricité des auvtres produits auxr ccncentrations re-

quises. Ainsi, avec ces produits, 1la differenclation des

cellules O1A1'peut-6tre dirigeé au milieu de culture, intro-
Sy
duisant de cette maniere un nouveau piveau de contrdole du

systéme cellulaire du CEe.
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Chapter I

INTRODUCTION

The field ot developrental bloldgy has itself de?eloped from
the elegant descriptive studlies of th; “classical emnbryclo- i
gists tc the  nmore recent.aetiological enphasis c¢n develop-
mental events at the bicchemical and genetic level. Many de-
veloprental systeas, Gwyogenesis (Buckingﬁam,1977)' and
erythropoliesls '(Harriscn,1976) in particular} havé teen
carefully studied ané much is known about thelr tiocchemical
Sequence of events. These studies, however, have as thelr.
starting point <cells whkich are already testric&ed to the
formaticn ¢f only one mature cell types Thus they do n;t
touch cn the determination events that coocit pluripotent
cells in the embryo tc¢ fcllcw one, and nct any other, devel-
oprental route. Eazbryenal carcinoaa (EC) cells , the sten
cells of nmalignant teratocarcinomas, provide a culture sSys-

temn that may allcw the study of these events (Grabam, 1977).

DIFFEFEETIAIION OF TERATOCARCINONAS IK ¥]I¥O

Teratccarcinomas are malignant tumors that usually originéte
in the gocnads, 1n a wide range of species includicg humans,
and are made up cf disorgani;ed masses cof various differen~

tlated cell types such as epithelia, muscle, neurons, bone
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“and cartllage, rlus a stem c¢ell population of undifferenti-

ated EC cells (Stevens,1967a). Tﬁmcrs vith the differes§1-
ated cell types, but'uithout ;he EC stem cells are benign
ana are called teratcmas (Stevens and Fierce,1975). Strains
of mice have been isclated wvhich are particularly suceptible
to spcntanecus testicular (line 129, Stevens,1958);. ¢r ova-
riaa (line LT, Ste;ens and Yarnum,1974) teratcmas and tera-
teccarcinorase  The tumors can also be produced exrerizental-
ly by transplant:ng elther early-(up to eight days) mcuse
embrycs (Stevens,1968, 1970, Solter et ail 1575, 1les,1977),
or genital fidges from tvelve-day embryos (Stevens
1967L,1570, Pilerce,1567) tc extrauterine sites in syngenic
host mice.  These experiméntally derived turcrs contain the
3ape range cf cell types as the spontamecus ones, iocluding
the EC stem cells.

Scre of these tumcrs are traansplantable; the EC cells but
not the differentiated cell types freun teratocarcinomas can
give rise tc a nev tumor 1f they are injected subtcutanecusly
into a hecst nouse (EBierce and Lixon,1959, Pierce et
2al,1960). - When they are injected intc tke peritoneal cavi-
t¥s EC cells nultiply as sclid tumors on the mesentery andgd
és numerous floating aggregates. These aggregates are known
as embrycia bodles because of their resemblance to early
nouse embryos: they often become cystic and contain cells
resembling cells cf the yolk sac, mesenchyme and emktrycnal
epithelia, as well as EC cells (Stevens, 1960, Pierce et

2l,1960).
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EC cells. ére crluripctent, since eEvep a single EC cell
injected into a host wmouse can forr a tumer containing a
viage range of differentiated cell types (Kleinsmith and
Pierce,1964). EC cells share other amcrphclogical (Camjanov
et al,1971), bicchemical (Martin et al,1978), and immuno-
¢chemical {Damjancv and Solter 197#) . features with pluripo-
tent cells c¢f the early embryo. Thus the differentiatior of
EC cells can be ccnsidered {Martin,198C, Graham,1577) tc be
analagous to the differeatiation cof «cells in the early
post~ipplantation embryce This analcgy 1is sérongly sypport-
ed by the <cemonstraticn that EC cells fror tumors can res-—
pcnd to normal developmental sign;ls 1f they are injected
into a blastocyst which is then implanted intc the uterus of
a foster mcther (ﬁrinster,1974, Miotz and Ilimensee,1975).

The mice that develop from these blastocysts contain normal

cells derived frocr beth the host blastocyst and the injected

—
tumor cells, 1n varying proporticts. The EC cells, instead

of foreing tunors as they would if injected intec ar agult
mcuse, ¢arC be <ccntrolled by the enkryonic envircoment and
participate in the ncrmal development cf a vide range of
tissues. In one c¢f these mice, nickpamed *Terry Tom', enzyme
acalysis shcwed that the EC derived cells. vere opresent in

all the tissues tested, and breeding experiments showed that

the EC cells had formed functional sperm.

—r’
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DIEFERENTIATION OF EC GELLS IN VYITRO
EC cell }1nes have been establishéd in w¥itro and can be sub-
jected to the usual range.of cell culture techniqueé: ¢lon- .
ing, subcpltﬁring, stor;ge in bioclogical freezers, etc. They
rFetaln their urdifferentiatad morpholoéf (Martin,1975),
tﬁeir high alkalin; phosphatase levels (Beraostine et
al,1973), ard usually a normal or near-normal karyotype over,
a2 great nuzber of cell generations, provided they are aain-
taiped in exponential growth. Eor man} of_these‘cell lires,
thié requires culture vith a nandividing feeder cell layer,
er on collagen coated dishes. EC cells in culture retain
their pluripotential nature, both in the abillity to fQE&
terateccarciromas wvith a variety of cell tyres (reviewed,
Yartio,1975), and the ability to contribute tc nermal tissue
formation after 1nject1cﬂ into a blastocyst (Papaicannou et
al, 1975). | |
EC cells ipn ¥jiro differentilate under ccnditicps of dense
sultilayeréa culture. Thls can be accomplished by allowing
cultures tc ;;ou vithout subculturing gntil they are very
decse (Nicolas et al,1975). - Colanies of EC cells that form
vhen sparcely plated cultures are left undisturbed also.pro-
vige the <closely packed conditions that allcow differeptia-
tlcr (HcBurney,1976). Enmbrycid bodies can.also be forped by
EC cells in culture if they are plated under conditions that
do nct allow them tc adhere to the culture disk. {pis can be

dope, as'first ~descrited by Martin and Evans (1975a), by
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. Flatlng feedér-dependant EC cells tc dishes vitkcuot feeder
cells, or by transferring the EC cells to bactericlogical
grade Fetr)l dishes.: The eabrold Lbodies are similar tc those
formed by EC cells ip ¥ive. They can be sirple, contaiping
only EC cells, or Qﬁmewhéf nore ¢omplex; usuélly with a iay-
er of endocderm and Feichert's membrane-like material arcund-
~the cutside. - Thé latter often develop fluid-filled cysts
aftef fcur‘to five days in suspension; Littie further dif-
ferentlation cccurs whilile these cell. aggregates are .kept in
suspensicn (¥artin and Evans, 1975a). When they are allcved
to reattach tc.tissue culture dishes, bowever, the agé:el
gates of most EC cell lings develop areas oflmany differént
tisue types, including muscle, neurons, cartilage and ep-
ith=21iunm (Martio and Evaps,1975b}. .
Varicus liochesmical rarkers have been used to follow the
differentiaiicn cf EC cells 1in culture: alpha-fetoprotein,
hemoglctin, creatine phcsphokinase, and acetylcholinestefase
are exasmples of markersikor differeptiated cell +types that
‘have teen found by various authors 1n ditferentiating EC
cﬁltures (reviewed Graham,1977). Alsb, as EC cells differen-
tiate, théy lose the expression of other carkers such as
surface antigens (Artz et al,1973, Stern et al,1976¢, Ja-
cob,1977) which they share with cells cf early ({up to day
nipe) mouse embrfcs.

EC cells are thought to bé egulvalenpt +to c¢cells 1n the

earrf pcst—implantation embryo. The embryonic cells at thls

-
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stage are gcing through critical coasitment events, but are
iraccessible for .manipulatior except via surgery, the number
of cells 1is Jery small, and a great number cf events are oc-
curriag simultanecusly. In the EC culture system, the nuaber
of cells 1s limited cunly by incubator space (and graduate
" .student man-hours!), and they are easily manipulated -in cul-
iure. Hovever, the difggrentiation patteres of mﬁltipo;en—
tial EC cells 1n culture are &omplex, sc it 1s difficult to

study any one deterrinative event without interference from

cther simultaneocus cnes.

SIMPLIFYING TEE EC CELL SYSTEX e
i

A few EC cell 1lines d¢ shovw less complex différentlation
patterns io culture. There are some EC lines, those that
, prﬁauce oanly the very siample aggfegates, wvhich show mc dif-
ferentiaticn 4ipn ¥iiro (Martin and Evans,1975b). One EC cell
line has been described that differentiates 1into a wvide
range c¢f tissues ip vivc but preferentially forms ceurons in
culture (Ffelffer et 21,1981}, Ancther, F9 (Bernstine et
al,1973), spontarecusly develops endcdern ?gt not other cell
tybes, in culture or in turpors (Sherman and Miller,1978).
Ohe arpproach tovards study of sicpler differentiation
patterns 1n EC cell cultures is to try to identify drugs or
culture ccediticns that .either res£r1ct the formation of

certain differentliated <cell types 1in wultipotential EC

lipes, or allow sore speclfic differentidtibn in cells that
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vculd nct othervise express those functionse.e ° SoRme success
has been obtained with the F$ cell line, which differenti=-
ates into extraembrycnic enpdoders in monclayer cultufe in
respcnse tgfretinoic acld (RAY(Strickland and Mahdavi,1978).
H;th_ furthéé treatcent of £hese cultures uifh dibutyryl

-

cAMP, these cells change into parietal endodérm_(Strikland
et al,19350, 'fﬁuff and Fewell,1950). Visceral endeoderc is
producea by‘BQ-ce}ls when they are tfeated vith FA as aggre-
gates‘(ﬁogan et ai,19&1}; Hexamethylene biéacetamide (HMBA)
has ;lsc Leen reporteé to 1nduce diftferentiaticrh; in the
?ultiﬁotent 2CCA/1 lize (Jakop et al,1978) “apd in  the
PCC4azal line, which diffe;eptiates pcorly 1o culture
{Speers et 2a1,1979), buy not in F$ (Jakob et al,1978). The’
cgil types produceé by EHB% treatment were not precisely
Characterized in these repcrts; Speers et al (1S7%) ade-
scrited tne <cells morphologically és mapithelial®™  {in mvo—
layer ;;;ériments and 'as_ "fibrdblast-like” if - aggregates
were trqsteu.

Previous work in this laboratery has shows that RA 1in-
duces aggregates of thelEC cell 1;ne‘P19 to fornm DeUIOnSy
glial, and fibrobiast-like cells (Jones=Villeneuve et
al,1982). F19 is a karyotypically normal male cell line that
vas derivecd directly from a2 solld teratocarcinoma oktained
by embryo tranéplantation (acBurney. and Rogers,1982). It

does not regulre feeder cells for growth in culture. The

only differentiated cell .type prdduced spentanecusly by P19



8
in culture is extraembryonlc endoderm, observed 1ln rpatches
around the peti;hery of untreated aggregates. L These cells
have been shown tc¢ be pluripotent 3Aip 3yilvo sipce they partl-
clpate in the formatlon of a fange of normél tissues when
théy are injectea into blastocysts (Rossant and Mcbur-
ﬁey,1952).f‘Thus EA induces the expression 6f sone but not
all of the difterentiativ% poten%ial cf BE19, wvhich would not
cothervise be expressed 1ﬁ culture.

?1951801A1 {0141), 1s a 6-thioguatine (ﬁ-fG) and cuwalbain
resistant =subclcme of P19, .1solateu without wmutagenesis
(ﬁcaurney et 21,1982). In the process .cf isolating  this
cloze, it was obtserved that some of the colonies in mediurm
with 6TG corntalined areas of beating guscle. 6TG, like HMBA,
ié an inducer of erythrcid differentiation in Friend cells,
oT murine;gxythrcleukemia {¥EL) cells (Gusella d Eouseman,
1976)« This suggesteé that other drugs actlv:§2n the MEL
systern might alsd have in effect on the differentiation of
0741 cells. Of these, we fcund tkat 6-TG, butyr¥c acid, and
dimethyl sulfcxide (D¥SO), but not hemin or ouabainm, induced
the fcrmatién cf cardiac and skeletal rpuscle, but nct ney-
rons or glia, in aggregates of 0181 cells (McEturney et
al,1982). Thus these ccmpounds induce 0141 cells tc differ-
éntiate intc a limited range' of cell types, different from
tbose induced by FEi. | > | ]

MEL cells have been used as a nodel system for the study

of the regulation of differentiation. Sore of the observa-
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ticns made 1in these étudies, which are summarlzed in the
next’ sectior, may also te applicable tc the respense cf C1A1

-

cells tc sore of the same inductive cozpounds.

MEL CELLS: CHREMICALLY JINDUCRED DIFFEREETIATION IN IIIB‘Q

MEL cell lipes, derived frggrleukemic mice infected with the
Friend virus <cocrgplex, vere fi;st established by Charlotte
Friend anod her «covorkers in 1966. The transforzing Friend
virus [(Ffrierd 1?57) is a conplex cf a defective spleen tocﬁs
forming virus and a2 murine leukenria hélpe; virus (Mirand et
al,19€&). In suceptible mice, _infecticﬁwvith Friend virus
produces hgpa;osplenomegaly o and - erythroblastosis
{(Friené,1557)« "The target cell fcr infection -appears to be
one ¢f .tae éarly erythropoietin—reépchs;ve red blocd cell
PLecursors (nirand,1967).. In culture,  MEL cells appear tc
répresent 2 population of chronically infected erythroild
precurscr‘cellé arré;ted at the proerythrotlast stage of de~-
veloprent (friénd.et 2al,1966, Singer et al,19784). Most of
these cell lines displé} a lovw levei of spontanécus differ—'
entiaticn it culture, : as judged by benzidine staining for
hemoélobin Eroduction {Singer et 2l 1574, Crkin et al, 1975,
Rovera and Eonaiuto,197€, Prelsler et al,1976), though a few

differenptlate at a fairly high rate (Rcvera and Eoneiu-

to,1976 ). It the presence of 1-2% DMSO, approximately S0%

" of the cells differentiate to the normoblast level (Friend

et al,1971)« During this differentiatlion, the cells undergo
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2 series of charnges that parallel ncrmal red blqod cell ma-
turation (Harriscn,1576). These include chroratin condensa-
ticn, witbhdrawal frem the cell cycie, and heme synthesis
{Friend et al,1971)., accumulatigg of globin mR¥2s, glcbin
and Hemogloiin (Gusella et al,1980, “Boyer et al,1972), in-
creased actlvity of the -enzymes del£a-am1nclevulin1c aclilg
synthetqse (Ebert and Ikava,1974, Takahashi et al,1978), and
carbcnic anhydrase (Rabat et al,1975), as ;ell as rroduction
of the nembrane Trroteia spectrin (Eisen et al, 1977,
Friend,1971). .Thus even though MEL cells are transforred,
aﬁd grow a;d diffefentiate independantly of erythropoletin
(Mirand et al,1967, Hankins and Krantz,1975, Liac and Axel~-
rad,1975), they are ccnsidé;ed to fcllow essentially a nor-
mal pattern of ery;hrcid differeatiation.

MEL cells can ke induced to differentiate by a number of
different ccmpounds (ré&iewed by Harks.and RPifkind,1978).
These include DESO,” and other polar lovw mclecular velight
ccmpounds such " as EMEA (Tanaka et al,1975, Fibach et
al,1977) and s-methyl formamide {Eeuben et al,1976). Soze
.ncrmail cellufgr ccapconents such as purineés and theilr deriva-
tives (Guselia and EHouseman,1976) and short chaip fatty
acids {Takakhashi e%‘a1,1975) are also effective inducers, as
are ouapain (Bernstein et al,1976) and other metabolic inhi-
bitors-(Ebert et al,1976). The diversity in chemical struc-
ture ¢f these inducers seems to 1indicate that they do not
all act by the same mechanisa, though mang of these cox-

pecunds have effects on cell membranes.
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DMSG has been shown to have 2 Dpuaber of effects on
cellular systess ¥hick could account for its inductive abil-
1ty (Friend and Friedman,1978). Eecently, the membrane ef-
fects of 'DMSO; @ decrease in zembrame rluidity and an in- -
crease in Ca** transpert, Qave been the focus of a number of
Studies. Lccal anaesthetics such as procaine and tetracaine
ichibilt DAMSC inducticn of MEL cells (Bernstein et al, 1976b,
Tsiftscslu et al,1980), and alsgiinc:ease the fluidity of
the cell nmembrane, an effect opposite to that of LCMSO {Lyman
et al,1576). An  1increase in Ca** transport has also teen
irplicated as a facter in DKSO induction (Levenson et
al,1971, Sridges et al,1961).

senetic studies have also been used tc investigate the
actiorp cf ipducers on MEL cells. Varilant MEL lines have teen -
established that are respénsive tc scpe inducers, but not to
Others, sStrengthering the arqumeat that different agents may
act Ly diftferent mechanisas {Rovera and Sﬁrrey,1978). In
cell hybrtdization experihents using inducible MEL cell
lires and these non-responsive variaﬁts, the btybrids pro-
duced are usually alsc non-responsive (Barrison,1977), indi-
cating in &rost cases aé;réns-dominant genetlic arrangerent

-
for the non-inducible mutation.
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QUILINE QF THE TBESIS EBROJECT
The wecrk reported in this thesis primarily expands on the
initial observations of differentiation ¢f 01271 cells irno
respcnse to-DHSO and R3. The first stage of thls praject,
reported i1n Chapter 3, vwas a more detalled 1nvestigati;n of
the DNMSC response kiretics, using mcrpholcgical and ismuno-

,

chemical criteria. The response c¢f C1A%T tc varying doses of
EA was also studied, using a sicilar approach but a wvider
rapge of markers,‘since the differentiation pattern vas more

complex than expected. This, plus further studles using

other MEL inducers, 1s reported 1in Chapter 4. " The third

phase c¢£f this rroject was some preliminary iovestigation

into fhe pechanisa ¢f the 01A1 respcnse to DMSO, and its re-
laticoship with the respcnse to RA. This involved some gen=-
etic studies similar in ;pproach to those done with KEL
cells, and treatment cf the cells with ©I[MSO under varying

culture concéltionse. —5

*



Chapter II

MATERIALS AND NETEODS

CULTURE CONDITIONS

Cell cultures were grown in alpha nmediur (Stanners et
al,1971) (Gibco L&boratcries, Grand Eslqnd, N.Y«), =suprle-
cented with 2.5% fetal calf serum (Gibco) and 7.5% bovine
serum (Canmnaclano Veterinary Supplies, Ferth, Ont.) at 37 de-
Jrees Cay in 2 bumidified 5% carton dicxide atmosphere.
Cells were routirely subcultured every twc days wusing Cat**
and Hg** -free phosphate buffered saliﬁe. (PBS) containing
0«25% trypein and 1 aM ethylene diamine tetracetic acid
(ECTA) to rerove ther <from the tissve culture surfaces.
fultures vere ‘rcutinely repl?ced from frczen stocks every

slx vweeks.

DIFFERENTIATIOE EXPERIMENTS

The rcutine protccol used fer differentiation experimeu@s is
as fcllcws: cells 1n':¥ﬁponent1al gﬁov:h vere subcultured
into tacteriological grade petri dishes, at a fipnal concen-
traticn of akbout 10® cells/zl. The cells sponfaneouély
formed floating aggregates under these ;cnditions (Martin
ana Evansy1575b). The =medium was rerlaced after two cays

and the aggregates were plated intc tissue culture dishes

- 13 -
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after four cays 1in suspension. In treated cultures, drugs
vere usuilly present in the mediua only for the <first two
days cf* aggregation. Then the aggregates were wvashed and
transferred to fresh pedlum without drugs (Fig.1). Aggre=
gates were scored using phase contrast cptics fcr the pres-
epce ¢f nmorphologically recognizable cell types at various

times after plating, as indicatea in the text.

CELL DEKSITY AND CELL YOLOHE

Keasurements uefe made cn a Coulter counter with channelizer
and X-Y plctter attachments (boulter Electronics, Elalea,
Fla.). The channel ﬁumber that wvas the average betwveen the
tvo chapnel numbers containing S0% of the maximur number of
ccunts was used to give an iandicaticn of the cell size.
These .values vere thern used to Ealculate the relative cell

vclumes (Chapter 3, Fig.7).

RETIKQIC ACID PREPARAIIOR

Retlncic acid (Sigma Chemical Co., Ste.louls, M0} was pre-

pared as a stock solution at 10-2 K in 95% ethapol, and

stered at 4 degrees C. in the dark. The stock solution was
iluted directly 1npo the culture medium tc cbtain the final

desired concentratiSn (Jones-Villeneuve et al,1982).
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Figyre 1
The usual - protoccl for differentiation experiments with
_01&1 cells involves cell aggregation and a twvo day exposure
to DESQO or other drugse. Undifferentiatqd 0121 cells {(urpper
left) are transfered tc bacterial graae Fetri dishes where
they form aggregates. These aggregates are expcsed to DMSO
or cther corpounds for two days, theo plated after four days
in suspensicn 1into tissue culture dishes. ‘They adhg;g\io
these dishes, and the differentiated cell types growv out

onto the culture surface vhere they can be observed under

phase ccntrasi cptics (lover left).

- e ———— - L e e e ———— — - ——
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antigen

muscle myosin

E.C. surface
antigen

glial fidbrillar polyclonal
acidic protein

/ cytokeratin-
: associated
protein

antibody

TABLE 1

Antiboedies used in

immunofluorescence staining experiments.

source

MF20H2H8

monoclonal mouse IgG
tissue culture
supernatant

M-7

monoclonal mouse IgG

concentrated tissue
culture supernatant

D.A, Fischman

P, Merrifield

FITC goat anti-mouse Boehringer
1gG
AEC3A1-9 J. HEarris
monoclonal mouse IgM
ascitic fluid
FITC rabbit anti- Cedarlane
mouse IgM Iaboratories,
Hornby, Ont.
V’_ .
Y. Kalnins
(rabbit)
FITC goat anti- Eyland,
rabbit IgG Costa Mesa,CA
TROMA-1 , R. Kemler
monoclonal rat IgG
tissue culture
supernatant
FITC goat Cedaxrlane
anti-rat IgG

1

dilution

undiluted
1:20

1:20

1:50

1:35

1:5

b

1:5

FITC:fluorescein isothiocyanate conjugated

N
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IBNONQFLUORESCENCE ASSAIS

Staining of «cells in dintact plated aggregates wvas acconm-
plished by rplating aggregates oato glass cover slips and
fixing and stairing thexm i3 situ. The célls vére rinsed
once in PBS, pH 7.0, then fixed for four aminutes in methanol
apnd fcr tw#o minutes in acetcne, both at -20 degrees C. The
cover slips wvere rinsed again in FBS, ther ccvered with the
first antibeody at +the corncentrations indicated in Table 1,
for 45 pinutes. Unbcund first antibcdy was removed by three
five~minute washes in PES, then the aggfega;es were treated
vith the apprcpriate £lucresceln conjugateg seccnd antibody
(Table 1), agaic fcr 45 rmiautes, Sﬁd ;gain vashed three
tizes withk EBS. The cover slips were mounted cell side down
on gl;ss ricrecscope slides, 1in a drcp of 50% glycerol in
PES, and gxa@ined under fluorescernce optics.

The ©fprocedure for staining with AEC3Aa1-9 }as slightly
different, since this antibody reacts with a surface anti-
gene. Fixation (15 min. 1n =20 degree methanol) vas done
after the stainirg prcbedure instead of-preceding ite lSince
the gggregates vere not fixed during staining and uashing;
these papnipulatiors were done on ice, and a2 1:1 mixture of
alpha mediuvm andé PES was used for dilutices and washes.
These cells were alsc counterstained with 1 ug/ml ethidiunm
bromide. |

To determine the proportion of cells staiping with a par-

ticular antibody, aggregates were dissocliated wlth PES con-
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taining 1 ck EDTA. The cell suspensicn vas vashed twice with.
PBES, then diluted with EBS tc 2 x 10™® cells/ml. Cover slips
vere coated with poly-l-lysine by dipping ther intc a 1 &g/
ml solution of pcly-l-lysine in water for one ninute. These
cover slips were then ccvered with the <cell susprension for
10 miputes to allow the cells to settle, rinsed with FBS,

and stained as above. S00 cells were scored feor each cul-

ture. ’

CBROMCSOME PREPARATION

Cultures ir expcnential growth were expcsed to 0.06'ug/m1
cclcenrid for 1-2 houré, suspended 1n PBS-contafning trfpsin
and ELCTA, washed in PBS, then 1ncubated-at 37 degrees C 1n
0.56 ¥ KC1 The'cells vere fixed in a .cold 3:1 nmixture of
methanol:acetic acid, and the’drcps of tﬁe fixed cell sus-
pensicn were drorred cnto cold microscope slides. The ckiro-
mosome spreads were air dried aad G-b;nded by dipping tke
slides into a solution cf 0.025% trypsin in 0.5% NacCcl, for

30-60 secords, then staining them with Gelmsa staic. 2C=-30

metaphase spreads were examined for each c¢ell line.

Ly v ¥ ——

Six 60-mm culture disktes were set ufp for each culture test-
ed, and 1ncubated for 7-8 dayse. These vere duplicate cul=~
tures, with 102, 103, or 10“ cells,in medium containing 10°*

¥ mercaptoethancl. The proportion cof viable cells vas. deﬁr{
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ereined by trypan blue exclusioca. Colonles were fixed vith
Bouln®s fixative and counted. Flating efficiency results
vere calculated frqm average counts of dishes containing
less than 150 colcnies, and corrected for the proportion of

f
viable cellse.

SOURCES OF CHEMICARLS

All chemicals were cbtained from Sigma Chemical Co.
,St.Lcuis.,Ho., cr Filsher Scientific, Missisauga, Oht., with
the exceptlcns of the fcllowing; tryran blue (Flov Laborato-
ries, Missisauga, Ont.), DEAE-Sephadex A-50 beads (Pharracia
Fine Chemicals, Urppsala, Sveden), CPK eleqtrophoresis buffer

(Gelman Instruament Cce., Ann Arbour, MI).
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Chapter III

THE EFFECTS OF DMSO ON P19S1801A1 CELLS

Tve methods wvere used tc study DMSO ;nduc¥10n o: myogenesls
1o 0721 cells: visual scoring of plated aggregates, and im=-
nunoflucrescent staining vith specific antibodies. 7;§ual
scering was used alece to follow the response of of 0121 to
different cf lengths &f ;xposure éo LS50, and ﬁifferent §onb
centrations of the druge. The &©most 1éportant questloﬁ in
these experinments was wkether or not ccnditions had been es-
'tablished wizhin ~ ary one aggfegate. that wculd induce myo-
genesise. Ir the third section of this charter, déaling ¥ith
the kinetics ¢f the aprearance of auscle cells and the di-
sappearance of undifferentiated EC cells 1in DMSO treated
cultures, the relative proportion cf these cell types_be—
comes lmportant, sc imnuncfluorescence staining wvas also

used.

RESULIS

Lepatdh of exposuge to DESQ

Our initial experiments indicated that differentiation ot
0121 cells éld nct require continuous exposure to DMSO. To

determine the length of exposure' required to induce cardiac

nuscle differentiaticn, cells were aggregated in mediua con-
¢
- 21 -
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taining 1% L¥SO, and at various.timés aftervards the aggre-:
gates wvere transferred to ﬁediun vithout the drug. The ag-
éregétes vere pléted on day -4 and scgred tor rorphclegically
recognizatle <cell types onhdays .7;? of the 'exberiment
{-Fidw1)» Aggregates ;exposed to DMSC for eleven hours oOT

less Lcntaiced virtualiy no cuscle, whereas cultures'exposed

for’40-50 nours contained teating zuscle in 90% of the ag-

grégates. These areas c¢f-rbeating muscle appeared to be rore

extensive than thqse in culfures maintained continucusly in
DM50, rpossibly becauge Dnso.inhibits myogenesis (Blau and
Epstein,1975). Subsequent experizents vere therefore rcut-
inely dcne using a &4S8-hcur é#p;sdre tc DMSC.

After aggregate fcrmaticn, ‘shorter exposure times ap-
pearea to be sufficient for the DMSC resgonse. Aggregates
were formed in the abtsence of drug, then treated with DMSO
for 28-29 hcurs, beginning cn day 2 or 3 of tke experiment.
v1rtua;ly'ail_'cf these aggregates ccntained beating muscle

vhen they were scored on day 9.

Comceptraticn of DASO

Apother aspect c¢f cur initial experiments that ﬁas been ex-
plcred in mcre détail is5 the response of 0121 dggregétes to
various concentrations c¢f DMSO. 7ith increasing concentra-
tions betveen 0.25% and 1% DMSO, more and larger areas of
muscle wéra sbserved, -albng vith fever and smaller areas of

merphclcgically undifferentiated EC celli (Fige2) s The ma-.
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jerity cf aggregaiﬁs contaiﬁed'large areas of beating muscle
at DMSC concentrations above 0.5%, and those which did not,

N
commonly contained areas that appeared to be gquiescent car=-
di&c ruscle. Skeletal ruscle became apparent at higher L¥S0
concentraticns, 0.75% or more. Neurcns wvere noct seen except
fcr a_sgall nunber of cells 1in cultureg treated with 1.25 or
T.5% LCMSO. Mcnecclonal antibodies which reaét vith puscle-
—specific nyosin were used in lanunotlucorescence exper;ments
to confirm: the i1dentity of the wnuscle cells in these cul-
turese. Staining wvas obkserved .in mcponucléate cardiac mus=~
cie, as well as multinucleaié skeletal muscle cells and un-
fused skeletal myoblasts (Fig.3) |

A small rroportior of 01A1 ajgregates npt exposed to DMS0
develcped areas of beating musc%e. This frcpecrticn in-
+ ‘creased slightly with the time aggregates remained in sus-
pensicn befcre plating. Ia oné experipment, 7.5 % of the un-
treated aggrégates deve;oped beating wnuscle vwhen cplated
after 4 days in suspensione Thi; did nct increase signifi-
‘cantly when the sustension time was 1ncrea§ed to 10 days:
after this t%me caly S% of the aggregateé'“shcwed beating
muscle. No skeletal mgsc}e or neurcns were observed in un-
treated 0131 aggrgqates.' This was ccpsidered to représeﬁt';
consistent tut lcw level of spontanecus differeptiatiorn in

the upntreated aggregatese.



Eigure 1

The respcanse of 01A1 cells to DNSC dces not depend on
contipucus exposure to the druge. 1% DMSO wvas added, at the
initiation_bf "aggregation (time 0), and at various times
aftetuarﬁ agg:égates were vwashed and' transfered to freshh
mediur wilithcut the érug. Aggregates wvere ‘plated at day &,
and sccred tor the presence o§_morpholo§1cally undifferenti-
ated EC cells {closed circles) and bheating mﬁscle (open cir=-
cles} c¢n days 7-9 of the expgflmeni. 25-40 aggregates were
scored for each folpot. Thilis was rerpeated fdur tinmes, and
this figure shows the results from oge representative.exper—

ipent.
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Eigure 2
The response of 01271 aggregates tc varicus concentrations

_b’
of D¥SO. 0711 aggregates were exposed to LASO for 2 days 1in

suspen%io;, piatéd or day 4, and scored for the presence of
beating muscle (paael a) and morghélcgically undifferenti-
ated EC cells {(panel <¢) on days &-10 of the exgeriment.
Skeletal zuscle (panel k) was scored on days 10-12. Betveen
) ;0 and 40 aggregates were scored for each point. The small

élrcles-represent the results of individual experirments, and

the squares represent the overall weighted averages.

————— o e i ——— = = =



125

10

75
% DMSO

kS|

25

m .

sjosnw Huyoeg

2

|
Q
wnH

DUIOUIRIDD  [puokiquil

BOSNU [DJBIONS
sajpbaibbo jo 9,



28

Eigure 3
Both cardiac (1) and skeletal (2) muscle in DMSO-treated
01a1 cu-l'-turés stained brightly in 1nmunofluorescencé experi-
ments with antibody against rpuscle specific nyesine This
staining wvas dore uithh KFZ20HZ2HSE, and similar staining pat-

terns were cbserved with M-7. Bar, 25 unm. %
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Ilpe course
The aprearance of muscle_égils in DMSC treated cultures was
f;llOHed using merphological and immuncfluorescent stalning
criteria. Cardiac muscié was avident at day 5, one day
after the aggregates vere plated {Fige4a). Mary cf the
treated aggregates at days 5 or 6 ccontalned areas that vere
mérphclogic;lly recegnizatle as cardiac nuscle, but ;hlch
did nct start beating "until cone or two days later.. Skeletal

’Eycblasts appeared later than cardiac muscle, and vere first
observed on day 7. They increased 1n nusxber and began tc
fuse inte toyctutes during the following three days of the
experirent.

The proporticr of muscle myosin-pcsitive cells vas deter-
nined for parallel cultures 1im the sane experiments
{Figetdb)e. ﬁuscle mycsin=-positive cells vere first observed
in DMSG treated cultures at day &, vhile the aggregates were
still 1o suspensica, and increased during the rest of the
expericent to 10-15% cf the cells by éay 10. Some cf the po-
sitive cellifuere clearly multinucleate towards the endg of
the experioent, so the cell number represents an underesti-
pate ¢f the number of muscle nuclel. The muscle gmyosin anti-
body used in these experiments was MFZ20H2BES8, obtained frono
Drse Le.A. Fischman and D. Morgenstern. This antibody appa-

rently reacts with 1light meronmyosin (DeAR.Fischman and

De.Morgenstern, Dovn State Medical Centre, NY, perscnal com-

munication) Sicilar results vere obtaioed with M-7, obtained
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froz ﬁtg_P. Hérritield, University of Virginia. Aggregates

treated vith 0.5% DMSC gave a sipilar pattern of muscle de-
velopoment over tire, except that the propertion of aggre-
gates with. skeletal mus¢le, and the proportion of nuscle
myosin containing cells were coasistently lower.

The aggregaticn vFphase of the experiment could be shkor-
tened to twc days without affecting the prcporticn of aggre-

~r .
gates which produced beating nuscle after TDMSO trsigf ta

Plating the aggregates at this early stage, hcwevér, did
seern tc delay the appearance of muscle by about two days, so
that the Leating muscle was not observed until days 7-8.
Develcpment cf kteating muscle was nct entirély derendant on

A
plating, since a few DMSO treated aggregates, left in sus-
pensicn 6-7 days, cortalned some beating cells.

The 'same cell suspensions used <for the puscle ryosin
staining experiments abcve were alsc used 1in three assays tc¢
monitcr the disappearance of undifferent{ated EC cells in
DESO treatea cultures (Fig.5)« The relative plaéing effi-
ciency c¢f L[MSO treated cultures drcpped to about 1%. The
proportion cf cells staining with AEC341-%, a moncclonai an-
tibody agairst an EC surface antigen (Je.Harris, Lept. of
Surgery, University of Toronto, in preparation) drcpped from
90-100% to about 25%. The staining of the positive cells vas

much less 1ntense in the treated cultures than in +the un-

treated ones. Thirdly, immunabsorbtion experiments with

- AEC3A41-9, done Lty J.Harris in Toronto, showed that the am-
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ount of the EC antigenr per cell decreased to about 1% of

ccntrcl values.

-
I

Staining of intact aggregates plated onto cocver slips
showed that sore of the cells in LMSO treated aggregates
stained weakly 1n é spotted pattern on the <cell surface,
.particularly where tbe «cells vwere adberiﬁ% tc the glass
(Figeta2). In ccotrast, EC cells in monolayer or in un-
treated aggregates shcewed a zore intense pattern cf stalcing
on virtually every cell. This <change in staining'pattern
suggests that the veakly positive cells in D¥SO treated cul=-
tures did nct revresent a residual pepulation of undifferen-
tiated EC cells.

In P19 aggregates treated with Ea, the cell size de-
creased dramatically coapared with the untreated controls
during the'fir;t six days of the experiment'(Jones~?1119neu-
ve et al, Department of Eiclogy, University'of'Ottaua, in
preparation). In contrast, cells in CMSO treated C1A1 aggré-
gates tFig.?) vere the same size as untreated controels
throughcut the suspensicﬁ phase of the experiment. Both the
treated and untreated cells showed =scome decrease 1in volume,
presumably aue toc accurulation of cells in the G171 phase of
the cell cycle.

Prccaine, a lccal anaesthetic, has been shown (Bernstein
et al,1976, Tsiftsoglu et al,1981) tc¢ inhibit the DXSO-in-
duced differentiation of MEL célls. This irhibiticn 1s par-

ticularly effective 1f the cells are pretreated with pro-
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caine before DMSO induction. Frocaine alsc 1&& an
inhititery effect on DMSO~induced wmuscle differentiation of
01n1icells e This lnhibiﬁion vas dependant on the c¢oncentra-
tion cf procaine, but did not change'if the cells vere pre-
treated vith the anaesthe;ic for 284 hours before the addi-
tion cf DMSO. Procaine bad no effect on the differeantiation
of 0141 «cells irto neurons in respense tc 107 M RA (data

not shovn)e.
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Elgure &

Muscle appears {no CMSO-~treated 0111 aggrg;&tes. Panel a:
Aggregates vere exposed to 1% DNSO for ngéys and platea at
day &, then scored dally for the preseﬁce ct beating (closed
circles) and skeletal (cpen circles) muscle. 50 aggregates
vere sccred fond each Foint. Panel b: Replicate 0TAT cultures
were dispérsed at dailly intervals during the differentiation
protcccl, and stained with antibody against ruscle specific
ﬁyosin. The clcsed circles represent the myosin positive
cells in 1% DNSO treated aggregates, and the open circles,
yntreated ccntrel aggregates. 500 cells vere scored for
each polnt. This figure represents the results of two sepa-

rTate experinmentse.

“\
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Figyre 3°

EC cells disappear from DMSO treated culturese. The plat~-

ing efficiency (?anel ,aj an@ proportion cf cells_étaining

vith REC331~9 (panel b) wvas determined at varlous times for
replicate 'cultures‘of 0311 haggregates, elther untreated
(closed circles) _6: treated vitk 1% DMSC (opem circles).
Theselpanels répreseni the results ci tuc. separate experi-

pentse Cells trcm these cultures vere also apmalysed by 1imau-

nabsorbtion forzthe relative amount ¢f the EC suffaqe agptil-

"gen (recognized by AEC3A1-9) present per cell.  (pamel ¢,

-

data from J.Harris)

-
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Elgyre 6

' Changes 1n 1immunofluoresceace staining pﬁttern with

AEC341-9 after differentiation of 01A1 cells. The same field
of cells in a 1% DMSC treated aggregate'vas phctographea on
day 9 using phase contrast (1) and fluorescence (2) optics
"after staining with AEC3A1-9. Phase (3) and fluorescence (&)

photomicrecgraphs of untreéted O01AT cells in nmonclaver cul-

. ture shcwv tkat these undifferentiated cells stain much rore

intensely with this antibecdye. Bar, 25um.
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Elgure 7
The size of 01A1 cells 4in D4SO-treated aggregates is the
sameé as untreated contrcls. Duplicate cultures of 0741 ag-
gregates that wvere untreated (circles), or treated wvith 0.5%
{squares) or 1% (triangles) DNMSO, vefe diépersed at varlous
times, and. the cell size deteralned using a Coulter counter.

channelizer.
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RISCUSSION
Qur 1ipitial results (McEurney et al,1982, appendir 1) irpdi-
cated that DMSO can induce the 6:;f line of EC cells to dif-
ferentiate into cardiac and skeletal - muscle in vitro. The’
results repcrted 1in this chapter expand on these observa-
ticns, giving further details of +the respcnse tc different
concentrations and lengths ¢f expesure, as well as the tipe
course c¢f the response.

The muscle cells in DNSO treated cultures wvere easily

identified Lty thelr recrghclogy and contraﬁtility. The cul=~-

‘tures did contain alpha-actin (McBurney et al,1982), and

nus¢le myosin, but the thick and thin filaments observea in
the eléctron-micréscope were not organized into mature myof
fibrils, ahd there vas evideﬁce for énly a small amcunt of
the nuscle specific isozyme of creatirce phosrhokinase (CPK)
(Appendix A). This igpaturity aay be simply due to the lim-
ited tipe spranm ¢f the experiments, c¢r to the inhibitery ef-
fect cf DMSC, wiich produces ﬁ lag in mycgenesis even after
the drug is removed (Blau and Epstein,39795.

The concentration ¢f DNSO, the duration of exposure to
the drug, acd LDKSO treatment while the cells were 1in the
clcsely packed arrangement of tne aggregate vere all impor-
tant factore in the cdiffereptiation reséonse observed. Eet-
veen (.25% and'1% DKSO, 1increasing concentr;ticns resulted
in higher proportions of muscle celis and lover proporticns

of undifferentlated EC cells im the cultures. At 1% DNSO,
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neatly all the cells vere aifferentiated, and there uere.
muscle cellé in virtually all the agéregates. Thf}gpﬁée;-
traticn of L[HSO alsc had soke efect cn the type qf differen-
tlaticn cbserved, since skeletal muscle was common cnly at
D850 ccncentrations above 0.75%. DMSC has nc inductive ef-
fect on monclayer 01471 cultures (¥cburney et al,1982). By
visua} éxamination, aggregates of Q1141 célls undergo cénpac-
£1cn during the first ~10—12 hours ¢f suspension culture.
The length-cf-expcsure data presentea heée suggests that ex-
posure to LH¥SO did nct induce differentiation until afbif
ccmpaction btad ‘taken place. Thals 1is probably lecause thé

cell contagt or cell depsity conditicns required, vhich are

also not present in the monolayer cuitures. had nct been es~

ﬁablished. After . compaction, longer exrosures result in
highefgfropcrtions c;haggregaies with beatiﬁg muscle, and
lowver proportions ;ith areas 0f EC cells. This gradual rise
suggests that thelcommitment,'cf 0121 cells may involve a’
cell c¢ycle ccapcinent gs has been piftulated for MEL cells
{Levy et al,1975}. Expcsure to DNMSO fog about 30 hours aft;
er compacticn aprears to ke required for the maximum induc-'
tive'etfeet. The respcnse of 0121 cells to varlous 1engthsL
of DMSO exposure.is nearly the same as that found for the
respense of P19 cellé tc A (Jones;vi;leneuve et al,1982)..
.Abcut 25% of the cells in D¥SO treated cultures stéined

with AEC321-9, rut 4n most of these the ‘staining vas puch

less intense than that seen in "monclayer cultures ‘or un-

£l
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treated a%gregates. This change in intensity was also seen
in aggregates stalned in sity. and these weakly pcsitive
cells vere not ceconsidered to rééfésent a residual ropulation
of undifferentiated EC cells. - Speers et al (1979), usipg a
pclyclopal eaotiserun againét EC surface antigens, shoved a
similar decrease_in the intensity of staining 1o the differ-
entiated cells in their culfﬁres. In DMSC treaééd 0121 ag~-
gregates, no cells with muscle orv éndoderm'mofphclogy vere
obseived to stain with AEC3A1-9. This 1s ccosistent with ob-
servations cn P70 cells treated with RA in monclayer cul-
ture. These cells differentliate extensively into parletal
endoderm, and the propcertion of ¢ells staining witk AEC3A1-9
1s reduced %o néar zeT0 (GeLesPaterno and Mewe.McBurney, Depte.
of Medicine, University of Ottawa, in preparatiocn)e.

4 small and 'variable percentage c¢f the untreated aggre-
‘gates éid ccntais areas of teating auscle. Staining with an-
tibodies agaiﬂst ﬁuécle specific ayosin showed that less
than 2% of the'cells were mnmuscle. O07TA7T 1s deficient in hy-
}oxanthine phoéghcriﬁosyi transferase {HPRT), therefore the
cells probably'pcve:produce and excrete purlpes (Seegmiller
et al,1967). Purines zng p@rine analogs, including 6-TG have
" been shown to induce digferentiation cf MEL cells (Gﬁsélia
and Epuseman,1926)q Since thrée of +the KEL cell inducers,
including the purine .analog 6—TG,_ alsc act to induce C121
cells; it seéms likely that-ather HEdeell inducers, spe-

cltically other purines, could have the'same'effect. If the

[
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0141 cells are prodd;ing:excess purines and these dc have an
inductive effect, this could account for the presence of
sore muscle cells in the untreated aggregates. No muscle is
observed in untreated aggregates of P19 cells, vhich have
normal HPRT activity (E.M.Jones-Villeneuve, Dept. of Bilole-
. GY¥s University cf Ottawa, personal compunication)e.

Three mocels cculd explaiﬁ the observation of a limited
range of differentiated cell types in DMSC~treated cultures:
1) The druyg could act by selectively killing undifferentl-
ated cells and [frecurscrs to other ¢ell types nct fcund in
DMSO-treated culturess - 2) The drpg cculd simply initiate
differentfaticn along ©Epathways that the cells were already
coﬁmitted‘cr prerrograrcred to follove 3) The drug could act
by ioducing pluripotent, uncomaited EC cells to differenti-
ate alcng a limited number of develormental routes. Even
though the observaticn c¢f some muscle differentiaticn in the
untreated ccntrels rmakes rodels 1 and 2 seern plausible, oth-
er results make ther appear less likely. There is no evi-
dence for cytotoxicity at the DMSO concentrations used for
differentiation experlments (¥cBurney et al, 1982), which
Qrgues against mcdel 1. FParallel cultures treated with 10-7
RA developed a very different range of cell types, wvhich ar-
gues against model 2. Furthermore, both RA.and DESO are ef-
fective 1f—the cells aré treated for only the first 48 hours
"0f the experiment though the differentiated cell types ap-

pear days latere. After DMSO treated cultures are plated,
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very tew undifferentiated cells:temain io the culture, even
though they are faster growing than the differentiated cell
types. Thus the most likely model appears to be action of
the drug tc ipduce uncommited EC cells to differentiate
along a limited nuaber ¢f developmental pathﬁays.

The zechanism cf action of DMSC or MEL cells, and cn (1A%
cells, 1s unkacwn, tbhougk recent work with MEL cells has
~shovn that an iacrease in the rate cf Ca** 1nf1u; may be one
of the important effects of DMS0 in that system; Levenson
et al (1981) descr#?ed an increase in Ca** uptake and a con-
sequent increase in Ca** content 1in DMSO treafed MEL cellse.
Cells treatea with DMSO plus amileoride did not shew this in-
6:ea$e, and vere also blocked from differentiation while am-
lloride was present. The calcium chelator EGTA also blocks
MEL differenfiation {levenson et al, 18380, Bridges et
al,1%61), a=s do lccal anaesthetics such as procaioe and tet-
racaine (Berncstein et al,1976, Tsiftscglu et al,1581). These
anaesthetics have been shown to -disrupt Ca** binding to red
blood cell membrames (Lcw et 'al,1979}. The inhibitory ef-
fects of each of the€se corppoundis on DHSO. treated‘HEL cells
can te reversed by the addition ¢f either extra «c¢alcium
chloride or the calcium ionophore A23187 to the medium. This
icnophore accelerates calcium transport rates, and when MEL
cells are treated with L[KSO plus R23187, they initiate conm=-
mitment without the usual 12 hour time lag observed with

DESO alone (Bridges et al,1981). There 1s alsc no time lag
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after the removal of the block caused by anaestheticg
{Tsiftsoglu,1981). This suggests to these authors thaf the
12 hour lag represénts the time reguired for DMSO to alter
the calcium transport rate or calcium coctent of the cells.
This alteration in calcium transport 1s necessary but not
sufficient tor MEL cell combitment since A23187 bf itself
does not induce these cellse.

Only one of the experiments analagous to this work u;th
MEL cells bas been done with 01a1; the local apaesthetic
prccaine did iphibit the .response of 0141 cells tc DMSO.
This suggests that the action of DMSO wmay involve Catt
transtort in these cells as §ell. The fluidity of the -cell
pepbrane may alsc be involved, since DMSC stabilizes ren=-
branes and procaiﬁe renders them wmore fluid (Lyran et

313197610 -
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Chapter IV,

EFFECTS QF OTHER DRUGS ON P19S1801K1‘CELLS

RESTLIS

Retipeolc agid

Since aggrégates o¢f F19 cells respond to RA by fcruming ceu-

rens and glial cells, the initial characterizatica of the
0141 subclcne ipncluded a test of 1ts response to graded dos-

es of Ri. “o1a1 eroduced neuroﬁs vith the sampe dose response

 kipetics as P19. ;’It vas also noticed 1in these experimeats

that, at Rniconcentraticns less than those reqhiredwfor neu-
ron fcroaticn, the 0141 ﬁgg:egates.fcrmed ruscle. Swall am-
gunts c¢f cardiac muscli had previously been cbhserved in 219
aggregates treated vifﬁ lov RA coacentrations, but these ob-
servaticns were nct ccnsistently reprocducible. Skeletal mus--
cle was not observed inm P19 cultures, but these cultures had
been scored before thé skeletal nycblasts would have been
obvious (E.F.Jones~Villeneuve, Dept. of Biclogy, University
of Ottawa, perscnal ccmrunication)e. The response of the
0141 cells +to RA was investigated in more detail, wusing
scering fer MEE}pholcgically recognizatble cell types
(Figse1,2) ana immunofluorescent‘stéining (Fig.B}.-
ﬁntreated 0141 aggregates, and thcse treated with 10-%°
RA, were pade up almost entlrely of qndifferentiated EC
cglls, wvith sce€ extraembryonic endoderm {Fig.la). Treatment

- 48 -
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Figyre 1 Light photomicrogrgghs of 011 cell$ folloving ag-
gregaticn and expcsure to varlocus RA ccncentraticnos. Panel
a, untreated , Qhows undiffereatiated Eg_geiié {thin arrov)
and extraembryonic endodeémal cells (thick arrow) Panel b,
10—° ¥ EA, shecws an area cf spontaﬁeously contracting/gg;gi—
ac muscle. Panel c; 10—® M RA, shows an area ¢f bipolar
syoblasts and a few myotubes. . Papmel d, 3 x 107® ¥ RA, shovs
a field ccontalining poth cyotubes (thick arrcew) and neurons
{thin arrows). Panel e, 107 M RA, shcws aﬁ area contéining
neurcos (tbhin arcow) | growing over an area of astroglia

{thick arrov). Bar, 10Cunm.
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with increasing concentrations of RA  .resulted im a decrea

2'1‘591h_;£; pfqpcr;;on of updifferentiated EC cells, judgeq by
viéQAI Scoring'(fig.Za)."?here'was a corresponding decréasg
in the number' of.pasié;ye cells‘aﬁd the intens;ty~of thelir
staining with REC3RITSJIFi§-3a); At R2 goncentgﬁtions_a:ove‘
10~® M, the pefcentage o£ :tells §ta£ning vith AEC3n1-§ re=-
'maingd at about 25%, <ccmparable to the values“obtained with
:rDHSb tréated ‘aégtegétes FChapte# 2;$ig-55;‘ and RA treated
¢ P19 aggregates (E.H,V.Jcﬁeg;villeneuve et al, Depte. cf Biol-
ogY, Unive;sity of Ottawa, 1n prééaratyon}. “ )
With expesure to incfeasing concentraticns:of éA, ':ePrg-
aucible changes in the pattern of différentiaﬁign fererqb-'
served. at 10-° to 3 x 16-° K Rﬁ a lafgeﬂpfoéérfioﬁ of the
aggregageg coutained- rhythm}cally beating. céidiac auscle
.(figs.Tb;ij. Sligﬁtly -high%r concertrations, 16*5 ¥ RA,
 gave a pfedomin;nce,c;/skelegal'mugcle (Figs.lc,2c), Witk
nuch less beating.mﬁgéle evident. At 10-% i éa; sope neu—‘q
rons were also pfesent, by visual scoéing (Flge.1d), plus =z
'small preportion of glial cells, cbntéinlng glial fibrillar
’ acldic p:otein (GFAP],'. by 1mmuno£luorescence stalning
(Fige.3d). &t 10-7 ¥ KA, or higher concentrationé, ?he nost
~ ;obvious cell types were neuroas (F1§S;1e,361,'an cells cen-
tainling GFAF were also presente. Very little of Fither puscle

type was evident by visuael scoring or by staining for =muscle

-Q 'mjosin (Fige3c).

R



{72

52
Inmunofluorescent staining vith TEOMNA-1 (Kealer et

al,1981) ¥as used ‘In these experiments to follov the propor-

"tien cf cells of epithelial origin. TROMA=-1 reacts vwith a

cytoke:atin-related protein. The extraenbryonic endoﬂerm

cells seen 1in the untreated aggregates (E}g.1a)‘yere TROMA-1

positive, and prctably account for mcst of tee broad peak of.

.positively staining cells observed at low doses of RA

{Fige.3b) At 107 ¥ RA, very fev TROMA-1 positive cells were
ohservede. This 1s consitent uith our previous observations

using E19 (Jones-Villeneuve et al,1982), 1in wkich neither

extraembryonic endoderr nor other cells containing cytokera- '

tins were observed at high RA concentrations. .
- Neurcns and Leatirg muscle vere first observed at days
5-6 of the experizent and the number of these cells in-

creased during the following 2-3 daysj. - Skeletal muscle and

astrcglia appeared screvhat later, aboughaays 7-9. Tkis se-’

_ quence in time meant that the proporticn of aggregates show=-

ing any particular cell type varied depending cn whsg the
culture was scorede. ?he overall pattern of response, howev-
er, did not chasnge with time duriﬁ; the exgeriment, Lut de-
pended: oﬁ the"ccncentration of RR that vas used in the
treatsent of the cells. The spectruz of response 1llustrated
ie'Figures 2 and 3 is representalive cf the pattern seen i:n
each ¢f 6 experiﬁents.

RA and cther Tetinoilds are present'in the becvine serunm

used as a culture medium supplement. Fuchs and Green (19817)
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Figqure glniigerentiall appearadce of celd typeg_ as assessed‘
by wvisual sccfing cf live cultures. - Eéch ;ggregate was
sécred for tﬁe presence of‘éells }ith EC motphology;(panel
a), cardlac tuscle (panel b)), skeletal mhscle {panel c); and
neurdns (pasel d). This scoring was ;arried cut 11 days fol-
lcwing the 1nit;at1cn cf the 'éxpgriheﬁt,' althougk the pat-

tern cbserved -was the same no ratter when the scoring was -

done.

T
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Figure 3 Differential ‘appearancé of cell types as assessed
by 1mlunofluoréscen; staininge. Follcving the visual scorigg
reported in Figure 2, cuitures ¥ere disp;:sed _and stained
vith antibgaies aékinst'bell-type‘spgcific antligens : panel
a, REC3p1-9, whiéh r%ccgnis?s ; surface antigen cn undiffer-
ent¥ated'EC-cells; panel b,-TROMA=-1, which reacts wvithk a cy-
tokeratin-associated pretein; panel ¢, MF20H28 a monoclenal
antibedy éirectgd ajainst muscle=specific nmyosin. Panel 4 is
the numbe} of mé}gre astroglial cells assessed by their

staining with a po{yclonal antib¢ay raised against giial fi-

priilar acidic ire Five hundred cells were scored for

each poini.

1
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fcund that their medium, supplemented as curs 1s, with 10%
fetal becvine serum, 'contained 3.6 x 1C=% N reiincl. Since
DMSO is .kncun tc facilitate the transpert c¢f drugs across
biclcgical mempraneé (Jacok et al, 1964, Strcughten and
Fritsch, 1974); 1t cculd conceivably act to induce puscle

fcrmat;cn simcly by 1ncreasing thke rpermeability of 0111

=t

cells témthe serur retiroids. To test this kypottesls 1 used
feral calf serum celipicdized by Dr. J. Campicne—P£ccardo in
our letcratcry accorclong tc the metﬂcd c¢f Fothblat et al

.

{1976 ). C121 cells were tested £cr their response to LHSC
in nmealua supplerented cnly vith this delipidized serun.
Accordinrg tc Fuchs ard Greenm (1981), this progedure removes
all detectible vitamin A frer tpe medivm, s¢ ft wculd elimi-
nate the DMEQ respcnse completely if the abeve hypothesis 1£
correcte. In three experiments, with two different tatches
ot delipldized serun, the DE30 respcrse was méintéined,
tEcugt 1n ore expériment 1t was reduceé to aSout 50% khy vi—
sual sccring) cof the control levels using normal serum {data
nct sécvn). Thus.DHSO ¢oes not apﬁear tc act indirectly via
the serunm retinoidse. :

To further test the relationsnip bLetween the cells® res-
pcose t¢ DMSO and RA, CI1A1 aggregates were exposed simulta-
necusly tc C.5% c¢r 1% DFSC and the graded concentrations of
RA used abcve. The sare patterns o¢f response %f kA was ob-

served in the rresence cr absence of DMSC (Fig.4). Treatment

w;;h 16-2° » ®A and DKSC together resulted in the sage res-

w?
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ponse as theé DMSC ﬁicne:; very few areas of undifférent;ated
EC cells‘and a:large amcunt of beating suscle. At higher RA
cencentraticns, the acditién of DMSC had very litt}e effect
on the resicnse alreaﬁy described with KA alone. ;n-@he ex-
perimect shcown in Figed, the p;opérticn cf aggregates scored

with Devrcne was low because’ the aggregates had teen sccred

-

'Ft day 15, when the cistlnctive aeural crocesses had largely
T

€ECEUEC «
s

Other Nuripe Ervihroleukemia Cell Ipdugers

\

\“ST\EGJDPSG is 2 pectent inducer of MEL cells, a aurber of

other EEL cell irducers vere tested for their effect cn c1a1
cells. Hemln (G.5 m¥M) and oqabain (1.5 nk) were fcund tc¢
have nc effect. The respcngz to 6-7G and butyric acié is
shcwn ip Tatle 1. Beth c¢f these érugs had the'éame effect as
DESG: carcliac ruscle at low copncentraticans, and skeletal
muscle plus a few neurons at higher ooes. The hlghest con-
centration cf butyric acid tested, 25K, was toxic to G131
cells, since only scre c§ the aggregates plated successfrlly
onto the tissue cultvre dishes. 40% cf these, hovwever, dia
deielcp areas of peurcns, which pay indicate a respornse si-

milar tc the higher doses of RA.
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E;ég;g & Simpultarneous treatnenﬁ-of 01A1 cells vith R ang .-
DMSO produces differentiation patterns similar to‘thdsé’prdé
duced by RA alone. C1271 .aggregates were exposed to varlious
éoncentraticns of RA, 1n the presence (open clrcles) or ab=
sence (closed circles) of 1% DM50. These aggregates were
plated on day & and scored on day 11 for the presence of

morphclcgically recognlsakle cell types.
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butyrate

TABLE 1

Response of OLAL aggregates
to butyrate and 6-thioguanine,

% of aggregates

E.C. beating skeletal neurons
muscle muscle

20md 70 5 0 0
60 oM 21 42 0 0
180 mM [ 50 6.7  11.1

0.5 mM 30 - &5 10 0
1oM . 15 50 4 . 15
2 mM 20 o 10 40

i
)
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DISCUSSION
The results reported in this chapter indicate that the cell
types fcrmea by KA inductlom of 0121 cells are dependant on

o

the ccncentraticn. of the drug used. The most cbvious cell
type in ag§;;gates expcspd to ‘low RA cencentraticns (<3 x
10~® ¥) is cardiac muscle. At progressivley higher coancen-
traﬁicns. skeletal mu;cle, +then neurons and glial cells be-
came the characteristic cell types in the culture. Also, as
the ccncentraticn of EA is increased, - tke proportion of un-
differentiated EC cells decreases. 1Iwc or more cf these re-
ccgnizakble cell types vere present at mcst KRR copcentra-
ticns, usually as separate areas within the same aggregate.
Where peurcns and skeletal auscle developed cloée toggther,
peural processes could sometlaes be seen next fo auscle
cells, but 1t was not determined whether neurcmuscular junc=

ticns were formed. The pattern cof differeatiation chserved

varied vith the concentraticn of RA, and was the same no

matter when the experipent was scorede.

The.spectrum of résponse seen with varioug doses of RA 1s
also cbsefved with DMSO, butyrate, and 6-TG. However, sliuce
these drugs are moré.tcxic than RA, the highest ncpn-toxic
desages resulted in the skeltal muscle différentiation, with
a fev peurcns, fcund ip cultures treated with 1072 M RiA. Tvo
other HEQ cell inducers, ouabain' and bemin, were fcuné to

have ro effect cn 0141 cellse. The ;espdnse of MEL cells to

ouabain has been shown tc vary with the ctncentration of K*

S~
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in the mediua (bernstein et al,l976b). The effects of K*

vere npot Egsted with 01410 6ells. It is nct surprising that
hemin isgineffective as an indugcer <¢f 01A71 cells, since if
acts in MEL cells oniy to induce the production of globin.
(Gusella{et al,1980). A range of MEL celluinduéers,> also
excluding hemin and ouabtain, have :Lteen shown to induce the
ditfe:eﬁtiation cf thg husan prozyelocytic cell 1line EI-60
(Collins et al,1580). |
Irea:ment vith RA results in ‘differentiaticn ¢f a number
of Eclcell lines. Most, lilke P79, form neurons when aggre-
gated 1in the ©presence of 107 M RA {Jones-?iiieneuve et
al,1982). | The F9 cell line (Beranstine et a121973) produces
scie visceral endcders {Bogan et al,1987) when aggregated in
the presence cf Ei, and only‘a few neurcons at very high Ra
corcentraticas (10;° ¥){(Jones-Villeneuve,1582). The effec£
of RA varies with the cellular envircnment. Hon@layer cul-
tures ¢f P15 differentiate into fibroblast-iiié célls, with
very féw if any reurons vhen e;posed to RA (Jones-Villemeuve
et al,19382). F9 in mcnolayer culture forms extraembrycnic
9ndoderm—iike cells in the presence of RA (Strickland and
Mahdavl,197&), and B10 forms parletal enﬁodérm under these

ceopnditicos (Pa?%rno and McBurney, in preraration)e. "Thus,

-aggregation is a factor in the response of EC cells to RA,

though 1t 1s not an -essential requirement as 1t appears to

be in tke 0141 response to DMSO.
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P19, 1its derivatlives, and P10, are the only cell lines
found in our laboratory to be résponsive to DMSO (McBurney
et al,1982), and P10 aggregates forp DEeUrQonsS, not.muscie.
vhen treated with 1% DKSO {Ge«DaPaterneo and H.H.nbEurney,
ﬁept. of Medicine, University of Ottawa, unpublished obser=-
vations)e. This ray represent'é greater sensiiivity to in-
.dugticn by LMS0O in P10 cells than in 0747, vwvwith a résulting
;hift along the dose-response spectfﬁm? Hovever, lcwver deoses
of DMSO have not been tested with this cgll iine, so 1t 1s -
nct\;ﬁoun if they.would induce auscle forratiom. Other MEL
cell inducers; EHMBA, diﬁéthyl acetaﬁide and polybrene, bave
been shewn to induce the differentiaticn of thé PCClazal

line ¢f EC cells into epithelial-like cells if wmonolayer

culturegf re treated, and fibroblast-like cells, plus per-

bhags sém cther cell types, 1f aggregates are +treated
(Speers ot al,1979).

gﬁpeﬁt reports suggest tbat retincids may be involveé'in‘
patkern ferraticn 1in ceveloping ana regenerating liaks (Ea-
den, 1982, Tickle et a2l,1952). Pattern formaticn in limbs is
thcughf t¢ result ;rom differential cellnlar'response tce
gradlients c¢f diffusable morphogens ({Wolpert,1971, Tick-
le,1980)s Since some EC cell lites, in particular P19, res-
pond to normal embrycnic signals vhen injected 1ntc mouse
blastccysts (Rossaﬁt and McBurpey,1952), our data édd veight

to the suggesticn that ~gradients of retinclds may be one

class of porphcgen activé in normal developmente. ~— —



. Chapter V

!UTLBTSlkHD BYBRIDS

esu® T o
‘Part cf our approach. to studying the réspane cf -E19 and
0147 cells to RA and DNSO has been the 1soi$£ion and charac-
tet}zation of_mutant cell lines mno longer responsivq to in-
aﬁcpion by these drugs. Two such npcn-responsive variant:
a;;nes.bavé Leen isolated without mﬁtagenesis in thils labora-
.kory. . | .

'_ P1951501£1D3 (D3) "was derivgﬁ froz G141 cells by exposing
thea to DMSC as in tﬁe usual p;o£dcbi,- then dispersing the
Td;fferentiated aggregates with Fryﬁsin/EDTA ard” plating the
cells at lc; density. Undiﬁferentiated colcnies that ap=
peared were ﬁicﬁéd and grewn to confluence. FThese cells weré
then§§§ed tc répeat the- cycle: a toéal of three tizes, 'uﬁ£1l

tpe ce115‘§§§e ﬁc longer Dusoﬂrespoésive. D3 cells,are sub-
tetréploid (Fig;ﬁf'gith a modal chroposome number of 77, in- .
cluding a,lcng'qarﬁer ch:oiosomé.‘ P1951825C6-5 (RAtG-S).wag
-isolatéd.in a similar.féshibn frox P1§,_-after cyEles of ex-

pcsure to Ris This cell liné‘ has a wodal chromcsome number

of742, vith three ch:cncsq@gs #3.aﬁd #13 (Fige2).

-

~

&y
The
»



Figyre 1 . -

¥etaphase éh;cnosones of the D3 cell line. These cells

have a nodal chromosome number of 77, with a. long marker

chromcscme (arrow)e.

9
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Elguyre 2.
Preliminary karyotype of the RAC6~5 cell linee. These
cells haje @ modal cell npumber of 42, with érisony_of chro=-

moscmes #3 and #13.
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Figure 3 shows the response of L3, and the parental

‘lines, tc [MS0. Beth F19 and 01A1 respcnd tc D¥SO by a de-

crease 1in the preportiorn of aggregate= containing EC cells.
and ar increase 1in the precportion ccntalnoing nuscle. E19
ccpsistently preduced less cardiac and skeletal nuscle than,
0141 Neilther C3 nér FAC6-S was responsive to D¥SC. The D3
cell lire prcdlced ﬁeither’skeletgl nor cardiac vwuscle at
any cf the LMSO ccncectrations tested. The prcporticn of ag-
gregates'containing und;fferenfiateé EC c¢ells alsc temaiﬁed

high after CMSO treatment for both cell 1lipes (EACE-5 res-

1
pcnse, Mew.McBurney, Dept. cf Medicine, University of Otta-
. ?

wa, unptblished ¢ata). L3 cultures treated with 1% DMSO con-
tained ro muscle mycsin positive '/eff; {Table 1)« Keither-
L3 ncr FAC6-5 ditferertiated in the presence cf buty:ate or
6-TG (Table 2)e D3 prcduced no wmuscle in respense to }ou
decses ¢f ERhe gt kigher EA concentrations 1t é%d fcro peurons
etficieptly {Fig.2), with the sare dose response as the pa-
rectal 0121 cells (see Chapter 4,Flg.2 ?or ccmpariscn)e.
RACE~S- was non respcnsive to: RA concentraticuos belcw 107 M
{EeMoVe Jcnes-Villepeuve et al, Dept. cf Biology, University

of Qttawa, 1in preparaticn)e.

Cell-cell hybridizatiao techalques were used as the first

_apprcach to studying the nature of the mutations in these

ncn—re¢pon°1ve cell lines. Using polyethylene glycol to pro-
mcte fueicn. and HAT cedium (Littlefield,196u) supplenmented

with cvabair tc select against unfused cells and self-fusion
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Elgyre 3
D3 aggregates do pet respond to DMS0. Aggregates of 01a1
(clesed circles), P1§ (griangles) and D3 (cper ciréies) were
exposed to various concenta;ions of DNSO for two days, plat-
ed on day 4, and sccred for the presence of beating muscle.
(panel a) and undifferentiated EC cells (Panel b) on days
8-10 of the experiment. The data for 01A1 is shown for com=-
parison, and is the same as the wveighted average for the ex-
ffperiments regresented 1n'Fid.g§,‘Chapter 3. The data for P1§
is averaged from three experizents. D3 dj‘hot s.hou any

beating muscle ip seven experiments. ’

pig
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TABLE 1

Response of OlAl and D3 to DMSO.

- <~ . % muacle myosin
positive cells
day 9)
01Al untreated . _ 2.8
OlAl 1% DMSO . 9.4 ‘-
D3 untreated 0

D3 1% DMSO 0

% EC antigen
positive cells
(day 6)
89.6
17.8
99.2-

96.4

FP—— T
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products, three bytrid cell lines were estatlished
(M.¥.McBurney acd E.¥.Ve Jones-Villeneuve, Dept§§§§f Biclo-
gy anc Medigine, bnive:sity cf Ottawa, unpublisted dafa).
Two 0f these, Y- énd EY-2, vere derivgd fror fusions Let-
ween FACE-S5 and CT1a1 cells. The other,'C65D3-2, vas the fu-
sicn prcduct of the twe variant cell lines D3 and RACE~=Sa
The chrcmcseme onunker for each o¢f these hybfids vas quite
variarle, tut was alwayvs higher than the chromcscome number
in eithe; cf the vparental cell lines.. HY=1 and HY-2 hacg
chromcscme pupbers between 65 and 80, with a few cells with
mere than 1C0. chrom&sqmes. C65D3-2 had-a godal chromosone
number cf &3, ané eachk cell contained the lcng zarker ckro-
zcsove foucc ivo I3. |

HY-1 and EY-2 develcped muscle when treated with DNMSC
{Takle 2) and‘ their respeonse was intermediate lretween tﬁe
respcoses cf the two parental cell lices. They shcved a ve}y
lcw level cf response to butyrate cr €-IG6 *(Table 2). FEKEY=1
did nct ditferertlate into cardia@ ruscle at lcw dcses of
RA, tut dié forr neurors and skeletal muscle at RA concen-
traticne ebcve 1C7° ;. “

C65D3-2, like the L3 parental line, showed no differenti-
aticn in response tc L[MSO (Fig.3), and developed neurons at
high ccrccentraticns of FA, Lut nc muscle at lower ones.

The yariaticn in sepsitivity to .the inductive effecté of

R .

D¥SQ amcngst these nmutant and hybrid cell lines was nct con-

" nected with variation in their sensitivity tc the cytctorxic

S



Filguze &

Aggregates of T3 cells produce neurons 1in respcense tc
high retincic acid ccncentrations. Aggregates‘cf D3 cells
WECE €Xposec to variﬁus ccncentrations ¢t KA, and scorééwfor
the presence c¢f neurcos (Epen circles) and uﬁdifferentiated

EC cells (closed circles) as in the usual greteccle This ex-

Derizent was rereated three tlimes, and the figure shcws the

. i
results ¢f c¢ne representative experimernte.
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TABLE 2 .
=ASMn £

Response of mutant and hybrid cell lines
- .to butyrate and 6-thioguanine,

% of aggregates

beating skeletal

E.C. muscle muscle

butyrate 1mM " 100 0 0

6-1¢  SOmM 1100 0 0

butyrate 1mM 100 0 0

Putyrate .5mM 80 10 15

1mM 100 31.3 6.3

butyrate .5mM 100 0 . 10
1mM 85 -5 - 20 -

2mM ' 80 5 35

neurons

o o

‘\n O O ‘0O O

"
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TABLE 3
Response of hybrid cell lines to DMSQ.

.

% DMSO - % of aggregatess % of aggregates

with EC cells with beatink muscle
HY-1 0 96.1 ° 2.9
' 0.5 92 6.6
1 .75 23
B-2 0 ' 93.2 4.5
' 0.5 78.9 N\ 2.2
1 57.6 38.8
C65D3-2 0 100 0
0.5 100

i 100

* average values for 3 experiments



éffects cft the drqg—at tlgher concentrationse. D&EG did not .
atect the pl;tlng' efficiency of any of these <c¢ell lines at
the ccncentraticns usec in ﬁlfferentiaticn exrericents.
DISCUSSION

DMSO pcrn-respensive varianmts in  MEL cells are rest often
QCL-resronsive tc other inaucers as well, thcugh efcepEions
axist ;n which «cells respcnd. te cne inducer lPut noti tc.
ancthe; (Nasl et 51,1978, Rcvera and Surrev,1978, Harriscn
et al,1¢78, <Earriscn,1577). FRovera and Surrey (1975) kave
arguec thqt this sort of mutaat, -restonsive tc one treatrent
but refractcery tc ancther, shows that the two treatments act
or ncreal cells by different mechanisrs. The mutation ir the

E

D3 cell lire affects éif%erentiaticn in respcnse tc DMSC,

Ly

puryrate, €-1G, ¢r lcw doses of EA. L3 cculd, hcwever, . tern
neurces efficiently 1n response to high FEA ccncentraticnse.

Thus, Ly tle arcurent anve, the tarental C1TR1 cells ray

: w
respond vie differert.cellular mechaniscgs to the different

ccucertraticns of RA.

The extert cf -both neural aad muscle diffe?entiaticn vas
variahlé amcng the cell lines that were restonsive +o RA angd
Dnsé. Ecr.example, F1b Clfferentiated less extensively intc
auscle than C1A71 cells when exposed tc LC¥SC. P19 was respcn-
sive tc doses of Eﬁ_lcwer_than thcsé required for neural de-
velorrent, Lut ciffﬁkentiated nostly 1nte fibrectlast-like

cells {(Jenes-VYilleneuve et al,1982) whereas 0121 formed Loth
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cardiac aré skeletal ruscle uéder these conditionse. This may
be a further exarmple of the effects ¢f HERT deficlency in
J1A1 cells, alreacy discﬁssed in charter 2. Eigher levels of
ancogencus furines in these cells, ccmpared witk {EPRTI*) P15
ceils, wmay rencer ther more 1likely tc \diffgrentiate inte
nuscie, both in untreated aggfegates aand in respcnSe to inp-
Jucers. ' - |
E The respcpses ¢t C1A1 to high ooses of KA add tc DESC are
orckatbly meciatéd by differeat cellular mechanisgs. The ef-
fects cf +bte <drucs are nct -additive (Chapter 3,Fig.4) and
prccaine irntibits the ryogcenlc resporse to LeSC, rtut nct the
neural differentiaticn in Tesponse tc EKA. BH¥-1 ané HY-2,
hybg;di betﬁeen FACE6-5 apd Cirt, develored ruscle 1in res-
pcni;{{c DMSC and neurcns in resonse tc bigh dcses of EA,
75?’tcth responses were intermadiate Letween thcse ct tte

f/tuc perental lines. Thus tcth parerctal genoﬁes apreared to

.,

have scre eififect cn the'h?brid cell, =a sort of cc-dcmipant
genetic exrressich.

C6503=-2, the hybrid between RBCE-S and D3, had about 83
ckrorcscmes, and the total expected 1f bcth parental genomes
were p:eéent in ftll is about 120. Thls corsideratle chrcro-
scme lcss makes the.relative genetic impcrtance of the two
parental gencmes in this bybrid wmuch less clear. These cells
dic nct differentiate ip repcnse to L[MSO, like bcth parents,
but éig develop neurcns 1n response to bigLk doses cf RA like

the T3 pafent. Cne ckvicus conclusicn from the C65D3-2 Gata



e

is that the twve rutaticons affecting DMSC restonse in RACE-5,

n

and T3 do nct shcw cerplementation when present in the same
hybrfd cell. The <c¢ther conglu51on is that the rutatiorn in
RAC6=-S affectling its respénse to higl doses ¢f RA vas reces-
sive_té the D3 gerome. Eecause c¢f the chrcrcmcscme loss 1in

this bytrid, however, these 1nterbretations are c¢nly weakly

suipcrted.
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Chapter VI

CONCLUSIOKS

[

PThe F19 cell iine anc 1ts cerivatives appegr tc offer a.cul—
fyre syster in which the differentiaticn ¢t rluripotent
cells can Lbe incuced, ard directea, Ly cell aggregation and
the additicr cf particular compounds t¢ the mediur. The ad-
ditien cf DMSO, Lutyrate, cr 6-T&, Tesults 15 a differentia—
ticn patterr in which amuscle, both carclac and skeletal, 1is
the characteristic cell types RA, 1T conce;traticns cf 10°7

¥ CC:OCT&, induces & different rpatterno, characterizead by

DELTCCL:, anc lower concentratlicus prcduceja ruscle differen-

n
i

tizticr pattere similar to DMS0. Thi ystem 1s not 1ideal
fcr the stucy.cf ancividual cozaltoent pathways: cther cell
tyres besiles muscle ané meurcas are rrecduced, . and the res-
pcnse 1s compliceted "ty desage effect; and the requirerent
fer acggregaticne

-Tbe :e{aficnship betweern the ;eépcnses of P19 or C01A1
cells ic nMe0 ard RA I's nct clear. The effects of the drugs
were nct adcitive,' and the myogenic resépnse tc LMSC, Dbut
nct the neurel differentiation respcocnse to KA, was inhibited
by prccaine, which éugqests that different meclanisms are

{rtvolved. Fcwever, there is an intruiging similarity ip the

sgectruz ¢t cell typeé observed after treatmert of C7A1

- 82 =
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cells with varyirg dcses of DANSO, crbef’géL cell inducers,
and FA, whicn suggests that there are scre cbmmcn aspects te
the cellular resycense tc tbece d:ugs. ﬁh, DMSO, but?rate;
anc rrripes are alsc all eixective in inducing differentia-
ticn ¢t the human premyelecytic cell lite -BL-€0 (Ereltmar et
41,1980, Collins ot al,1980). The effect of FA.on G1a1 cells
is particulacly cf irpterest sinpnce it 1s a paturally cccuring
(ol ol dy ana etfactive as an indpcer'at physiclcqic;i con-
cen.grfzgns, well relcw tcx%c levels. ﬁs discussed 13 Chap-
ter 4, retinolds ray re cone class of rerrhoger in ncrral em-

{
brycgenesis. The cther drugs may act ¢n €131 cells, alteit

5y diftereﬂt recktanisrs, .tc produce?the saze intracellular
ccralticeos &s RA, which 2llow cormmitmernt to particular cell
types tc take rlace. Thus furtner study of the relatioﬁship
between the resgcnses tc FA and ~ D4SC may reveal common fac-
tcrs scich are ilopertant to tne cémuitment preccess. The
dcse—cepena;nt"EeSpcnse,- the ¢2l11 tyres produced cther tharn
ntscle anda neurcns, and the 1nvolvemen£ cf cellular interac-
ticns, which cemplicate this 0141 systenm, may be enccur?ging
incicaticns ¢f its relevance as a mcdel fer ncrral cell cor-
mitment it the ertryc. ‘ ~

Even thcugh cvr iritial cbjective ctf sirplifying the .cif-
ferentiatlicr patterns cf EC cells i culture has dély teen
partially tet, the respcrnse cf 0T1A1 cells te C¥SC and RA of-

fers scre unigque ofrcrturities tc exrlcit the XC cell =sys-

terme. & pluripotent cell line can be induced tc fcrr predic-
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table limited  groups of esbryonic cell “types in culture.

frtuaily all the cells can be induced tc differentfate, cver

"a relatively short pericd cf tize. Tissue-specific gene ex-

pressicr, ‘the nature cf the ¢ellular interacgticns allowing
the Tesponse 'tc the Erugs,' snd the commcn‘aspects_.of the
respeTses tc DMEC anc lcw deses of RA, which lead to ruscle
ditferentiaticn, are all areas which could be éxplcreé us;ng

-

£he' 01581 cell line.
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Appendix A

CREATINE PHOSFHORIKASE IN 01271 CULTURES

treatine cbtcschekinase (CEK, EeCe2e7+3.2) 15 a dimeric en-
zyme thet nas been videly used as a marker for ruscle Gif-
ferentiaticr. Meural tissue contairs fairly high levels cf

the

m

£ iscerzyﬁe'cf CFKe In mrampmals, bcocth adult skeletal and
cardiac ruscle ccrntalr predominantly thke MM forn of the en-
zyose, anc cardiac ruscle alsec has 51gniricant levels of the
%E hetercdizer (agamscn,197€).

During_matufatlon cf skeletal muscle 1in the rat there is
a aramatic rise 1in the tcta\\ CPK erzyme activity. This is
accerpariea by 2 cecrease .in the relative activity of the EB
lscenzyre, a transient‘peak in the kB at abtout 17 days ges-
taticn, aréd a3 rise in trke MM form that acccunts.fcr tte cve-
Tall 1ncrease in activity. In cardiac ruscle, the séme Tat-
tern ¢f iscenzyre transition is <c¢b=served, thoughk the tctal
ahtivity 1s less, anc¢ the MB fcorm persists iﬁ the adult (Z1-
ter,1574)

In myogeric cell cultﬁres, elther from embryonic skeletal
muscle cg,nyctlast cell lines, there 1s a similar rise in
CPK.acti:;?xy after zyctlast fusion'(ShainEerg e; 2al,1971,

Turner et al,1974), witt a similar iscenzyre transiticn pat-

tern (Ferriera et 2al,1978, Tym 2t al 1978).¢Undifferentiatea

4



86
EC cells contain.cnly tte bt form of CEKe. Gearhart anc. ¥inptz
{1s75) cultﬁred enbrycid bodies frcr the peritoneal cavities
of aice 1rnjected with EC cells. These eabryoid bcdiles devel=-
oped areas ¢t reccgrnizalbtle skel2tal wmuscle in culture, ang
shcwed an  1ncrease in CFK activity, thcugk this was all
BE-CtKe Rdzmsor (187¢) alsc observed cnly the EE forr in
cuoltures ¢f exbryoid bcdies, bdut feound a small amcunt of
SE-CFX 1z cre différentiatlng culture cf an EC cell 1ine.

Tc ceterrine if DMSO treated C1A1 aggregates shew an in-
crease Iirc CER activity, @ standard spectrephcetemetric assa}
{Skainterg, Yagil, anc faffe,1971) vas used. As 2 prelimi-
aary check ¢n this assay, replicate cultures of the L6 mycb-
last ceil iine (Yaf{e,1968) ¥ere harvested after varicus
tizes 2pr culture Lty scraring the cells intc pﬁcsphate-tuf-
ferea saline, and extracts were pregared by scnication. The
speclfic CEF activity in these cultures rcse after myoblést
fusich'.Fig.1};-"and tke values obtained were‘similar teo
these reporté&fb; Yaffe (19€8)e The zodified Lowry methoa of
Hartgfe (1¢92) was uvsed fcr proteln determinaticn. 'Similar
:ésdfts wWELE alse oftzained wusing & ccomercially availatle
CEX zssay kit (Sicza). ©D4SC treated G1A1 aggregates, . har-
vested 1r the sare vay, Qﬁﬁ"ﬁ\high initial level éf srecific

4
L.
CEK activity relativg//{é the LE’Eyotlasts. Tke untreated

- .
G141 aggregetes c¥splayed a drop in the +tctal CPK activity

tc day 6 ot tbé“experixent, then ;ecoveiy tc the initial

levels Dby day 12 (Fig.2). UnterEEE/pcntrol aggregates
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sbewed @ steady level cf CPK activity in this experiment,
ccrparatle sith the levels fcund by Adarscn (197€) for er-
sryofd tcdies thet had not begjun t¢ differentiate 4in cgl-
ture.

Farallel cultures ¢f 071A1 aggregates were alsc harvested.
ioto 1ris-EClL ‘tuffer fef sevaraticn of CPK isoerczymes by
DEAE=Serhadex cclume chrematcgraphy (Llcugh and Eis-
cbef,1%77, Lcugh,1980). These sapples were run cn DEAE-Se-
phadex zinicclurns, vusing stepwise eluticn buffers ccntain-
irg 5C, 100G, ané 30C am¥ MaCl, and the fracticos tested for
CEE activity 25 atcve.

preiiminary tests vusing homogenates c¢f adult gzouse tis-

Sues shecwed that these elution buffers eluted mcuse MM, NE,

to

ara BE-CEK i1scenzymes 1n that sequence as the NaCl cecncen--
tratict was increased. Brein, thigh ruscle and heart hcme-'
génates were tested Ly celluloss acetate strip electrcphere-
sis {Tvrner et al,1574), and showed the expected‘tanding
patterr: cre a;cdal tanag (EEfCPK) in the brain samgle, cne
cathcdel bara (M¥M-CTE) in the skeletal musclg serple, ang
twe bends irn ihe heart sample, one at the cathodal {E#) rpo-

slticno @né cne 2t an intermediate position (ME). "~ These tis-~
sue hceecgenates were rup cn  the DEAE-Sephadex cclusns using
the sterwise buffers rentioned above. All the réccvered:ac-
tivity frow the skeletal muscle homcgenate came off the co-

torn at 50 r¥ NaCl, whereas nc actlvity from the train sam-

ple was reccvered except at 300 mM kacCl. 100 nMxNaCl eluted
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CE% activity cff the column owly fror the heart samplee. Thus_
the activity eluted cff the column at SOLEH NaCl is presumned
?c rerresent the ¥* fcrr, 1CC aM NaCl, the ME, and 30C mM
NaCl, tbe%& fcrr of CPR. - |

When the 01A1 extracts were tested ¢n these colimns, the
results were as shcuniin Table 1. Untreated monclayer con-
trol§ ccntained rredcrinantly the EB  torm of CPR, an§ CMSC
treatedaggregates cdevelcped ‘only very mincr amcynts of NME
Cr MM-CH& after 11 cr 13 days of culture. The rise in CPk
activity 1in zyoblast cultures after fuslon 1s due tc accumu-
Latien cf the 4¥ forp. {Lovgh and Eischoff,1977). The ap-
pearacce of-some M¥-CEF& 1in 13-day C1a1 cul{urés.may Legpre-
sent the bteginping cf thbils process, Lut cannct account for
the rise 1ip CPX activity between days 6 and 12. Tbus-the
picchenical marker of E-ﬁorm CPR is-pfesent in DMSO treated
01471 cultures, LUt 2t ve}v..low levels; vrerbaps lecause cf
thg lirited time'span.cfféﬁé qx;eriment, oL because éfllimi-
taiicns ¢n ruscle maturaticn inpcsed bty qulture conditions,

tke DMSC treatpert 1tself, or +the presence ¢f cther cell

types.



Eigure 1 -

Spectfic CFK activity rises 1n cultures cf 16 celds after

mycblast fuslon. Rerlicate dJultures cf L€ cells were har-

%

vested after various lencths of +time 1n culture, and ex-
tracts were assayed fer protein ccntent , and CPK activity.

The pycktlasts began tc fuse at day-S {atrowv])e.
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Tctal specific CFK a&§ivity in 0131-cul£qres. 01A1 aggre=-
jates that were untreated (closed ¢circles), of treated with
J0.5% (¢cren circles) ¢r 1% (triangles} DMSC according tc the
usual rretoccl ueré harvested at varicus times and extracts

were assayec for proteln content and CPK activity.
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i
TABLE 1
Distribution of CFK isocenzymes in
mouse tissuve and Q1AL cell extracts,
) . as determined by ion exchange ‘
~ . column chromatography. -
. ' % of recovered CFK activity

. . "CPK isoenzyme MM MB BB
TRL LT NaCl (mM) 50 100 300

R adult mouse tissue homogenates

I brain 0 0 100

SO ‘ * - . skeletal muscle 100 0 0
CLNTTENE - L. heart 62.2 37.8 0

e : 2.5:1 mixture of 6.7 0 35.3

i DAl _;“,'.- skeletal muscle:brain
-, 01Al cell extracts
untreated monolayer 1 o 2.6 97 .4
untreated monolayer 2 0] 0 100

o . 1% DMSQ treated _

S : aggregates day 11 0 5 95

- y g day 13 2.8 3.2 o4

\S\
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Appendix B

MCBURNEY ET AL, 1982

This argpendix ccnsisis ¢f a paper ccntaiming the first re-
hY

pert c¢f the respcrse cf 071A1 cells t¢ CMSO.
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Reprinted from Nature, Vol. 299, No. 5879, pp. 165-167. 9 Scptember 1982

Control of muscle and neuronal
differentiation in a cultured
embryonal carcinoma cell line

M. W, McBumejr. E. M. V. Jones-Villeneuve,
M. K. S. Edwards & P. J. Anderson

Departments of Medicine, Biology and Biochemistry,
University of Ottawa, Ottawa, Canada K1H 8MS5

Pluripotent murine embryonal carcinoma cells can differentiste
in culture into many tissue types similar to those normally found
in early embryos’ snd.may be uscful in investigating some
developmentsl events™ . Centrul to our understanding of
embryonic development are cxplanations of cellular determing-
tion, that is, the commitment of ecarly embryonic cells to form
divergent cell types. Of relevance Is recent work with the F9
line of cmbryonal carcinoma cells which suggests that certain
cxtra~-embryonic cell types are specifically formed following
treatment of undificrentiated cells with drugs™* and the manipu-
lation of culture conditions®. We report here that the P19 line
of embryonic carcinoma cells* may provide an analogons system
in which drugs can be used to manipulate the formation of
tisszes which normally comprise the fetus. In the presence of
dimethyl sulphoxide (DMSO) aggregates of P19 cells differenti-
ate rapidly to formn large amounts of cardiac and skeletal muscie
but no nenrones or glia. We have previously shown that in the
presence of high concentrations of retinoic zcid (>5x 1077 M),
gggregates of these same cells develop into neuronal and glial
tissues but not muscle’. Thus, drugs can be nsed to generate
two quite different spectra of embryonic tissue types from the
same population of embrycnal carcinoma cells.

P19 is a cuploid (40:XY) embrvonal carcinoma cell line
derived from a teratocarcinoma induced in C3H/He strain
mice®, For the experiments described below, we used
P19S1801A1, 2 ouabain-resistant and 6-thioguanine-resistant
subclone of P19 isolated without mutagenesis” Suspensions of~
dispersed cells were plated onto bacterial-grade plastic surfaces
to which cells do not adhere®. Cells adhere to each other to
form small aggregates. These aggregates were cultured in sus-\
pension for 4-5 days in the presence or absence of DMSO.
They were then plated into tissuc culture-grade plastic dishes.

In the absence of drug, the plated aggregates contained
undifferentiated embryonal carcinoma cells along with small
aumbers of ex mbryonic endodermal cells’ (Fig. 1a). The
presence of DMSO in the culture medium produced cffects
which became clear 1-2 days after plating, that is, 6-7 days
after initiation of the experiment. In cultures exposed to 0.25%
(v/v} DMSQ, most plated aggregates contzined embryonal
carcinoma cells, rhythmically contracting muscle and fibroblast-
like cells. At concentrations of 0.5, 0.75 and 1.0% DMSO,
none of the plated aggregates contained embryonal carcinoma
cells (identificd by morphology), virtually all contained areas
of rhythmically contracting muscle, and all contained cells with
fibroblast-like mosphology (Fig. 1¢). By 10-12 days the amount
of contracting muscle had increased (Fig. 14, ¢). Also at this
time many of the DMSO-treated aggregates developed areas
of bipolar myoblasts which fused into myotubes (Fig. 1f). These
myotubes were usually non-contractile but often developed
spontaneous twitching activity by 14 days.

Electron microscopy of the cells in DMSO-treated cultures
indicated that the rhythmically contracting cardiac muscle cells
contained glycogen granules, large numbers of mitochondria,
and numerous areas of thick and thin filaments which were not
organized into mature myofibrils (Fig. 2a). The multinucleate
skeletal muscle cells were similar in appearance (Fig. 26). Thus
both muscle types ‘cmcd to be immature. Many of the non-
muscle cells had abundant rough endoplasmic reticulum and

© Macmillan Journals Lid., 1982

Flg. 1 Phasc contrast photomicrographs of live teratocarcinema cells. The
conditions for cell culture™ and aggregution™ have been described pre-
viously. Cell aggregates were formed from 1 stock culture of P19§1501A1
cells and parallel cultures were carried in: a, rormal medium (a-medium
plus 10% fetal bovine serum') b, in medium containing $x 107" M
retinoic acid; and o=/, in medium containing 0.5% (v/v) DMSO. Aggregates
were cultured 10 suspension in bacterial-grade Petri dishes for 5 days before
being plated on to tissuc culturc-gradc plastic surfaces. Photographs were
taken 2 days (e—¢) or 9 days (d-f} later. a. Untreated aggregates contain
embryonal carcinoma and a few extra-embryonic endoderm cells iarrow).
b, Aggregates of eells which had been cultured in the presenccaf 510 *M
retinoic acid contain ncurones and astrocyte glial cclls™. e-f, Aggregates
cultured continuously in the presence of 0.5% DMSO contain small areas
of rhythmically contracting cardiac muscle (arrows in ¢) which become
more extensive with time {d). At higher magnification arc: ¢, areas of
rhythmicaily contracting mononucicate cardiac muscle and, f, muftinucleate
skeletal muscle. Scale bars, 200 um.

some werce surrounded by extracellular matrix which included
collagen fibres (Fig. 2¢). -

The DMSO-trcated aggregates of P10S1801A1 cells
developed muscle but neither neurones nor glia. Treatment of
the same cells with retinoic acid resulted in the development
of neurones {Fig. 1b), glial cells, fibroblast-like cells, but no
muscle. Cultures exposed to both retinoic acid (5% 1077 M) and
DMSO (0.5 or 1.0%) developed as if exposed only to retinoic
acid, that is, ncurones and glia but no muscle were formed.

Differentiated cultures contained more actin than did
untreated cultures (Table 1}. Much of the actin in DMSO-
treated cultures was a-actin, the type present only in skeletal
and cardiac muscle cells®. Muscle-specific myosin was also
detected in both cardiac and skeletal muscle by immunofluores-
cence using monoclonal antibodies directed against muscle
myosin. About 15% of all cells were muscle myosin positive
in these cultures by 8 days but none were detected in untreated
or in retinoic acid-treated cultures. -



E‘fg. 2 Electron micrographs of some of the tissues formed in DMSO-
treated cultures, a, A section through c¢ardiac musele shows bundles of
thick and thin Slaments in longitudinal section (arrows), glycogen granules
{arrowhecad) and numerows mitechondria. b, A scetion theough a multisu-
clcate myotube shows the thick and thin filaments in cross section (arrow)
and glycogen (arrowhead). Many of the non.muscle cells in these culiures
scereted collagen (¢) which was often seen forming part of an interecilular
mazirix, Scaic bars, 0.5 um.

When 10 uM adrenaline was added 10 DMSO-treated cul-
tures, the cardiac muscle responded by a 2-2.5-fold increase
in contraction frequency and some previously quiescent areas
of the culture were stimulated into rhythmic activity. Therefore
B-adrenergic receptors were present, Such receptors are
apparently acquired by cardiac muscle after the acquisition of
spontancous contractility'™.

DMSQ was not demonstrably cytotoxic to the P1951801A1
cells at concentrations effective in differentiation experiments.
Figure 3 shows that the cfficiency of colony formation was
unafiected by DMSO at concentrations up te 1.0%. Virtually
all colonies formed in DMSO contained only embryonal ¢ar-
cinoma cells. In other experiments, monolayers of cells were
cultured for 20 days in 1% DMSO without change in growth
rate or morphology. At the end of this 20-day period, the
DMSO-treated qells were aggregated in the presence or absence
of DMSO (0.5%). Those aggregates formed in the absence of
DMSO did not differentiate while those cultured in the drug
formed miuscle and fibroblasts in the usual way. Thus, it scems
that the DMSO had no effect on the P19S1801 A1 cells cultured
as monolayers and that both the drug and ceil aggregation are
necessary for muscle differentiation. DMSO could be removed
after 2-3 days but cardiac muscle still developed at 6-7 days
as in the continuous presence of the drug. ’

The effects of DMSO described above were observed not

Table 1 Presence of a-actin in DMSO-treated cultures

. % Muscle
Treatment Total as!in‘ a-actin® actin
Untreated, day 7 1.9120.07 0.16£0.02 B.d
Retinoic acid, day 7 231003 °  0.3020.02 13.0
DMSO, day 7 2622015 0.52+0.01 19.8
DMSO, day 11 3.0520.14 0.68+£0.02 a2

Aggregated cultures were prepared as described in Fig, 1 legend. Two days
after plating (day 7) or 6 dayx after plating (day 11) the cultures were collected
for analysis. The DMSO-treated day 7 culture contained rhythmically contracung
but not multinucicate muscle. By day 11 both muscle types were present, Protein
and peptide isolation was carried out as previously deseribed™ cxcept for the
use of trypsin instead of chymotrypiin for peptide generation. The actin contents
were calculated by measuring the amounts of material which co-purified during
tlectrophoresis at pH 6.5, 2.1 and 3.5 gith tryptic peptides gencrated from muscle
actin. Total actin values were calculated {rom the amounts of radioactive material
co-migrating with the two chemically medified peptides CmCy-Asp-lle-Asp-lle-
Arg and CmCys-Phe. All known sctins contpin peptides whick should co-purify
with these two. a-Actin values were caleulated from the amount=of material
co-purifying with an 18-residue CmCys-containing peptide generated from the
N-terminal region of a-actin. Actins {rom other tisaues differ from a-actin in
this region” so shou!d not co-purify with this peptide, Total actin is higher in

* differentiated than in unditferentiated cultures and there 1s maore muscle-specitic

a-actin in DMSO-1reated cultures. The 5-13% of muscle actin present in
untreated and in retinoic acid-treated cultures may represent a background of
radioactive label detived. from non-a-actin peptides which co-purify with the
tepitimate peptide.

* mg actin per 100 mg total protein.

only on P19S1801A1 cells, but also on the parental P19 cells
and on all of the subclones from this line which were tested.
However, DMSQ had no effect on the differentiation of the
¢mbryonal carcinoma cell lines F9'', OC1581'F and C8681"°
whereas some clones of P10 cells’” appear to form an cxcess
of neurones in the presence of DMSQ (G. D. Paterno and
M.W.M., unpublished). Variation has also been observed in
the response of different embryonal carcinoma lines to retinoic
acid™’ and to aggregation in the absence of drugs’-.

DMSO is an inducer of Friend cell differentiation' as are
6-thioguanine'®, butyrate'™ and ouabain'”. The effects reporied
above for DMSO have also been observed with non-toxic
concentrations of 6-thioguanine and butyrate but not with
ouabain. Another Friend cell inducer, hexamethylene bis-
acetamide (HMBA), has previously been shown to influence
the differentiation of some other embryonal carcinoma cell
lines*™"™ but we have not tested this compound with P19 cells.

Many papers have reported the formation of a limited range
of cell 1ypes following spontancous or induced differentiation
of lines of teratocarcinomas and of embryonal carcinomz
cells™ >, but it is not clear whether this is the result of differen-
tial selection or of the occurrence of a limited number of

.
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Fig. 3 The efficiency of colony [ormation of P19S180LAL embryonal
carcinoma cells in the presence of DMSO indicates the absence of toxicity
at concentrations of less than 1% (v/v}. About 200 cells were introduced
into replicate 60-mm diameter dishes ¢ontaining various concentrations of
DMSO dissolved in a-medium supplemented with 10% fetal bovine serum
and 107 M g-mereaptocthanol, Incubation was for § days at 37°C. All
colonics consisted of cells with embryonal carcinoma morphology. Those
. colonies formed in 1.5% DMSO were smaller than control coionics, indicat-
ing that at these cgnccnlrn:ions. the rate of cel! proliferation was decrcascd,



" determinative events. We think it is unlikely that differential
selection can account for our observations because: (1) the cells
did not differentiate into embryonic cell types in the absence
of drugs, (2) the cell types formed in DMSO-treated cultures
were substantially different from those formed by the same
cells in parallel cultures exposed to retinoic acid, (3) neither
drug appeared to be toxic, (4) all subclones responded to both
drugs, (5) the drugs were effective even when cultures were
exposed to them for 48 h at the beginning of an experiment,
and {6) DMSO did not inhibit the formation of neurones in
cultures exposed to both retinoic acid and DMSO. The simplest
interpretation of these data seems to be that each drug acts by
‘inducing’ uncommitted embryonal carcinoma cells to
differentiate along a limited number of developmental avenues.

If the drugs act by bringing about intracellular changes which

mimic the results of certain embryonic decisions, it may be
possible to use the drugs to identify parts of the cellular decision-
making apparatus.

This work was supported by grants from the NCI of Canada
and the MRC of Canada. We thank Irwin Schweitzer and Kent
Rogers for their help. Antibody to glial fibrillar protein was
the gift of Dr V. Kalnins and antibody to muscle-specific myosin
was provided by Drs D. Morgenstern, D. A. Fischman and P.
Merrifield. '
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