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ABSTRACT }

. ! ’ -~
. i, - 7
1 carcinoma (EC) are the stem cells murine -

fumours calTed }efatocarcinomas.v EC cells are plurlpotenf
and resembie émbryonic’cells at a time before X-inactivatidn
has faken place. I have atteﬁpted‘to,study X—cﬂromosome
activity in EC cells in two ways. (i) "In the main project .
I attempted to cregte_female EC cells which carr?ed human or
Chinese hamster X-chromosomes by cell hybridization tech-
niques. An inability to recover these aﬁd other ﬁybrids
involving EC cells provoked an iﬁvestigétion'into the form-
ation>and fate of heterokaryons.formed between EC cells and
othér cell;types. The results of this study suggest that

* heterokaryons formed Eefw;en EC cells and some differentiated
cell types d; not proliferate due to én'incompéfibiliéy
between the pluripdtent and differentiated states. (ii) 1In
addi%ion, I attempted to determine whether a female EC cell
line (P10) had two active X-chromosomes by measuring and
comparing the specific activities of three X-coded and two
autosomally .coded enzymes in it and in EC cells which had a
single functional X-chromosome. X-coded enzyme levels in
P10 and subciones of P10 were not twice as high as in EC
cells which expregsed a single X-chromosome. Furthermore,
X-coded enzymf levels did not drop by half upoﬁ the differ-
entiation of P10 and subclones of P10. Concurrent with these

‘experiments others shOﬁfd, by independent critefia. that

P10 and some subclones of P10 had two active X-chromosomes,

.
[F24NN



and that'x-inactivation did occur upon the differentiation
L 4 .

of these cells. In view of these facts, it must be céncluded

3

o

' that X-coded enzyme levels do not reflect the number of

active X-chromosomes in P10 -and its derivatives.
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\ < ‘ RESUME

Les carcinomes embryonaires (Cﬁ) sont les cellules
souches des tumeurs de souris appéléés teratocarcinomes. Les
cellules CE gont pluripotentielles eE’ressemblent aux
cellules embryonaires avant que 1'inactivation du chromosome-X
se soit produite. J'al tenté d'exaﬂiner l'activité des
chromosomes-X des cellules.CE dé deux fagons. (i)} Dans
la principale partie du projet, j'ai tenté de Cféer par les
techniques d:hybrida%ipn des cellules CE femelies portant
'des chromosomes-X d'humain ou d'hamster éhinqis. Vu
1'impossibilité d'obtenir ceux-ci ainsi que d@autres hybfides
impliquant les cellules CE{ une investigation‘de lavform-
ation et du destin des hétérocaryons formés a partir des
cellules iﬁ)et d'autres types celluiﬁffas\a éte pgﬁr uivie;
Les résultats de cette atude suggérent qué‘}es hétérocary&ns
forméd & partir des cellules CE et certains types cellu;a&éés
différenqiés ne se p;oliférent pas a caﬁsg de l'incﬁmpatabilit@
ehtre la pluripotentialité et 1'état différencie ¢ (iv) J'ai

aussi essayé de determiner si une lignée c%;lulaireffémelle

ey

-

CE (P10) avait deux chromosome-X actifs. Les activités

spécifiques de trois enzymes codés par le chromosome-X et

de deux codés par des autosomes dans P10 et dans les celluie§
CE qui n'ont qu'un chromosome-X fonctionel -ont été mesurées
etjcdﬁbarées. L'activité des enzymes codés par le' chromosome-

- R X
X dans la P10 et dans les sous-clones de P10 n'est pas deux

fois plus élevé que dans les cellules CE qui n‘ont qu'un



seul chromosome-X. Elle n'est pas non plus diminuee de
moitié lors de la dlfferen01at10n de P10 et des sous- clones'
de P10, En méme temps) et par des critéres différent,

d'autres chercheurs ont démontré que le P10 et les sous-

~—

. ; =z
clones de P10 avaient deux chromosomes-X actifs et que
b

1'inactivatfon du chromosome-X se produisait lors de la
différeﬁciation de ces cellules. On peut donc conclure de
ceS résultats que les niveaux d'enzymes codés par le

chromosome-X ne refl2dtent pas le nombre de chromosomes-X

actifs d;§§ le P10 ou dans ses dérivés.
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X-CHROMOSOME ACTIVITY AND . ,
. EMBRYONAT, CARCINOMA CELLS ' e

- INTRODUCTION - L/

The study of embryonic development presents a challenge

te many biologists today. The mechanisms which prevail in
the developing embryo are only sléwly being brought to light.
Of central importance to aQ‘undérstanding of the process of
embryogepésis ig the elucidétion of ‘the role and manner of
differential gene expression.

It seems clear that different genes must function at
various times throughout the course of embrydgenesis.' As
development proceeds,-celléfaestined to form ﬁarticular
tissue types must activate genes whose products are necessary

fo? differeﬁtiation. By the same token, some genes must
be repressed once their products have acted to the appropriate
extent. Transc?iption is the first of many leﬁels at which

gene expression may be regulated. Our understanding of

transcriptional control in.eukaryotes remains vague .
‘ AN

~ .

-
'y

X-chromosome inactivation
| Models of gene regulation are studied in the hope of
defining control mechanisms which may have a broad
applicability. One such model is the inactive mammalian X~
chromosome. ' ) -

Female mammals carry two X-chromosomes in all somatic

4
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cells while maies have an X and a Y-chromosome.  Early in‘tﬁe
embryogenesis of the female, one of the two X-chromosomes in
every cell is inactivated aﬁ random. This inactive X is
inherited throdugh subsequent mitesis. Thus, each somatic cell
of the femﬁie contains a transcriptiongdly i;;rt X- h

chromoscme.,

X-inactivation is an interesting developmental event

in itself, and, an understanding of the mechanism of X-

inactivation may shed light on the subject of eukaryotic
gene control in géﬁeral.

In 1961 Lyon {1) and Russell (2) first proposed that one
X-chromosome in every female somatic cell is ingétivated'at
random at some point in embryogenesis. This hypothesis was
based on observations on coat coTour variegation in female
mice heterozygous for X-linked coat colour alleles. A number
of other observations have given ;trong support to the
inactive X hypothesis. Some of this evidence is presented

below.

(i) The heterochromatic X-chromosome .
A heterochromatic X, which replicates l:%E\ip S phase,

has been observed in the somatic cells of all female mammals SO
far examined (3). In some cases the late replicating X can

be identified as that X whose gene precducts are noﬁxpresenﬁ

in a clonal cell culture (3). This is in agreement with

the accepted notion that heterochromatin is transcriptionally

A

. inactive (4).
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(11) XO mice ang humans

Mice whlch are karyotyplcally 0 are normal fertile
females (3). XO humans are near, y normal females as well.
Thus, a 'single active X-chromosome is sufficient for proper
development in mice and humans.

ot
]
-

(iii) Coat colour variegation

' Female mice heterozygous for X-linked coat colour
alleles display dlscrete patches of one or the other)hair (\n
colour. Each patch is the result of the clonal‘EFﬁié}Eratio
of melanocytes (5) which express dnly one coat colour allele.
(iv) Absence of gene pgoduct

The absence of X-linked gene products provides the most
éonvincing evidence for X-inactivation. Cloned-cultures
of fibroblasts from women heterozygous for the A and B
electropheretic variants of the X-linked enzyme glucose-6-
phosphate dehydrogenase (G6PD) aisplay a single form of the
enzyme (6). This restriction of allelic expression h;E
been demonstrated for other X-linked genes in humans and

other mammals (3).

(v) Specific activities of X-linked enzymes

Epstein et al (7) showed that early female mouse
embryos had approximately twice fhe specific activities of
X-linked enzymes as did male mice. This difference can not

be demonstrated in older mouse embryos {8). Assuming that
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" active. gene copies which code for them, these data suggest R

X-linked enzyme levels are proportional to the number oé\

I
;

< ,
that both X-chromosomes are active in the very’;arly empry6
¥

and one of them subseguently becomes inactivated.//,
Taken together these findings provide stronghsvidence
\for X-inactivation in the mammalian female.

X-chromosome inactivation ensures that female (XX) and
male (XY) mammals express the same number of X-linked gene
copies. This dosage compensation presumablyﬁarose concurrently
wiéh the evolutionﬂof the heteromorphic sex.chromosome pair

" in order to,pré;ent differential selection‘between the sexes
(9). Once established, dosage compensation by X-inactivation
must have provided a selective force for the retention of
X-linked genes on the X—cﬁ;oposome (10). This is sﬁggested
by the.finding that numerous homologous geneg,?ave been;
shown to be X-linked in a variety of:mamﬁals (11,12). Con-
versely, no gene which has been shown to be X-linked in .one
mammalian species has ever been shown to be autosoma%ly‘
inherited in another (11). Furthermore, the X-chromosome
comgpiﬁes about 5% of the genome and is abcut.the same size
in the great majority of mammalian species studied (10).
These observations suggest that X-inactivation as a means of
dosage compensation arose about 100 million years ago (11)

Interest in X-inactivation has centered on the chron-
ology of the event in embryogenesis and the molecular mech-

anisms by which it is accomplished. Relative to the above a

number of pocints must be considered. f(i) Both X-chromosomes
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are’'initially active (7). The process is tqgrefore one of
-inécti;atioh. and not activation as.proposed by some (13).
(ii) Inactivationﬁof the paternally or maternally inherited
. X-chromosome is equally likely in the gmbr&o propéf as
jdetermined by cytogenetic and biochemical marker studies (3).

{iii) The paternally inherited X is preferentially inact-
4

ivated in the extraembryonic membranegﬂef the rat (14) and
mouse (15,16,17). (iv) . Inactivation commences around the
-%}me‘of implantation in the mouse embryo (3). (v) The
““firocess may precede the commitment of each embryonic cell
b0 a'differentiati#e path (18). (vi) Inactivation is
generally irreversible. The same X is maintained inactive
from mitosis to mitosis (6,19). The derepression of a small ..
region of an inactive human X-chromosome in a mouse/human
‘hybrid cell line has been reported (20) and'recenfly
confirmed (21). (vii) There is a locus on the inactive
human X-chromosome which is not repressed (23,24). (viii)
The number of active X-chromosomes may be determined by
the number of maternal haploid autosome sets (22). Any
model of X-inactivation must take these observations into
account.

Nothiﬁg is known about the mechanism by which X-
inactivation is initiated and maintained. The most popular
models involve either the cooperative binding of regulatory
proteins to an effector locus (13,22,25), or, the specific
modification of DNA via base methylation (26,27). They have

not been experimentally tested.
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Two factors pose‘major problems to the study of X-
inactivation. Firstly, the embryo consists of a small
number of cells when X-inactivation occurs and 80 providés .
1ittle material for study. Secondly, development takes place
in utero and 55“}f only observable through surger&. There
is a definite need *o obfain a system which surmounts these

] \
technical difficulties. Embryonal carcinoma cells of the

e

mouse may provide such a system.

Embryonal carcinoma cells
Murine embryonal carcinoma (EC) cells are the stem cells
~of tumours known as teratoca}cinomas. These tumours can
ariée spontaneously from germ\cel%s in the gonads of certain
strains of mice (28,29), or they é;n/be induced by the trans-
’ plantatian of an early mouse embryo. to an exéfa—uterine site,
such as beneath the testis capsule (30,31,32,33). The
subsequent disorganized growth of the embry0>forms the tumour .
Teratocarcinomas can be induced by other means as well, such
as the introduction of zinc metal strips into the testis (34).
Independent of their origin, teratocarcinomas‘are composed
of a wide variety of differentiated tissue types in addition
to EC (34).
EC cells are very similar to celis of the early
embryo. This is apparent in their ability to differentiate
along numerous pathways. Individual EC cells have been
shown to be pluripotent (35). When injected into early

mouse embryos they will participate in the development of a

~
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viable mouse (36). %hey can thué be subjeéted to '_e same
developmental constraints as normal embryonic cells.

What renders EC cells of considerable value is their
ability to be grown in tissue culture {(37). Under the
appropriate in vitro conditions they.will form numerous
differentiated cell types (38,39). Jgne may observe endo-
derm, epithelium,.muscle, nerve and other differentiated
tissues. EC{cells thus provide a limitless source of exper-
imental matéfial with which diffé}entiation‘can be studied.
They can also be subjEcted to a variety of manipulations
available for cells in culture. Furthermore, EC cells are
functionally equivalent to embryonic cells at a time before
X-inactivation has taken place (40). Thus, the use of EC
>cells avoids the technical difficulties encountered when-.
‘working with early embryos. This makes thém an ideal system
in which to attempt the study of X—inactivgtion.‘

There are to date only two published papers involving
the study of XJchromosome activity in EC cells. The first,
by McBurney and Adamson (1976) (40), characterized two
karyotypically XX and three X0 embryo-derived EC cell lines
for the specific activities of four Xécoded.enzymes. Levels
were similar in XX and X0 cells suggesting that all lines
had only one functioning X-chromosome.. This was supported
by t%he observation that the frequency of recovery of recessive

‘X-linked mutations was comparable in XX and X0 cells. Only
cne of the two XX cell lines had a demonstrably late rep-

licating X-chromosome. This may suggest that X-inactivation
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-
precedes.entry into a late\replicating state. Diffeéent EC
lines could be functionally equivalent to developmental;
stages prior to énd after entry into late ﬁ—chromosomé
replication. |

Martin ngg; {1978) (41) measured the gpecific activities
of threae X-coded enzymes in an XX EC cell line derived from
an ovariﬁn\teratocarcinoma and in three X0 EC cell lines of
testicular origin. The levels were twice as high in the XX
as compared to the X0 cell lines. When these cells were
made to differentiate the specific activities in the female
line dropped to levels similar to those of the XO. The
conclusion drawn was that X-inactivation had taken place
during differentiation. There was no report of the identif-
icat%on of a late replicating X-chromosome in the differen-
tiated cultures.

The continued study of X-chromosome activity in EC
cells is warranted. It is of interest to determine whether
female EC cells carrying two active X-chromosomes can be
isolated from embryo-derived teratocarcinomas as well as
parthenogenetically derived ones. The productioq of EC cells
with electrophoretically separable X-coded enzyme forms
would be most useful. The practical applications of such
cells are discussed in a 1ater.section.

g

Genetic manipudlation via cell fusion

<

Experimentally induced cell fusion has proven to be a

£

powerful tool upon which the field of somatic cell genetics
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has been established. Cell hybri&s have been useful in such

areas asg the characterization of biochemical leSiQE? thfough.

comilementation, the search for regulators of differentiation

through the fusion of ceils of differing'developmental status,

and the mapping of the human genome in man/mause hybrids (42).
Cell fuéionlis most commonly effected ¢hrbugh the use

of inactivated Sendai virus or polyethylene glycol (PEG).

How plasma membrgpes fuse is not well understood, although

various parametefs necessary for it to occur have been

defined (42).

When a mixture of two cell types is treated with a

. fusiop~inducing a ent, fusion may occur between cells of
€ same or of different types. These fusion products are

termed homokaryons aﬁajheterokaryons,‘respéctively. Their
surviva; depends ¢n alnumber of facters. Those fsrmed by
the fusion of two cells only are thgﬁmost‘likely to prolif-
erate (42). OFf these, most do not Ztrvive the first few
mitoses as a result of complications in éEanle arrangemenf
and chromosome movement, probably due to the presence of
extra centriole pairs (42). The daughter cells of hetero-
karyons are true hybrids, composites of the cytoplasms and
chromosomes of the two parﬁntal éeiiEq

One notable characteri$tic of hybrids is the tendency
to lose chromosomes. This ﬁkocess is termed segregation (42).
The chromosome complement becomesgérogressively more stable

with continued proliferation. In the case of mouse/human

hybrids there is a preferential loss of human chromosomes (43).



\z\ ‘
Virfually 2ll of the human chromosomeg can be lost.

Cell hybridization techniques can be used to transfer
small numbers of chromosomes froﬁ one cell type to another.
Micrdcélls and mini segregants are two types of fusable cell
fragments which are used'fhf»ﬁbis purpose. Micrﬁcells are
derived from cells that contain micronuclei. Micronuclei ;fe
small nuclear structures (fig. 1) which have less than the
diploid number of chromosomes. Some podent cell lines form
micronuclei in response to prolonged mitotic arrest (42).
When micronucleated cells are subjected to high-speed centri=
fugation in Ficoll density gfadients péﬁtainihg cytochalasin-
B, the micronuclei are forced from the cell in a thin shell

of cytoplasm and plasma membrane to produce microcells (&4,

45), The DNA content of microcells can bevas small as that

of a single chromosome (45). Microcells prgvide a vehicle
.by which a single chromosome may be_tr to another
cell through membrane fusion.
Minil segregants are derived from a cells by another
method (46,47). Hela cells undergo aberrant cytokineéis
after exposure to mitotic inhibitors and low temperature.
The cells constrict ih numerous planes to form multi-lobed
structures. Because some of these structures resemble a
bunch of grapes (fig. 2), each abnofmally cleaved ck®ll is
called a BOG, for short. Isolated lobes called mi;:\gggre-

gants can be obtained by the passage of BOG's through a hypo-
dermic needle. Like microcells, mini segregants contain a

variable number of chromosomes and can be used in cell



Figure 1:
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. Photograph of an intact 3T3 nucleus beside

one which has undergone micronucleation due

to prolonged mitotic arrest.






Figure 2:
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Hela BOG produced by aberrant cytokinesis

. affter prolonged mitotic arrest.
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fusions (48). | ~
Methods are available for the selection of hybrid cells
over unfused cells and homokaryons. One way is to fuse cells
which have different genetic markers or
biochemical deficiencies and select under conditions in
which only the hybrids can grow. For example, cells must
possess both of the enzymes hypoxanthiné-guanine phospho-
ribosyl transferase (HGPRT) and thymidine kinase (TK) in
order to survive in the selective medium known as HAT‘k49,
50,51). Cells which are HGPRT or TK deficienf‘can be obtained
by selection for resistance to toxic nucleotide analogues.
(49). The fusion of HGPRT™ cells to TK™ cells will produce
hybrids which will grow in HAT (due to complementation)
whereas the parental cells fail to sur&ive. The gene for
HGPRT 1is X—linked‘in-all mammalian spécies-in which it haé.
been mapped (52,53). Thus, hybrids\which retain the X-

chromosome of the HGPRT' parent are selected in HAT.

‘The proposed projects

(i) Production of embryonal c&rcinoma cells éarfying
Joreign X-chromosomes

The aim of the pfoject I initially undertook was to
introduée an X-chromosome of human or Chinese hamster origin
into the female HGPRT™ EC céll line C145A12 (54). Such a
hybrid would be useful for the study of X-chromosome activity
because mouse and non-mouse X-coded enzymes can be separated

electrophoretically. The most waluable enzyme in this
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context would be glucosexb-phosphate dehi}rogenase (G6PD) .
G6PD is a dimer. When two electrophoretically separable
forms of G6PD are synthesized in the same cell, subunits of
each type combine to fo;m heterodimers. He&srodimers are
observed as an electrophoretic band of G6PD activity which
migrates between the twd homodimers {(55). Band intensities
are proportional to the cytoplasmic concentration.of G6PD.
Cytoplasmic concentration of the enzyme is in turn propor-
tional to the number of active genes coding for it. This
enzyme thus provides a means of determining the ratio of the
number of actﬂve X-chromosomes carrying the gene for one
form of G6PD as. opposed to another.

X-chromosome activity in this hybrid coculd also be
monitored by means c¢f the qytogenetic and biochemical
techniques discussed earlier. i

The hybrid could be used to answer two questions.

(i)' The number o£ active X—chromosomés in Clhﬁiiijsould be
determined by the G6PD electrophoretic pattern of the pro-
posed hybrids. (ii) If the hybrids could be induced to
differentiate they couid be tested for the occurrence of
X-inactivation. If it did take place the randomness of
inactivation and its timing with respect to other differen-
tiatjon events could be determined, alsc through G6FD
'electroﬁhoretic analysis. In mechanistic and evoluticnary
terms it would be of consiﬁerable interest to detérﬁine

whethér a non-mouse X—chromosome_could be inactivated in a

mouse cell.
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The transfgr of a foreign X~chromosom§,fo 0145A12 was
attempfed in three ways. Ci45A12 cells wére fused to (i)
Hela mini segregants and {ii) microcells of Chinese hamster
ovary cells. (iii}) Fusions between whole Hela and C145A12
cells were also performed with the intention of obtaining
hybrids which had lost all human chromosomes but the X. In
addition, whole CHO cells were fused to C145A12 cells. These
last two expériments provided a means of assesging the

 efficiency of hybrid formation between EC cells and mini
\\Asegregants or microcells by establishing the frequencies of
whole cgil hybrid recovery. ‘ ¢

In spite of considerable effort, no hybrids were
recovered from any of these experiments. We had noted
earlier that we were able tc recover hybrids between EC cells
and some cell types, but not with others. This observation,
plus the lack of success in the above experiments, suggested
that there was a block in hybrid formation between EC cells
and certain cell types. We felt that such a block might
also be responsible for an inability to recover hybrias
between EC cells and microcells and mini segregants. I
therefore undertook to determine the site at which viable
hybrid formation was blocked and, if possible, use this
information to bypass the block and produce CthAlZycells.
carrying foreign X-chromosomes. This work expanded to form

the bulk of this thesis and is presented in chapter two.

(ii) X-coded enzyme levels in embryonal carcinoma cells

Male and female EC cell lines have recently been

‘\\ B
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established in culture in our laboratory from embryo-
derived teratocarcinomas of C3H mice. We wished toc determine.
(1) whether the female EC cell lines had one or two active
X-chromosomes, and if so, (ii) whether X-inactivation
occurred upon differentiation.

One manner in which these problems can be addressed
is through the measure of specific activities of enzymes
coded for by X-linked genes. There is evidence that the
specific activity of'X-coded enzymes,is directly proportional
to the number of active X-chromoscmes (7,8,56,57.58).
Female EC cells with two active X-chromosomes should have
twice the level of X-coded enzymes as male EC cells and EC
cells with one active X. The specific activities of three \
X-linked enzymes were determined for a number of Eg lines.

-

This work was part of a collaborative effort; independent

-

direct assessments of X-chrngﬁgpé activity were simultan-

eously performed. The results of this investigation are
: &
presented in chapter three.
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ABSTRACT

We have shown that murine embryonal carcinoma (EC)
cells will readilyafuse to non-EC cells following treatment
with polyethylene glycol (PEG). Heterokaryons were detected
by ‘autoradiography and premature chromosome condensation
(PCC). Those heterokaryons formed between EC cells and
certain of the non-EC cell types did not proliferate to form
viable hybrids. In contrast, viable hybrids were isolaied
following fusion of the differentiated progeny of EC cells
and one of these non-EC cells. ThHe evidence suggests that

pluripotent and certain differentiated genomes are incom-

patable in a common cytoplasm.

-

L
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INTRODUCTION

The techniqueé of cell hybridization have been used to
investigate the nature of intracellular regulators of gene
expression (1). Pluripotent murine embryonal carcinoma (EC)
cells may be unique for these studies because they are
developmentally naive (2). Hybrids between EC cells and ay
number of differentiated cell types have been isolated. 1In
some cases the hybrids resembled EC cells (3-6) .while in‘
others the developmental status of the hybrids was not clear
(7-10). Still others displayed‘characteristics of the
differentiated parent (5,11-15). An example of the latter
situation is EC/Friend cell hybrids which synthesize hemo~-
globin like the Friend cell parent (16). The EG-derived
globin genes of these h&brids are exﬂ;essed providing
evidence for the presence of positive regulators of globin
gene expression (17). |

It would be of interest to determine the developmental
status of hybrids formed following the fusion of EC cells
with cells displaying other differentiated characteristics.
We have found, however, that many cell types do not form,.
viable hybrids with EC cells. The evidence presented below
indicates that this is because the heterckarycens do not pro-

liferate.
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MATERIALS AND METHODS

Cell lines and culture technigues

411 cell lines were routinely culturea in plastic Petri
dishes in alpha-modified minimal essential medium (18)
supplemented with 10% fetal calf serum (FCS) {Flow Lab-
oratories, Mississauga, Ont.) in a 5% 002 humidified incu-
bater. Cells were removed from the dishes by a 5 minute
treatment with ca®*-and Mg2+-free rhosphate buffered saline
(PBS) containing 1 mM ethylene diamine tetraacetic acid
(EDTA) and 0.025% trypsin. The cell lines used in this

e
investigation are described in table 1.

-

Cell fusion and hybrid selection

Cells attached to the bottom of glass scintillation
vials were fused by a modification of the procedure of
Davidson and Gerald (19). One ml of a sterile agueous
solution of 0.1% (W/V) poly-L-lysine (M.W. 500,000) (Sigma)
was placed in a sterile 20 ml glass scintillation vial
(Kimble, Skokie, I11.) for 5 sec. ' The solution was then
removed and the vial washed with 5 ml of sterile PBS.

1.5 x 10% cells of each type to be fusedwere mixed in a
total volume of 2 ml serum-free medium agd added to the

@
o produce a semi-

vial. The vial was centrifuged (700 g)’f
confluent monolayer of cells.- All residual medium was
aspirated from the vial and 1 ml of sterile 50% (W/V) poly-

ethylene glycol (PEG) 1000 (Koch-Light Taboratories,
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Colnbrook Bucks, England) made up in serﬁﬁ-free medium was
a:Zed to the vial so as to cover the cell monolayer. This
solution was removed after 60 'seconds Epd the cell monolayer
was washed twice with 10 ml of serum-free mediuml Five ml
of medium supplemented with 10% FCS were added to the vial
and tﬁe cells were incubated for 1 hr at 3?°C. The cells
were then removed from the bottom of the vials by trypsin-

6 cells were plated at 10° cells/ml into

izatiog and 1.5 x 10
100 mm plastic Petri dishes. Selective agents were added

the next day. The following selective media were used: HAT
(20) (10 ug/ml hypoxanthine, 0.1 ug/mf methotrexate, 10 ﬁg/ml

thymidine); HAT plus 1 uM ouabain.

Autoradiography

The cells to be labeled were cultured for 24 hrs in b .
medium containing 1 uCi/ml 3H—thymidine.(dT) (Amersham/
Searle). Labeled cells were washed, fused to unlabeled cells,
and ﬁlated onto sterile glass éoverslips at 2.5 x 103 cells/ml
in medium containing 10 ug/ml unlabeled dT. HAT and cuabain
were added the next day i1f prolonged culture was carried out.
Cells adhering to coverslips were fixed with 3:1 methanol:
acetic acid and the coverslip mounted cell-side up on
microscope slides. The slides were dipped in a 50% (V/Vf
aqueous sclution of NTB2 nuclear track emulgion (Eastman,
Rochester, N.Y.) containing 1% glycerol and exposed for one
“week in the dark at 4°C. The autoradiographs were developed

in undiluted Kodak D19 developer for 3.5 min. Slides were
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then stained in 2% Giemsa (pH 6.8) for 10 to 20 min.

Premature chromosome condensation
The procedure for the induction of premature chromosome

condensation was based on that of Johnson and Rao (21). Hela
éells were collected in metaphase by culturing cells for 24 -
hrs in the presence of 0.06 ug/ml of Colcemid (Cal Bioc‘Em,
La Jolla, Cal.). Metaphase Hela cells were fused to EC or,
373 cells by the procedure outlined above. The cells were
ifcubated at 37°C for 30 min after.PEG treatment. Chromoso&e
spreads were then prepared arfl stained in 2% Giemsa (pH 6.8)

‘ ﬁfr 5 min. ‘

/S _ o

A :
7 Chromosomes, GPI and G6PD analysis

Chromosome spreads were prepared Ey the air drying
me thod and-stainedagith Giemsa. Ten or twenty spreads from -
each cione were counted. Electrophoresis of glucose
phosphate isomerase (GPI). and glquse—é-phosphate dehy-
drogenase (G6PD) was carried out on starch gels (16) and

cellulose acetate gels (22), respectively. - ~’\*

Isolation of HGPRT™ mutants and TK~ segregants

HGPRT deficient 3T3 cells were selected in G—thioéuanine

(5 ug/ml). Colonies arose at a frequency of about 10'6.
3T3H1 is a clone derived from this selection.
s TK deficient segregants were obtained by érowing hybr!ds

in 8-azaserine'(of02 mM) (Cal Biochem, La Jolla, Cal.) plus
LN
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hypoxanthine (10 ug/éi;F;;;\two weeks followed by selection -

in BrdU (30 ug/ml). TK segregants werevroutinely cultured
in the presence of 8-a serine;qus hypoxanthine to select
for cells which are HGPRTt\£23).

LIPS

Y

Mini segregant and microcell production e

Hela mini segregants were prepared according to the
method of Johnson giigl (24). Microcells were prepared by
expoéing cells to Colcemid for 48 hrs (1) and then centri-
fuging them in Fic&ll density gradients;(25,14). Microcells
and mini segregants which passed through a 5.0 u Uni-Pore
'fi*?er (Bic-Rad, Mississauga, Ont.) yere used in order %o
enri?hqfor those carrying small numbers of chrjmosomes.

-

v
Differentiation of EC cells in vitro -

P19A2 cells were induced to differentiate by culturing

the ‘dells in the presence of 107/ M retinoicddcid (26) for -

one to two weeks. The medium was changéd.every second day. ////,- .

This procedure yielded a differentiated cell type, probably

& .
primitive extra-embryonic endoderm (E. Jones-Villeneuve,

.7

perscnal communication).

Saa

P
—
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TABLE 1

DESCRIPTION OF CELL LINES

. Selective Mafkers Source or

Cell Name Céll Type Uged in tﬁis Study Reference

Ciksa12 murine EC HGPRT™ 14

P1GA2 ,murine EC HGPRT ™ M. McBurney

373 _ muring (swiss) - TK™ I. Craig
fibroblasts _ -

3T3H1 " murine (swiss) HGPRT™, TK™ present
fibroblasts paper

HelLa human epithelial sensitive to M. Rauth
carcinoma 1uM ouabain N

IMROO human embryonic sensitive to W. Nichols (

: fibroblasts 1 uM ouabain .

F4u8B chinese hamster K™ " L. Siminovitch

' ovary cells

EOHM chinese hamster HGPRT ™ R. Warton
ovary cells " '

. = N L

STO murine HGPRT 4. Bernstein
fibroblasts

Abreviations: HGPRT™ = deficient in hypoxanthine-guanine

phosphoribosyl transferase; TK~ = deficient
in thymidine kinase.



RESULTS

We have beén unable to recover cell hyﬁrids following
the fusion of four independently isolated EC cell lines to
certain non-EC cell ;ypes such as murine primary fibroblasts
and myeloma cells, human fibroblasts and‘lymphocytes, Hela
cells and CHO cells. In the last two examples the frequency
of hybrid recovery was less than :LO-7 hybrids per cell plated.

On the other hand 3T3 fibroﬁlasts gave rise to viable
hybrids with EC cells at a frequency of about 4}x 1073, we.
have also recove;ed hybrids of EC and Friend cellsrat lower
frequenqi;: (10_5 to 10—6) (16); however, our gen;ral

observati has_been,that EC cells form viable Hybrids with

very low frequency following their fusion to many non-EC cell

types.
N

Detection of heterokaryons

Our inability to recover hybrids could be because (i)
plasma membrane fusion does not take place, or, (ii) hetero-
karyons formed followiég membrane fusion do not proliferate.
To test these alternatives we have looked for heterckaryons
following polyethylene glycol (PEG) treatment of mixed
cultures.

We used autoradiography in‘the first test for the
presence of heterokaryons. The DNA of cells of the EC line
C145A12 was labeled by growing the cells in the presence of

» ¢
3H--dT._ These cells were fused to unlabeled human embryonic
’ -~
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fibroblasts (IMRS0Q)} or to mouse 3T3 fibfoblasts. The fusion
mixtures were plated onto coverslips and .these were prebared
for.autoradiography{ Heterokaryons were identified by the
presence of labeled and?uﬁlabele&ﬁnuclei in the same cyto-
plesm. 01Q5A12/IMR90 heterokaryons .(fig. 1) were detected

"at a similar frequency to C145812/3T3 heterokaryons (table 2).
learyons, whlch are. the heterokaryons most llkely to form

" hybrids (1), made up 1.2% and 1.0% of the C145A12/IMR90 and
C145A12/3T3 post fusion mixtures, respectively. This exper-
iment demonstrates that EC cells are quite‘capable of forming
_heterckaryons with IMR$0O fibrooiasts.

v Nei%her EC nor HeLa;cells spreao well on glass cover- ‘

slips. This would make the autoradiographic detection of

EC/HeLa heterokaryons difficu%fl‘ However, virfually 100%

of a Hela cell culture can be blocked at metaphase by a 24 hr

exposure to Colcemid. The fusion of an interphase cell with.

a cell in mitosis results in the premature condensation of

the 1nterphase chromosomes (1). Prematurelf condenseé;éPC)

chromosomes of cells in Gl’ S and G2 cell cycle phases are

' dlstlngulshable from each other and from metaphase chromosomes.
We, therefore, used the lnductlon ¢f premature chromosome
condensation {PCC) as a meaﬁs of assessing the extent of
fusion between Hela and EC cells.‘

HeLa cells blocked at metaphase were fused to 6145A12

- cells or tq §T3‘fiﬁroblasts and chromosome spreads were
subsequently prepared: The presence of PC chromosomes

associated with a Hela metaphase chromosome spread was taken
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S

Example‘of a heterokaryon detected by auto-
radiography. Photograph shows a heterokaryon
forméd by the fusion of a‘3H-dT labeled
Ci145412 cell to an unlabeled IMR90 cell.
Photographic grains are found at high density
over the C}bSAlZ nucleus.

)
J
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TABLE 2 -

HETEROKARYON AND HYBRID FORMATION1

Hybrid Colonies
Fuglon Mixture Pgrcent Heterokarxons2 Per 106 Cells Plated

C145412 x IMR9O ; 13.9 0
Ci4s5A12 x 3T3 4.8 820
C145412 x Hela 3.8 0
Hela x 3T3 7.2 400
1 Heterokaryon formétion was scored by PCC or autc-

radiography (see text). Hybrids were selected from
fusions involving unsynchronized Hela cells and un-
labeled Cil45A12 cells.

2 Percent heterokaryons as determined by autoradio-
graphs was defined as the number of labeled (C145412)
nuclei in heterckaryons divided by the total number
of labeledsnuclei, times one hundred. 500 cells were
scored. Percent heterokaryons as determined by PCC
was defined as the number of Hela chromosome spreads
containing PC chromosomes divided by the total number
of Hela chromosome spreads, times one huhdred. 500
HeLa chromosome spreads were scored.
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as an indication that fusion'had occurred.

The extent of fusion in the 3T3/Hela and C145412/Hela
mixtures was comparable (table 2). PFigure 2 shows PC
chromosohes.resulting from the fﬁsion of mitoticélly arrested

Hela cells to C145A12 cells in G S and G2. The number of

1’ >

PC chromosomes can be counted in the photographs of G, and

1
G, PCC and is 40 in both cases {C145412 cells have 40
chromosomes). Furthermore, all the G, PC chromosomes appear
to be telocentric, a characteristic of all normal mouse

chromosomes. The extent of cell fusigg\fff’é;kunctio‘ of

the duration of exposure of the mixed cell monolayer td_PEG
(fig. 3). No PC chromosomes were detected in the absence ofﬁx\’J/
PEG treatment. These results indicate that fusion does take
plage between EC cells and mitotically arrested Hela ceils.

For each experimenf designed to detect heterokaryon
formation a parallel experiment was performed to determine
the frequency of hybrid formation. These experiments made
use of unsynchronized Hela cells and unlabeled C145412 cells.
The results are presented in table 2. Although hetero-
karyons were present at high frequency in all fusion mixtures,
no hybrids were recoyereé from fusions of C145A12/Hela or
C145412/IMR90. In these cases the heterokaryons appafently
do not proliferate. On the other hand, cell hybrids were

recovered at high frequency from Ci45412/3T3 and 3T3/Hela

fusion mixtures.

o
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Prematurely condensed EC chromosomes following
fusion of interphase EC cells to mitotically
arregted Hela cells. The Hela chromosomes are
short and thick. a) G, Ci4s5A12 PC chromosomes
are long and thin and composed of a single
chromatid. b) S phase C145412 PC chromosomes
have a beaded or pulverized appearance.

c) G, C145A12 PC chromosomes are long and
thin teloqpqtrics composed of two chromatids.
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Figure 3:
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Effect of the length of PEG exposure on the
frequency of PCC induction. The percentage
of predaturely condensed EC chromosomes at
each exposure was determined from 50Q Hela
chromosome spreads. Bars indicate 95% con-
fidence intervals. &
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Heterokarxon survival
| EC cells have high levels of deoxyribonuclease activity
(27). One possible reasen for the inability of C145412/IMR9O
heterokaryons to form viable hybrids is that one or beth
nuclel are répidly destroyed by hydrolytié enzymes such as
DNase I. To examine the long term fate of heterokaryons we
performed the following experiment.
C145412 cells prelabeled with JH-dT were fused to IMR9O
fibroblasts and equal aliquots of the fusion mixture were
plated onto a number of glass coverslips ;n médium containing -
HAT  and ouabain. At daily intervals two coverslips were o
harvested, prepared for-autoradiography and analyzed for the
number of heterokaryons present per unit surface area (fig. 4).
Heterokaryon density showed a progressive decregse over
the five day period with intact heterokaryons still ﬁrésent
on the fifth day following fusion. These resulfs are not
consistent with the idea that there is a rapid self-destruction
of the heterokaryons. Indeed, the survival of some hetero-
karyons for several days in HAT and ouabain suggests that
both genomes in the heterokaryon are transcriptionally active.
Rechsteiner and Hill {28)_havetéﬁ6Wn by autoradiography
that mouse and human chromatin ére not intermingled within
the nuclei of mouée/human hybrids. Prelabeling one of the
parental cell types with 3H-dT gives rise to sectored nuclei: A
within the'hybrid cells; exposed grains are found over only
about half the hybrid genome. We have observed cells with

sectored nuclel in autoradiographs of C145412/IMR90 fusion |
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-~ .
Persistence of heterokaryons with time. -

C145A3Z cells labeled with JH-AT were fused

to unlabeled IMR90 cells and replicate
cultures were plated dnto glass coverslips.

At daily intervals coverslips were fixed,
prepared for autorédibgfaphy. and subsequently
scored for the number of heterokaryons pef .
unit surface areay ‘

=
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mixtures (fig.5). This observation suggests that some

1. 0145A12/IMR90 heterckaryons may undergo cell-division. ﬁé
~

have only observed pairs of cells with sectored nucl&i, even
at five da&s post-fusion. Furthermore, -many sectored nuclei
display markeﬁ morphological abnormalities. Both of thesge

observations suggest that after 0145A12/IMR90 heterokaryons
pass through one mitosis, their daughter‘cells cease to‘pro—

liferate (29).

Microcell fusions
| Our inability to recover EC/non-EC hybrids might be the
result of the action of a small number of non-EC' genes. We
wished to determine whether hybrids could be obtained by
.fusing EC cells to microcells or mini segregants containing
small numbers of non-EC chromosomes.A

EC cells were fused to HelLa mini segregants and.to
microcells of CHO, 3T3 and 3T3H1/Hela C5TK in attempts to

transfer foreign X-chromosomes into EC cells. Non-EC X-

~chromosomes were successfully transferred to EOHM and to
870 fibreblasts, but no viable fusion products were isolated

‘when an EC cell was the recipient whole cell.

Tri-hybrid produétion

373 fibroblasts readily form hybrids with either EC
cells or Hela cells. We wished to determine if EC and Hela

genomes could be—induced to co-exist in a cell by prior
fusion of either to 3T3 fibroblasts.



o~

Figure 5:
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P

Hybrid cell pair displaying sééféréd nuclei.
These cells were observed on coverslips pre-
pared for autoradiography two dayg after the
fusion of “H-AT labeled-C1l45A12 cells to un-
labeled IMRGO fibroblasts.

»
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,arose with a frequency of 2 x 10-4 with C145A12 and 7 x 10~
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3T73H1 cells {HGPRT , TK_) weré fused to Hela cells and
hybrids selected in HAT plus ouabain. Colonies arose at a
frequency of about 10723 A X~ segregant of these hybrids,
3T3H1/HeLa C5TK, was isoiated and fused to the EC cé%l lines

CiltsA12 and P19A2. Tri-hybrids were selected in HAT. -Colonies
n

"
with P19A2. Two clones from each experiment were isolated

and found to have chromoscme numbersg?tqble 3) and GPI and
GE6PD zymogram pétferns (table 3,'fig. 6) which confirmed the
proposed tri-parental origin.

In the reciprocal experiment tri-hybrids were pfdduced

in the following manner. A TK~ segregant of a C145A12/3T3

hybrid, Ci45412/3T3 C101TKC1, was fused to Hela and tri-
hybrids selected in HAT plus cuabain. Golonies arose with a
frequéncy of greater than 1072, Two clonés were established )
and found to have chromosome numbers considerably higher

than expected for tri-parental origin (table 3). This
situation could have arisen a number of ways. 'Tie human

for& of G6PD could not be J;tected in these cells, however,
human, C145A12 and 3T5 bands of GPI aqjtivity, as well as
3T3/HeLa and C145A12/3T3 heterodimeric bands, were present

in both clones (table 3, fig. 6). These cells are clearly

tri-parental in origin.
Apparently EC and Hela genomes can co-exigt within a

viable cell provided the 3T3 genome is also presen

&

~ e
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TABLE 3

CHARACTERISTICS OF TRI-HYBRID CELLS

Parent Chromosome Number nzyme Fo

Linesg Expectedl Observed®  GPI°  G6PD
_C1k5a12 | 40 B Mo
P19A2 4o B M
373 65(62-69) & M
3T3H1 ° ' - 62(60-65) A M
Hela d 55(52-60) H v H

Hybridsg .
' 3T3H1/Hela C5TK 117 122(112-132) A MH
B M

Ci14s5A12/3T73 C101TKC1 . 105 .Jj§z7(91—109) "A

 TfiLh bypids .
0145A1;§§5TK sk * 162 173(155-186)

AB MH
C145A12/CSTK S5 162 *  158(126-172) AB MH
P19A2/CS5TK S2 - 162 1?3&;31-176) AB MH
. P19A2/CSTK S3 : 162 143(132-155)  AB MH
C101TKC1/HeLa C1 152 220(200-235) ABH N
» C101TKC1/Hela C2 152 224(202-237) ABH M
1, Based on s %6§ modal chromosome number of parental
cell 1ipes.
2 dal ehrdmosome number prus range in brackets.

GPI is dimeric enzyme. A, B, and H in this column
indicate that only the murine A4, .the mumine BB, or the
human HH homodimers were present. AB indkcates that
three bands of activity were present, both-the AA and
BB murine homodimers and the AB heterodimer. ABH :
indicates the presence of thé three bands of murine

GPI activity as well as the human HH homodlmer and the
AH and BH heterodimers. :

4 G6PD is a dimeric enzyme. M and H indicate that Just
the murine MM or human HH homodimers were present,
respectively. MH indicates that three bands of activity

. were observed, the murine and numan homodimers as well
as the MH heterodimer.

e
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Figure 61 Electrophoretic andlysis of GPI (upper) and
G6PD (lower) enzymes present in cell hybrids.
The presence of parental bands plus a hetero-
dimeric band(s) of enzyme activity confirms
the hybrid nature of these cells AB designates
the heterodimer formed from subunits of the
two murine forms of. GPI. AH and BH designate .
the heterodimeri formed between subunits of
the A or the B murine form of GPI and the
human form. Lane a, 3T3H1i/HeLa C5TK; ‘
- 13\..’; C145A12/3T3 C101TKC1; ¢, Cik45A12/C5TK S5;

. d,\P19A2/C5TK S3; e, C101TKC1/Hela C1. *.

—=

s ("\ \ . - | o
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Hybrid formation itﬁ the differentiated progeny of EC cells

EC celis may not give rise to viable hybrids with Hela
or CHO cells due to differences between the pluripotent (EC)
and differentiated (HéLa, CHO) states. If this\were so, it
might bg pogsible to récover hybrids between gifferentiated
pro&eny of EC cells and CHO or ﬁ;La cells.

Cells of the EC line P19A2 were induced to differentiate
inf;\bndoderm—like cells by culturing them in the presence of
low concentrations of retinoic acid (25) (E. Jones-Villeneuve,
personal communication)-' These differentiated cells and the
undifferentiated P19AZ wé?e-fgsed to 3173 cells._HeLa cells,
_and ‘the CHO cell line FAU8B. Hybrids were selected in HAT
or HAT and ouaﬁain. The freqﬁencies of hybrid recovefy are
ét;en indtable 4. . .

373 cells formed hybrids with botﬁ the undifferentiated
and differentiated P19AZ {(table 5, fig. 7). Hela cells did

not form hybrids in either fusion mixture. While no hybrids
_were recovered—from the fusion of FAUSB to the undifferentiated
P19A2, hybrids were recovered at high frequency when FA4U8B
were fused to the differentiated cells. The GPI zymograms
of two clones, P19A2D/FAU8BB C1 and C4, established that they
were hybrids of mouse and Chinese hamster cells {fig. 7).
The large number of telocentric chromosomes in both of the
clones {fig. 8, table 5) suggests that they arose by the
fusion of one FdUBB cell with one tetraploid or two diploid
differentiated P19A2 cells. This is not surprising as tetra-

ploids are common in the differentiated cultures.



TABLE L

RECOVERY OF HYBRIDS

Hybrid Colconies Per

Fusion Mixture 3 x 10° Cells Plated
Undifferentiated P19A2 x 373 108
Undifferentiated P19A2 ¥ Hela 0
Undifferentiated P19A2 x FAQU8B 0
Differentiated P194A2 x 3T3 Lg
Differentiated P19A2 x HeLla 0
Differentiated P19A2 x FJQUBB 30
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TABLE

-

CHROMOSOMAL CONSTITUTION CF CELL HYBRIDS

‘Parent ' Number of Number of Noﬁ- Total ‘Chromo-
Cell Lines Telocentrics telocentrics some Number
P194A2 . 4o 0 40
FAUBB 0 21 21
313 n.d.? n.d. 65(62-69)
Hybrids.
~ p19A2D/FdusBs c1l 70(64-95)  14(8-17) 84(72-109)
P19A2D/FAUSB cyl 4(63-95) 13(11-17) 86(74-106)
P19AZ2/3T3 C2 n.d.. n.d. 106(99~109)
p19a2D/373 c1l n.d. . n.d. 105(81-119)
\
1 Tﬁese three hybrids were derived from fusions between

differentiated P19A2 cultures and FAU8B or 3T3.

2° Not determined
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Electrophoretic analysis of GPI enzymes

- present in hybrids involving differentiated

P19A2. CB designates the heterodimer formed
between subunits of the Chinese hamster and
the murine B form of GPI. AB designates the
murine heterodimer. O is the origin. P19AZ2D
signifies differentiated cells derived from
P19A2. TLane a, P19A2; b, FdU8B; c, 3T3;

d, P19A2D/FAU8B Ci; e, P19A2D/FdU8B Ch;

f, P19A2/3T3 C2; g, P19A2D/3T3 C1

©
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Figﬁ’I‘E' 8:
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'y

RN
L3

¢ Chromosomes of a hybrid cell derived from a

_ fusion mixture consisting of CHO cells and-
_the differentiated progeny 6f EC cells, .
Telocentric chromosomes are of murfne origin
~and all others are of Chinese hamster origin.

TR






62
S s .
The recovery of viable hybrids bqfween\éﬁg cells and
rthe differentiated progeny of EC cells suggests that our
A fficultyiin recovering EC/non-EC hybrids might be due to
™ Jdifferences between the pluripotent and differeﬁ%iated

gtates.

- .

Y
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DISCUSSION

We have found that EC cells will readily form hetero-
karyons with 3T3 fibroblasts, IMR90 fibroblasts, and Hela
cells. Although EC/3T3"hybrids have been produced at a high
frequency,.we have been unable to recéver EC/HeLa or EC/
IMRGO hyﬁrids.’ These results suggest that there is an intra-

cellular incompatibility between EC cells and certain cell

fypes. This incompatibility is reflected in an inability

of the héterokaryons to proliferate.

There are precedents for the incompatability of unlike

genomes within the same cytoplasm. Johnson and Harris (30)
noted that !% HelLa/Ehrlich heterokaryons DNA synthesis in
Hela quclei was, suppressed while Ehrlich nuclel were in S
phase. Others have shown that EC cells are refractory to
infection by the papovaviruses and ecotropic murine C-type
vifuses (31-34). Segal et al (35) and Segal and Khoury (36)
have suggested that the processing of v1ral pre-mRNA may be
the site at which V1ral infection of EC cells is blocked.
We do not know whether the incompatibility between EC cells
and certain cell types is analogous to elthgr of the
phenomena described above. x

We have examined some features of EC/IMR90 heterokaryons.

These observations may provide clues as to the nature of the

({\heterokaryon incompatibility. Firstly, EC/IMR90 hetero-

karyons persist for several days in culture in the presence

of HAT and ouabain. Thus, neither a rapid self-destruction
Y
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of heterokaryohs_(éuch as would be brought about by hydro-

‘lytic attack upon either genome), nor a block in’ trans-

‘éription. is responsible for our lack of hybrid redovery.

Secondly, the detection of sectored nuclei in cells from
EC/IMR90 fusion mixtures suggests that some EC/iMR903hetero—
karyons can undergec one cell division. One possible explan-
ation for this is that heterokaryon.proliferafion is blocked
at a speciﬁii/stage of the ceil cycle, for example, S phagef

If this were sd, heterckaryons formed by the fusion of cells

in G2 would be capable of undergoing mitosis; each daughter 2

cell so formed would then.arrest at S phase.

We felt that the inability of some heterokafyons to
proliferate might be mediated by a small number of non-EC
genes. -We attempted to test this possibllity ﬁy gelecting®
for hybrids between EC cells and subgenomic fragments of
non-EC cells. No hybrids were recovered from these experi-
ments.

Although EC/Hela heterokaryons do not give rise to
viable hybrids, we were able to produce proliferating cells
which carried both EC- and HeLa—défived'chromosomes by priér
fusion of either cell type to 3T3 fibroblasts. Thus, the
apparent incompatability between EC and Hela cells is not
something which is inherent to the chromosomes themselves.

We have found that the diffsrentiated progeny of EC cells
are able to form viable hybrids with CHO cells while pluri-
potent EC cells are unable to do so. This observation

éuggests»that at least part of the incompatability which
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iy

_ ' : h
prevents hybrid ?Z;;;gzsn between EC cells and certain non-

EC cell types isJ reflection of some characteristic of the
undifferentiated state.

Pluripotent EC cells are able to qum hybrids with 3T3
fibroblasts, but not with CHO or Hela cells. The differ-
entiated derivatives of EC cells form hybrids with CHO cells |
in addition to 3T3, but not with HeLa. This findiné sugg;;
that witﬁin the spectrum of tissue types between plui}potent
and specialized cells there may be "stages" of ing ﬁat-
ibility., We also note that, with one exception, all of the
cells which have been reported to give rise.to hybrids with

_EC éells are derivéd from rodents. It may be that both

evolutionary and developmental factors combine‘to block

hybrid formation between EC oells and 6ther cell types.

I

—
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INTRODUCTION

A female embryonal carcinoma cell liné, P10, has
recently been isolated in our laboratory (1). I have
attempted to determine whether these cells have one or two
active X-chromosomes before and after differentiation. This
was done by comparing the specific activities of enzymes

»ffgbded by X—linked.and autosomally linked genes in P10 and in a
variety of EC cell lines carrying a single functional X-
chromo some . Independent tests of X-chromosome activity in
P10 were concurrenfly performed by Dr. Michael W. McBurney
and Miss Brenda J. Strutt. These latter tests involved the
use of electroﬁhoretic variants of the products of the X-
linked gene pgk-1 and an analysis of the DNA replicagion'.
pattern of the X-chromosomes of Pi0. Their findings provide
strong evidence that P1® contains two active X-chromosomes |
and that X—inactivétion occurs upon differentiation. In
view of these facts my results indiqate that enzyme specific
activities are not.reliable indicators of X-chromosome

activity in Ed cells.
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RESULTS

Specific activities of enzymes coded by X-linked and auto-

gsomal genes in embryonal carcinoma cells

There is good evidence to suggest that the specific
activities of X-coded enzymes are proportional to the number
of active.x-chroﬁosomés (2,3,4,5,6,7). To determine
whether both X-chromosomes in P10 cells are active the
spécific activities of X-coded and autosomally>coded enzymes
were measured EE\QXQ\iSEHE\:umber aof EC cell lines which
have a single fumctional X-thromosome. A description of
the cell lines used in this investigation is presented in
table 1.

Three enzymes coded by genesal&nged to the X-chromosome
(9) havé been measured. These-;re glucose-6-phosphate
dehydrogenase (G6PD, EC 1'1T1'49)' phosﬁhogiycerate kinase
(PGK, EC 2.7.2.3) and hypoxanthine-guanine phosphoribosyl
transferase (HGPRT, EC 2.4.2.8). Two autosomally coded
enzymes functionally related to G6PD and HGPRT were also
measured. These are 6-phosphogluconate déhydrogenase (6PGD,
EC 1.1.1.4%4) and adenine phosphoribosyl transferase (APRT,
EC 2.4.2.7) respectively. -

P10 has been shown to carry two active X-chromosomes by
independent criteria (1). One might expect the specific
activities of G6FD, ‘PGK and HGPRT in P<ﬁ> to De twice those
found in the cell lines which carry a singlekfunctional

X-chromosome. The specific activities of these enzymes in
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11.

TABLE 1

Some Characteristics of the Embryonal Carcinoma Cell Lines Used

Number
of
active
Chromo=  Sex X-
g some chromo- chromo-
Cell line Derivation number somes somesg
P10 terato-~ Lo = two
carcinoma
P10S1 clone of Lo XX two
P10
P10S1S10 clone of Lo X two
P10S1
P10S1C6 clone of Lo XX two
P108S1
P10S1C4 clone of 39 X0 one
P10S1
P10S1C8 clone of 40 X0 one
P10S1
- 0C1551 clone of 40 X0 one
0C15
. C145f terato- 4o one
) carcinoma
86351 clone of 41 T XX one
c8é
P19 - terato- 40 XY one
carcinoma.
5' terato- 41 XY orie
carcinoma
:
e ‘

Reference

1




73

P10 and other\EC cell lines are presented in Table 2. An
examination of the data revealé that there was a great deal
of variability in enzyme activities between cell lines and
between independent extracts of the same cell line. The
variability may be a consequencé of minor variationswin
culture_conditions alfhough every attempt was made to prepare |
extracts from cells growing under identical conditions.
Despite this variability it can readily be seen that the
specific activities of X-coded enzymes in P10 and its
karyotypically XX subclones are not twice those of ce%I
lines with a single functional X-chromosome. Particular
attention should be given to the values for PGK. It has
heen shown that both the paternally and maternally inherited
pek~1 alleles are expressed in P10, P10S1, PlOSlSlOléng
P10S1C6 (1). This fadt is not reflected in'their specific
activities. In fact, the highest values are obtained with
the male line P19. Only P10S1C6 has a PGK activity higher
than any of the contfols. ’

Some of the variability apparent in.G6PD and HGPRT,
specific activities can be compensated by expressing the
data as the ratio of the specific activity of X-coded enzyme
to that of functionally related autosomally coded enzyme.
We might expect that the specific activities of functionally
related enzymes would fluctuaté'to the same extent when
changes in metaboliec activity take place. Enzyme ratios would
thus be more uniform from extract to extract of the same

cell line than actual specific activities. Ratios should

Iy
1
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' ISﬁzomo- X-linke; enzymes Autosomal enzymes, *

Cell line - someg g@m_m_mpm 6PGD APRT
. P10. X0 23%s% 410t14o 0.95%0.20 © 24%2  -1.00%0.20
. P10S1 X B4t10 500t50. 0.91%0.20 47%10  0.98%0.10—
. P10S1810 XX " 21 300 0.72 30. - 101
. P1os1c6%  xx 33 660  o0.89 L5 1.18
. "P10S1Ck X0 29 560 1,00 29 .90
. B10S1C8 X0, 27 600, p.96 29 . 1.14
. 001581 X0 _ 35 700 .  n.d.0 38 ° .n.d. :
. Clhsf XX 26%10 560%180 1.29%0.60  15%f7 0.82%0.20
. 8681 - XX L4 610 . n.d. \ 32 ' n.d.
. P19 XY 73%10 1130%200 1.37%0.30  38%9 . 0.94%0.20"
. 5 XY 32%10 650%140 1,14%0.20  19%6  0.72%0.10

. e :
1 Specific activities are in nmoles/min/mg protein.

Y& S LS
TABLE 2

Specifie Activitiegl of Five Enzymes in -
Undifferentigted Embrvonal Carcinoma Cells

Enzyme determinations were performed according to
McBurney and Adamson (1976) (8) with the modification

' that G6PD activity was not corrected for contributing

not determined’

6PGD activity which was deemed negligable. Protein
determinations were performed according to the modified
Lowrey method of Hartree (10).

Specific activities given with standard deviation are
the averages of five to thirteen separate determinations.
Values given without standard deviation are. the averages
of at least two independent dssays. - ‘L;\ '

P
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also prove more amenable to cqmparindbs‘between cel%7%ines.
™ We would exﬁect'that cells cerrying two active X-chromosomes
should have enzyme ratios twice those of oells carrying a
single active X.

Histograms of G6PD to 6PGD and HGPRT to APRT ratios for
the various cell lines are presented in figure 1. It can
be geen that P10 and its XX subclones haveuretios which are
not tw1ce those of lines W1th a single functional X-
chromdsome "in fact, they tend«to ‘be lower.

An 1nte£k%} control for éhese data is available. Tﬁe
aprt gene is liﬁked to chromosome 8. -P10S1C8 is trisomic
for this chromosome (1). One would predict the HGPRT to
APRT ratio of PiOSlCB- to be 67% that of its sister cloﬂe

' P1051cu which has’ two chromosomes 8. The value‘is 77%.

It should be noted that a greater degree of con81stency
was observed within experiments than between them. Table 3
gives the specific aotivities and rétios for a .number of |

'l%nes obtained in a single e#periment. It can be seen that
‘the range of specific activities is much narrower than in.

table'2 which compiles the data from a number of experiments

—

"done over a long period of time. Although every athmpt was: .~

" made to use fresh reagents, it is possible that not all the

components of the reaction mixtures remainedxoerfectly stable

over the course of these experiments. This may have given
~ '

rise to varlablllty in data ovev the long term

N
activities of P19, 3' and’ C145f over those of P10, P10S1 and .

There is no marked increase in the X\coded/enzyme ‘“\\\

hal

i
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Ratios of X-coded to autoscmally coded enzyme
specific activities in embryonal carcinoma

- cells. The data are presented as the ratios

of the specific activities of X-coded enzymes
over those of functionally related autosomally
coded enzymes. Where the standard deviation

"is indicated bar height represents the average

of five to thirteen independent determinations.
Otherwise bar height represents the average

of at least two lndependent determﬁnatlons
Bars for lines which carryﬁiﬁo tlve X-
chromosomes are grouped at the/éiginning of
each histogram and are stipled. Bar 1, P10;

2, P10S1: 3, P10S1S10; 4, P10S1C67 5, P10SiCh;
6, P10S1C8; 7, 0C1551; 8, Ci45f; 9, C86S1;

10, P19; 11, 5'. '

A
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TABLE 1

Enzyme Levels'Determined iﬁ a Single Experiment

Autosomally

linked enz HGPRT G6
APRT BPGD APRT &PG

) X-linked enzyme
Cell Line _HGPRT GEPD PGK

P10 41.36
P10S1 1.22
Cibsf 0.86
P19 . 1.37
5 1.19
0C1551 0.99

-

*

29
28
20
59
26
26

640

_.560
710

690
640

840

1.15 *
0.90
0.97
1.03
1.23,
1.18

v
T

31
28 -

S

r
(f 18 0.93

1.35 1.00

0.88 0.95

1,33 1.68
r 1.04
&8.83 . 0.78

N
/f Y
gii-
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0C1551 in Table 3, except the G6PD specifiEJactivity and
G6PD to GﬁgD ratio of P19. These results are in contrast
with those reported in fablé 2. Nevertheless, what remains
clear and consistent with all other experiments ié that P10 \
and PlOSl'have neither specific activities nor enzyme ratios |
twice those of lines carrying a single functional X-

chromosome. %

Enzyme levels in differentiated cultures derived from

émbryonal carcinoma cells €~

*." ¢ ‘Decreases in X-coded enzyme specific activities of
approximately 50% have been reported in developing mouse

ot L% i’
embryos at a time when X-inagtivation ls-thought-toﬂjgsgr

:¥6,?)& TﬂéJ;pécific activities of X-coded and autcSomally
coded enzymes.were measured in‘qifferentiatéd clonal cultures
of P10 as a test for the dccurrgkée of  X~inactivation.
Strong independent evidence that X-inactivation does take
place in these lines has been obiained (M. W. M.-and\B. J. S.,
personal communication).’ : ’ f

Enzype specific activities in a number of EC cell 1i

before and after differentiation is presented in'table
There is clearly no trend towards the halving of X-coded
enzyme specific activities in P10 or its suﬁéiones upo
differentiation. Only with the HGPRT values of Plgéi_dées
‘this seem to havélgzhurred:_ The PGK values of P10S1 show a
.significant increase at two and threé weeks after initiation

of the diffggéﬁtiationpropess. Differentiated cultures of

@ . L
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0C1
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.TABLE %
w

Specific Aétivitiesl of Five Enzymeg Before And
After Differentiaticn of Embrvonal Carcinoma_Cel .

%ﬁ%bmo— 2 '-Autogomal Enzymesg.
Cultures somes |Weeks _ PGD APRT
517 0 27 1.03
s1? . xx 2 21 1.19
s1 XX 3 _ 18 . 1.19
5167 XX 0 20\ 970 . 0.57 21 1.26
s1C6%  xx 2 19\ 93¢ 0.4k 20 0.93
sicsd X0 0 19 1876  o.63 27 1.38
S1Ch X0 2 18 9% _ 0.78 18 1.04
551 X0 0 .37 580 At 38 n.d..
5351 X0 . 1 19 360 n.d: /;4“ n.d.
S1 XX 0 38 520 n.d. . 25  n.d.
S1 XX 1 30 470 ° n.d. 16 Tipd.
¥ . 0. ‘49 860 . n.d. - 31 n.d.
XY i,) 28 680  niub 16 4™ n.d.
| P
- 8,
Specific activities are give as-nmoles/min/ﬁghprdtein.

This column indicat the number of weeks after initiation -
of the differentiaticn process at which erfzyme assays ‘
were performed. Differentiatio lines numbered 1 to 7
was inlftiated by culture in suspension. leferentlatl?n
in the remaining %ines was induced by culturing jn 10
retinoic acid.

other. cultures were assaygd once

These cultures were indepgédentlx~assayed tw;ce All

b

not detgrmlned

) (“7.,
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.

P10S1C6 maintain PGK levels compareble to the undiffer-
entiated state. These results are not coniistent with the
observation that differentiated cultures of P10Si and P1051C6
‘difglay a single electrophoretic form of PGK. \\\q//

G6PD to 6PGD and HGPRT to APRT ratios are presented in
figufe 2. Again, the oﬁly instance in which these values
seem to drap by ﬁalf as differentiation proceeds is for the
HGPRT to APRT ratios of P10S1. Concurrent with. this decrease
tte G6PD to 6PGD values rose in P10$1; Both ratlos remained
stable\ln dlfferentlatlng P10S1C6. Moderate fluctuations are
observable in most of the control lines. P10S1C4 may display
significant increases in both ratios, however the reproduc-
ibility of thgs/event has not beeh tested yet. It is clear
.f‘ thesge results that X-coded enzyme levels do not reflect

the © \Prrance of X-inactivation in the female EC cell lines

studied. o ;‘ﬂ ' \gy

-

.\/
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S

Enzyme ratios before and after differentTation.
of embryonal~vcarcinoma cells. .The cell lines
and the stages of differentiation at which they
were assayed are as given in table 3. Undiff-
erent{ated cell lines which are believed to
undergo X-inactivation upon differentiation

are indicated by diagonal markings. Undiff-
erentiated cell liné% which carry a single
active X-chromoscme have open bars. Differ-
entlated cultures have stipled bars. Bars 1,
2.and 3, P10S1; &4 and 5, P10S1C6é; 6 and 7,
P10S1C4; 8 and 9, 0C15S1; 10 and 11, C86S51;
12 and 13, P19. |

-~

-
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DISCUSSION
" Studies on early mous ‘embryqs (5) and the ge'rm‘ cells
of XX and XO mice.{2) have revealed that the specific
activitiesvof‘X—coded enzymes within cells are proportional
to the number of active X-chromosomes carried by those'cells.
I, therefore, undertook to use X-coded enzyme specific ~
_activities to assess'whegher both X-chromosomes were‘active
in a female EC cell line and subclones derived from it.”
The results of this investigation revealed that these femdle
EC cell\lines did not have twice the X-coded enzyme levels
of EC cells whlch had a single actlve X-chromosome. However,
independent tests of X-chromecsome activity have provided
strong ev1dence that the female EC cell llnes in questlon
carry two actlve X- chromosomes In view of this flndlng,.
I interpret my results to suggest that dosage compensation
ln the absence of X-inactivation has taken place in these
‘%emale cells. This would require the action of regulatory
mechanisms of X-linked gene expression not observed before
ﬂ\illn plurlpotent cells.
I have also observed that the levels of X code%§enzymes
_of EC cells with two active X—chromosomes show no general A

decrease %FOHJﬁhe differentiation of EC cells with two actlvei

X-chromosomes. We have obtalned independent evidence through '

cytogenetic analysis and the electrophoretic detectlon of

-

)

.
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pgk-1 allelic expression that X-inactivation does take

place upon the differentiation of %10 and itg derivatives.
I+t must be concluded that the specific activities of X-
codeq; enzymes and the ratios of X-coded to autosomally coded
enzyme activities are not reliable indicators of X-inact-
ivation in the EC cell 1inés-studied.

X-coded enzyme levels fluctuate widely in and between
undifferentiated and differentiated cultures regardless of
whether they were derived from EC cells having one or twd
active X-chromosomes. This is in marked contrast to the
50% decrease ;n X-coded ®nzyme levels inferred to
take place in developing female mouse embryos, due to X-
inactivation té,%). EC cell lines are quite different in the
range and extent to which they will form various differentiated
cell types. The proportion of célls in differeﬁ%dated' -
_éultures which are mitotically active should also vary
depending on cell types formed and cell confluency. The
embryo, on the other hand, has a reproducible array of .
mitotically active tissues at given stages of embryogenesis.
The variability of differentiated cul tures derived from .EC
cells may impose a background of enzyme activity fluctuations
against which changes due to X-inactivation can not be

.~

" observed. . s ..
- . e

The results of this investigation are in contrast with
those of Martin .et al (11) who found X-coded enzyme levels to
be twice as'high in karyotypically XX EC 11 l%neS-as in

fc. These,levels:dnopped by half dufing theycourse 8f

r
-
1
CEE
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differentiation of the XX line. These EC.cells were partheno-

genetically derived whereas ours were obtained by embryo
transplantatlon. More karyotyplcally XX EC lines would have

| to be examined before a relatlonshlp could be drawn between

X-coded enzyme levels and the manner in whlch teratocar01n—

e

omas are derived. .

o~
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CONCLUSIONS

It is clear from this investigation that X-linked gene .
expreasion in EC cells is subject to a variety of influences.
Enzyme ievels are'the¥efore not reliable indicators ﬁf the
number of active X-linked gene copies per cell in the EC
lines studied. Factors which affect X-chromosome expression
in EC cells may be resident in the heterogenéity between EC
cell lines, the continuous culture of EC cells which‘carryag
two active X-chromosomes, a modulating effect of inactive

_sex—ch}omoéomes, and the spectrum of tissue types produced

s

‘in differe,nt.iating cultures. - It should be noted that this ﬁ
investigation is not the first to report anomalous findings 0
on X-linked gene activjty (12,13).
. - .
= AN L -~
»
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DISCUSSION AND SPECULATION " ) Y

-
-~

.In this thesis I reported the resulits of two -
projects which were designed-fo,ééseés Xachromosoﬁe'actiyity
in EC cells. }gn the maiﬁ project'I_attempted,‘without-
success, to produce EC cells carrying foéefén‘x-chromosomes
by means.of cell hybridization techniques. Although 313/
Hela hybrids formed tri-hybrids with Egﬁcells, I was unable
to produce EC cells carrying the Hela X~chromospme.by fusion

N\

to 373/Hela microkells. .

Heterokarvon Incompatibility -

In the course of these experiﬁénts I attempted to
determine why %t-was difficult to recover hybfids with EC
cells. ‘The results of tﬁis'investigation. presented ih
chapter two, have proven very interesting. The recovery of
hyprids between QHO cells and;the differentiatéd progeny of
EC cells suggests that heteroﬁaryons formed between EC cells
and some non-ﬁc cell types do not proliferate due to some
form ofiihcompatability between the pluripotent and differ-
entiated states. -

I‘hi:7‘n0t determined the exact nature of this

~ heterokaryon {incompatability. Becalse I have observed

xl

sectored nuclei in C145412/IMR90 fusidpn mixtures, it is

possible that some heterokaryons can uridergo at least one

cell division. This suggests that heterokaryon/hybrid pro-
liferation may 'be blocked at a specific stage of the cell
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=
cycle. .Thus; if entry into S phase waé inhibited in the
heteroké&yons, thoge formed by the~Susion 6f cells in G2
could presumably go through one mitosis.
It is possible to speculate on a number of sources of
heterokaryon incompatibility. ’ -

1. It may be that the entry inté S phase of one or both

.
~ Kparental nuclei is inhibited. in EC/non-EC heterokaryons.
S .

Two ways in which this might arise can be envisaged. (a) There’

]
is some evidence to suggest.that mammalian cells may have

more than one set‘éf initiation factors and initiation sites
for DNA replication (1). It may be, for example, that EC
and some non-EC céll types em;loy different initiation factors
and initiation sites. Initiation sites which are not used
may be masked(hue te chromatin conformation: If only one.of
. the parental initiatian factors are synthesized in the hetero-
. karyons, then DNA of the other parent would ﬁot.be replicated.
This might result in thg‘failure of the heterckaryons to -
ente{ mi%osis or in aboftive mitosis. Some cell fypes may
foﬁﬁ\viable hybrids wiéh EC cells because they.eﬁploy the
same initiation factors as EC cells, or becéuse, although
they employ different-ihitiation factors, both are expressed
iﬁ the heterokaryon, or because initiation sites recogni;ea
by EC initiation factors are not masked.

fb) 2-5A synthetase is an enzyme which is induced in

many cell types by treatment with interferon (2). The:pro- -

duct of this enzyme, 2-5A (an oligonucleotide with 2'-to 5°

‘linkage), is a potent inhibitor of protein synthesis.

i

£

- ) ’ N

.
B .
———— e
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Dephosphorylated #-5A has been shown to inhibit DNA synthesis
and cell growth (3). In the absence of interferon treatment
various cell types have been showp to differ by a théuﬁand
fold in 2-5A synthetase activity: (2). It may be that cell
typéé with high base-line levels of 2-5A synthetase are

unable to form viable hybrids with EC cells. EC cells are’ -

- not capable of an interferon response (4) and have high levels

of alkaline phosphatase (5). Alkaline phosphatase could act
on “2-54 to produce the dephosphorylatad'derivative. This

product could act to block proliferation in heterokaryons

formed between EC cells and those non-EC cell types which

have high levels . of 2-54 synthetase. The 2-5A synthetase
activity of the non-EC cells'used in my experi s are not
known. If, however, this hypothesis is correct, then raising

the leveLshgf\ii;A,ayntHefase in-jijqells-shouid block the
formatioﬁ-of EC/3T3 hybrids. A
2. AndthfrAmquanism which could form a basis for hetero- .
karyon incoﬁpaéibility involves a~difference in the RNA
splicing méchinéry of pluripotent_and differentiated cells.
Small nuclear (sn) RNAs are compoﬁents of ribonucleoproteih'
particles (RNPs) (6). It has recertly been shown that the
intron-exon jgnctibn sequences of genes from a variety of
sources show é&gﬁificant cemplementarity to a shRNA of

mouse cells known as Ul (7). Furthermore, RNPs are found
associa with hnRNA in cell extracts (7). On the basis of

this evidence I as been suggested that RNPs form the RNA
splicing complexes of 1s and that tﬁe snRNAs serve to -
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allgn‘{ge 5p11c1ng enzymes at the intron/exon junctions ?6 7)
leferences between EC and non-EC cells in snRNAs avall-
able for spllclng might account for hgterokarxon 1ncompat—
Aability. fit seems, clear that gene expression ;ohld be
‘regulated at the level of RNA splicing. The expeosure of
nuclei to novel snRNAs thraugh cell hybrldlzatlon gould
upset this regulation by alloalng normally .unsplic¢ed messages
to be prq;essed. The ulgimate effect of the gene goducts 6f
mature tfanscbipts genérated‘in this manner might be the
inductiéh of a senescent state. It could be that some cell
types share a common arrai of,snRﬁAs with EC cells, and thus
are able to form via£1e~hybrids with them. Fof this réason.
‘and for their possible role in the regulation of gene
expression,ait would be of interest to compare the spectrum
of sﬁRNAs between EC ce;Ié and various differentiated cell
=N ‘
types.

All the genes which have beeé‘shoan to contain sequences ?
complementary to Ul snRNA are either expressed only in ’)/j i
differentiated cells, or are derived from the papovavirusés
which infect differentiated cells. It may be that Ul snRNA
is specific to differentiated oellﬁ;, An absence of Ul RNA
in EC cells would explain whﬁ‘splicgd SV40 mRNA can not be
detected in SV#d-inchted EC cells. Such a finding would
alég suggest that Ul snRNA might have a fdle in the
regulation of.differentjal gene expréssion.

I ‘have spe tefl here on three possible mechanisms
of heterokaryon incompatability. It would be of interest.

P / - 4
N -~
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to define the nature of thisﬂphenomenoh exactly. Knowledge
., of the molépular basis for the intracellular incompatability
betweeﬁtpluriéotent and differentiated cells might provide
clues to the mechanisms by which the pluripotent state is
mzintained and commitgént to'a developmental pathway -is
achieved. In attempting to détermine the differences which
block viable hybrid fbr@ation between EC ce%;s‘and some non-
EC cell types it might be #seful to define when in the
differentfation process the progeny of EC cells are able to
form hybrids with CHO cells.”™ This could be done by.carrying
l'dut fusion experiments using EC cells which have been differ-
entiating for progressi&ely loﬁgef perjods éf time: One
could then attempt to determine whether a specific metabolic
change, such as ; decrease in alkaline phosphatase activity
or the appearAJCE of interferon inducibility, is coincident
with‘the'abilitf to form hybrids with CHO cells. Such a
cérrelatidhvmight help,to define the nature of the hetero-

karyon incompatability at the molecular level.

.

Female EC Cells Carr&ﬁng Two Active X-chromogomes

» -

d—,

7

The second ?rojec% presented in this thesis goncerned
the quantitation of the specific activities of X-coded
enzymes in male and female EC cell lines: ‘This investigation
revealed that EC cells with two active X-chromosomes (8) did
not have twice thé specific activities of X-coded enzymes as

EC cells with a single active X-chromoseme. Although EC

L 4
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cells with. two active X-chromosomes were showﬁ to undergb X~
inactivation upon différentiation (M. W. McBurney and B. J.
Strutt, personal communication), X-coded enzyme levels in
these_differentiated cells did not dr0p‘by]half accordingly.
These results were sufprising because other workers .
have shown that X-coded enzyme specific activities are pro-
portional to the number of a&tive X-chromosomes iﬁ méuse,
docytes (9,10}, early mouse embryos (10-14), and EC cells
(15). Clearly, the female EC Eells examined hére'haVe.

undergone dosage compengation in the absence of X-inactiv-

mecﬁanisms other than X-inactivation for the regulation‘of
expression of X-linked genes. If so, it isrreasonable to
expect.that these mechanisms are of functional significance .
to the mouse. Presumablx X-linked gene exXxpression is

controlled in various cell and tissue types in response to

the metabolic demands of those cells (16). Such a metabolic-
regulation of X-linked gene expression may be operative.in
the female EC cells of this ;nyestigation. Under this form
of regulation, X-coded enzyme specific activitiés would not
be expected to drop b& half upon differentiation. Rather,
any changes in enzyme levels would be a response to the
changedﬂmetabolic requirements of the differentiated cells.
The seemingly ;gndom fluctuations in X-coded enzyme levels
observed in the differentiating cultures of EC cells may

reflect this situation. .
Female EC cells of parthenqgenetic derivation ?3196/ :

' \\“\\_;
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been found to have specific activities of X-coded enzymes
twice those of Ica::"yotypi'cally X0 EC cells (15). The female
EC cells of thi's investigation were derived by embryo trans-
plantation (8). More female EC cells of emBryonic and
ﬁarthenogenetic origin should be examined in order to
determine whefher the ﬁode of teratocarcinoma production is
correlated with the level of X-linked gene expression in .
female EC cells. 'If so, it ﬁay suggest .that there are
phyéiological differences‘in_the.cells of origin of terato-
éarcinomfs produced in one or the: other manner.'

It is not élear whethér embiyo-derived teratocarcinomas

\

originate from embryonic ectoderm or from germ cells like the

-

. parthehogenetically derived tumours (5). The fact that the

female EC cells of this investigation.havé two active X-
chfomosqmes sugges%s that they wer; dé}ived from gefm cells.
This %s because, although both primordial germ cells and
cells of the embryonic ectodefm i;activate an X Ybefore the
time of :abryo traﬁsplantation, early germ cells reactivate
tgis:X prior tc the onset of meiosis (16). This is reflected
in a two-fold increase in the specific ;c%ivities of X-.
l;nked enzymes in the oocytes of Xerice over those of X0
mice (16). C ) .

It hés»not,_however, been shown th;t a two-fold
increase in X-linked gene expression is concurrent with re-

activation of the.inactive X-ghromosome. Thus, it may be =~ \

that X-linked gene expression is metabolically regulated in
germ cells both before and for some time period after X-= ?\

/

/

L]
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chromosome reactivation. Under metabolic regulation X-
coded enzyme levels wouli be expecfed to remain the same
before and after reactivation of the X, until such time as

an alternate regulatory mechanism imposed a two-fold

‘increase in X-linked gene expression. EC cells derived from

~

germ cells prior to this two-fold increasge (but after X-
chromosome reactivation) might escape developmental cues

signaling heightened X-linked gene expression and continue

- to be metabolically regulated. These EC cells would not

have X-coded enzyme levels twice those of EC cells having a
single X-chromosome. On the other hand, parthenogenetically
produced female EC cells are derived from germ cells which
have already undergone a two-fold increase in X-linked gene
expression. Therefore, parthenogenetically derived female
EC cells with two active X—chromosomes would be expected to
have twice the spe01f1c activities of X-coded ‘enzymes as
karyotypically XO EC cells. This hypothesis would recon01le
my results (chapter three) with those of Martin et al. (15)
under a common scheme.

" Orie prediction of the hypothesis is that it should
not be possible to parthenogenetically produce female EC cell
lines which have two active X-chromosomes and X-coded enzyme
leveré/boméérable to those of X0 EC cells. Furthermore, it
suggests that germ tells are competent to form teratocar-
cinomas over a range of developmental stages demarcated by

the actiﬁity of the X-chromosome. It also suggests that a

two-fold increase in X-linked gene expression in XX cells
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over XC c¢ells is something which is dependeﬁt not only on
the active itate of both X-chromosomes, but also on regulatory
mechanisms p;culg;; to cells of a pluripotent hature, that is;
éerm cells, eafiy embryonic cells, cells ofAthe embryonic
ectoderm, and EC cells.

‘ Despite peculiarities in i-linked gene expression, it
‘is élear that EC cells with two active X—chromosoégs can be
cbtﬁined from embryo-deriv;d teratocarcinomas (8). Further-
more, these cells will undergo X- 1nact1vatlon upon dlfferen—
_tiation (M. W. McBurney and B. F. Strutt, personal commun-
ication}. Progress towards an understandlng of the phqnomenon
of X-inactivation has been slow to this point, largely due
to llm;Eatlons 1mposed by the mammalian embryo.' The
acqulsltlon of female EC cells Wthh ‘will undergo X-inact-
ivation upon dlfferentlatlon should remove these resﬁrictions.
It should now be possible to make inroads towards defining
the molecular mechanisms by which X—%ﬁactivation takes
'place, and establishing a'chroﬁology'for X-inactivation in

the differentiation.proéess.

~
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