A

e THESES CANADIENNES SUR MICROFICHE

I* National Library of Canada

COIlecwstevelopmm!Brarm - Direction tu
CanamanTheseson
Microfiche Service sur microfiche
Crtawa,
K1A ONd4
g -
NOTICE

The quality of this microfiche is heavily dependent upon the -
quality of the original thesis submitted for microfilming. Every )

eﬂmmmmmmmwmdm
_tionpqssible

if pages are missing, contact the university whigh/granted the
degree. .

. . ;
Somepage‘smayhavehdfstinctpﬁnt
. ‘pages were typed with a poor
sity sent us an inferior photocopy.

sally if the original
ribbon or if the univer-

" Previousty copyrighted materials (jounal articles, published
tests, etc.) are not fimed. .

n .
Reproduction in full or in part of this filtm is govemed by the |
Canadian Copyright Act, R.S.C. 1970, c. C-30. Please read ~

the authorization forms which accompany this thesis,

THIS DISSERTATION
~ HAS BEEN MICROFILMED
i EXACTLY AS RECEIVED

ML 339 (r. 850%)

XCANADIAN THESES ON MICROFICHE

Bibliothéque nationale du Canada

des coliections

Service des thésas canadiennds

AVIS

La qualité de cette microfiche dépend grandement de la quakité
de la thése soumise au microfimage. Nous avons tout fait pour
assurer une qualité supérieure de reproduction.

Sl manque des pages, vetﬁlezconummiqueraveclmwer

sité qui a contéré le grade.

Lamﬂtéd'hnpra&bndeeerwnespagespeutldssara
mmammmmmw
A l'aide d'un ruben ysé# ou si I'université nous a fait parvenir

‘une photocopie de qualité inférieure.

Les documents qui font déja I'objet d"un droit Cauteur (articles.
de revue, examens publiés, etc.) ne sont pas microfimes,

La reproduction, méme partielle, de ce microfim est soumise
2 la Loi canadienne syr le droit d'auteur, SRC 1870, ¢. C-30.
Veﬂazmnd-econndswmdesfomwbsdautodsaﬁmqw
accompagnent cette thése, :

LA THESE A ETE
" MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE

Canadia



3
3
L
!
a
{

X CHROMODSQVE INACTIVATION
: . IN -
MOUSE, EVMBRYONAL CARCINGMA CELLS
8
. .
_ \
-t , e by . -
) Gary David Paterno o - ~ "
A thesis presented fo the
Unfve;sity.of O%tawg in .
partial fulfillment of the )
‘requirements for the degree
—.  of Doctor of Philosophy W\
n -
. : -’1:
¢ 4 o - - -

7 ' .
© Gary D. Paterno, Ottawa, 'Canada‘, 1985. o -



S o . e e = e

UNIVERSITE DOTTAWA

UNIVERSITY OF OTTAWA

ol



bi

y .

I declare that I am the sole author of‘thﬁs thesis.

I authorize the University of Ottawa to lend this thesis to
individuals ‘or other institutions. for the purpose of

scholarly research.

1 ‘further authorize the Univefsity qf'Ottawa to reproduce
this thesis by photocopying, or other means, ip total Or in
part, at the request of other institutibns for the purpose
of scholarl¥ research. .

Gary D. Paterno




iid
The Unfversity of Ottawa requires the signatures of all

persons using or photoceopying this thesis. Please sign below
.giving the address and date.

~f



- | - AOKNOMLEDGEMENTS  *

-1 wish to thank MikEthBupney for the opportunity to work ‘in
his laboratory and for guiding me through the course of this
study. His enthusiésm for science "rubbed-off" especially
when things were not "goldeh“. Who else cguld have convinced
me that- females were just as interesti;L at the cellular

level.
I am grateful to_the'memaers of my research committee, Dave
Brown, Donal Hickey and Doug Johnson for their advice and
help during the course of this work.

[ thank Verne Chapman and Janice Sanford for performing some
of the DNA methylation experiments and to Verne for many
helpful discussions. B

/

Special thanks ta all of the members of the McB lab; Liz
Mary, Hoser, Big "J", Rude, Shake, Jane, Karen, Martha,”
Schmit, and Chanta! for all your help, fun, friendship and
coffee. '

1 thank Jacque Helie and George Ben-Tchavtchavadze for their
‘eipert help with the figures and photos in this thesis.

1 thank the National Cancer Institute “of Canada, the
Government of Ontaric and the University of Ottawa for

awarding me ‘the schalarships for this study.



Y S—— e o
TABLE OF CONTENTS
Acknowledgements...... cesereessescsnsnnannn cersstsacrensena iv
List of Figures...oeevaen. cesseasmnanse teeeesnansseaseansaVili
List of TableS.ueeeeeeeeeaieeanacesaananacsnsansnnanansaViili
Abbreviatlions....ceeeeeean cesens eecetsesssestssessscasncncns ix
Abstract...... cesesas ceoena cecensasas ceessscessascensnanns %
REeSUMEB..icceeeeecenennacaans Mo eecseaseasssecccsssecncsnana xXiv
CHAPTER ONE : . - .

INTRODUCTION. s s e et tsiscncnnrenccaresrarroresadeeaiaesal=-39
X Chromosome Inactivation..e.seceeeeereedesoneeeaseaeial
Evolution of X Chromosome Inactivation.......ceeeeceeven 4
X Chromosome Activity during Mammalian Embrycgenesis...7

The X Chromosome in ococytes and early embryos....... .7
The X Chromosome in germ cells.......... cseseeneasss 11
P Control of X Chromosome Inactivation..... ceescesenacns 13
Chromosome recognition and imprinting....ceeeeescaaal3d
Counting....eev.. esesenesesssesscesennensnnun o 14
Control Centres for Inactivation...s.ceiceauaans essald
Models af X Chromosome Inactivation.....ceeeesceencas ‘. .18
DNA Rearrangement Models.....eeve.. ersecsssasesanens 19
DNA Conformation Models...oeeieenconnnns cecsraserenn 20
Membrane Attachment Model.v..eeervoroeecroancann veea2l
. Protein Binding Models ................ esresssane ea21
DNA thhylation ....................................... 22
Evidence for the Role of DNA Methylation in
X Inactivallion....ceeeeeeeeceeansnsnnnnnnna Teenassns 26
The Teratocarcinoma System....ccueuvenaan Cesasssenseieen 29
~ The EC cell and Murine Teratocarcinomas............. 29
'Origin of EC cells..ecannnnn e esesaesesnnsessageseans 30
Characteristics of EC cells.iieieenncannans ...{ ..... 32
The EC cell in Tissue Culture....ceeereerencenecenans 33

) The X Chromosome in EC cellS.ieieeierannnaas e ~..36
The Thesis Project..ee e e eeeerassnrssanrsccssnsncansans 38
The Aim of the ThesisS..iieiieeiieiniiiiisiiennnsansesnnns 38

CHAPTER TWO ‘ !

METHODS AND MATERIALS...vceeaas Crrsesesanaas Tesesenes 40-47
CEl]l LiNESeueeeeeeeeenoneeeasnasannansesascacassnnenns 40
Culture of Embryonal Carcinoma Cells...ceieciecanannnnn 40
Retinoic Acid Induced Differentiation...c.iceiieennacans 42
Chromosome Preparations......... eesecsacsaecasteaanna .42
Immunoflucrescence...iieieeceanas eseessas eeea waesenee 43
PGK Electrophoresis. ... eseeececasossssosansersannenns .. b4
Exposure of Cells to 5-azacytidine....eecereuceas. .o bl
Autoradiography.......... Meemassarsreseanennn seseesceal85
Determination of Enzyme Specific Activities........ .-.86

CHAPTER THREE

RESULTS . v eevnnnrnnsnsnoaaanasnonansaeans cedeieienana 48-77
X Chromosome Inactivation in P10 Cells..iiiiicianrnnnns 48
The Stability of the two X Chromosomes in P10 Cells 48
Activity of the Two X Chromosomes in P10 Cells...... 49



| .
Fd
. i . B
Retinoic Acid Induced Differentiation...cecececacsaedd
X Chromosome St¥atus during Differentiation..... wseas58
Kinetics of X Inactivation in P10 Cells.............Gl
Inactivation Preference....................,..;.:...Ga
DISCUSSION. cccvecevnn ceecaes ccecemevesssssassssesenenanss 72
CO\CLUSICJ\IS...-'...'....... ....... ceecsasas S i |

CHAPTER FQUR _ .
" RESULTS...... deterecasacnnan teesesanaa aeeaan eeenaa-.78-109
. Reactivation of the Inactive X Chromosome in EC Cells.78
The Effect of 5- -azacytidine on the Appearance of
HAT" Colonies "in 8- azaguan:ne Resistant

Cultures..... secrercaneraaneas ticscssesassssnrenacns 78
Characteristics of 5-azacyttdine Reactxvated Clones.B85
Morphology.ceeeeaen sseenens ceeraredteesan B 85
Enzyme LevelS.oieeaneerenns eeseesassessrenansnsne 85
Chromosome Repl:catlon Patterns......;............88
Stability of the HGPRT' Phenotype...... Teeseeee g0
Kinetics of the Reactivation Event at the hgpr
I T - T 90
Reactivation of Other X-Linked LOCieeceaacaaaaaaas . .96
Reactivation in Differentiated EC cells............. 29
State of The X Chromosome in 5-azacytidine
Reactivated Clones after Differentiatiope.ccoueesnn 102
Effects of Other Agents on HGPRT Activity.......... 104
DISCUSSION. L ittt eceenecacnaesnscnasaseanasnonanasansas 110-120
The Role of DNA Methylat1on in X Inactivation........11l0
Inactive X Genes....... seaerenn hhsassanaa PUPIPPRN 110
X Chromosome Replication Patterns..eeeeeacecscassas 112
Alternative Possxbllxt:es to X Chromosome . :
Reactival ioN.e . e e it renesnasssacsasccnncncncanss ve.s113
Reactivation is Dependent Upon .the Undifferentiated
SLAlE.icicecrieseunuscercsaacoscsrassnneneresscanasannacse 115
Differentiation deoes not Induce Reinactivation....... 117
Germ Cells or Embryonic Cells?...cennineinnaanas e-.118
CONCLUSIONS .t ettt s v rraesccccacssnsnsonsosssossasnsnnsnsns 119
CHAPTER FIVE - B ‘
A Mcdel for X Chromosome Inact:vatton....: ............. 122
Future Direclions. cueisieeceeaseanisdocacsnsnsneasennns 126
APPENDIX I..... saraadcesecinsassessarasaanan Ceeeeeaan vemaa 130

R P

-~



 LIST OF FIGURES  ~
CHAPTER ONE
ngure ) essesabsesasaanns Ceeacnesanan IS ¥
CHAPTER TWO
No figures » S
CHAPTER THREE : ' '
Figure 2...veececcccees M esencnnane eeeteereecsenaea Cheens 52
Figure J.oolenceernne oo iennenns B L Y 2
Figure 4....00.. creann eesssenenaracas tessssaacseresaacens .55
Figure S.ieiaceanas e teerenas Ceeeeeserearneaeas Ceessenans 56
Figure 6..... csecesss s feiicsnoanceancnras ceseesaas wedeneead9
IQUre Jeeeieeeranmnncanes e et esesanaas e 60
Figure B.iuiieecencansnaransnnn seassassenarentacsrra ssesesab3
Figure 9eeeeeseeccnccesannccencnsosscans ceaseneas reeeen wasab5
Figure 10..cceeeincnncasnns tenetesisnsssseseennvaanans . .67
Figure 1l...eiieenneeannans et earesatsanaeseennesaserresan 69
Figure lZ..iieieeeeecannnasscnssassccsscasccccnnn ceeseeanias 71
CHAPTER FOUR
Figure 13.ueeeeeeenennns R 80
Figure 18..iereerareeccescnsnans BT 81
Figure 15..cccenss e eesenaaans eeeeerane e etiieiceeaeses s 83
Figure lé..veensrensa- veaan et esarsseasserencessaensasnss 86
Figure L7...eieicannrnnnesn seaetieneasasentonsensacaenaens 89
Figure 18....cccecenennas deeeenn A eeseecaasesseveserraasan 91
Figure 19...eeeereeenacesnnsncononenseceanascnnsneas e e 93
Figure 20.c.cceecnnans e eeeeencenssccerassseannanas et 94
Figure 2l...iuieeeeceansenacsacessnsssescannnoe tereeneenanee 95
Figure 22....cc0evacvas S eeceaseecerresscnossaasncananneans 98
Figure 23..eceeeraecncscanacsssnsancssnaccsssannss reaaens 101
Figure 24..... e te et eess eessasesserereastsstasanaanns 103
" Figure 25..... e asesraneranees i teesscecsasaseerannsesns 105
FIigULe 26.cecicevrnsovsecursocsanacscossnsnsonsenannos easaeas 106
Figure 27..ceieeasesssssnssvacssanesansnrnssassannsncacssss 121
s
CHAPTER‘FIVE
Figure 28...c000ces-s Ceeaenes Ceesssaesrtesesasnaaans Ceeeee 129

i Stk TR
.



LIST OF TABLES
CHAPTER .ONE ' v
»
No tables . - -
CHAPTER TWO
? -
Table Leceeeeenn e e e e eeaaeenan 41
CHAPTER THREE- | . ]
Table 2........ .......... ..................... teeesenasenas 50
TADLE Buesensensonnensensenseanancnnnenasenanennenss e 62
TADIE evesenneeneseesnnesenereceseseneesanecsnenasenananns 68
CHAPTER FOUR .
ST U 87
Table 6uvvnn. f et 108
CHAPTER FIVE - A "
No tables ) ’ P o oo <
\ ‘ ) ,
. /- Loh
: . Y s
it ) .
. 2}




EC

Xa—/—

Xi

xm

xP

G6PD

" BPGD

PGK
HGPRT
APRT
Aalpha-GAL
Beta-GAL
5-AC
P.C.

. Xce

-EE
8-AG
HAT
hgprt
RA
PBS
DMSO
Brdu
HATY .
ocT
CAMP
hr
min
sec

ix

Abbreviations
vy

- embryonal carcinoma

active X chromosome ’
inactive X chromosome :
maternally derived X chromosome
paternally derived X chromosome
glucose-6-phosphate dehydrogenase.

~ 6-phosphogluconate dehydrogenase

phosphogiycerate kinase
hypoxanthine.phosphoribosyl transferase

‘adenine phasphoribosyl transferase

Alpha galactosidase
Beta galactosidase
5-azacytidine

post coitum

X controlling element
extraemﬁryonicendoderm -

" 8-azaguanine

hypoxanthine-methotrexate-thymidine
hypoxanthine phosphoribosyl transferase gene

retinoic acid

phosphate buffered saline -~ -
dimethylsdﬁfoxide o
bromodeoxyuridine

growth in HAT medium

ornithine carbamoyl transferdse

cyclic adenosine nfonophosphate

hours

minutes

seconds

Molar

K st



. ‘Abstract

.An_entire X chromosome ié geneticaILﬁlinacfiv&'in the
somatic cells of female mammals. The study of mechan i sms
which inttiate and maintain this inéctivét)on a;e-important

in understanding how gene expression is regulated during

devel&pmént. I have utilized embryonal carcinoma (EC) cells

to* study X chromosome inactivation. EC celis are analogous

to early embryonic cells and "diploid cells can possess one

or two active X chromesomes. Thus, they provide an in vitro

system for the study of X chromesome inmactivatian.

The experimental results demonstrated that retinoic

»

acid induc~d the rapid and complete differentiation of P10

EC cells into- a tissue resembling the extraembryonic

endoderm of the embryo. This differentiation is accombanied \

'by " the rapid . and synchronous tnractivation ' of an X
chromosome,. tnxthe majority of the qells, as determined by
the 50% reduction in Ehe specifit activities of two X
Ehromosome encoded enzymes and the appearance cof a late
replicating X.chromosome in 55% of the differentiated cells.
This syhchronou& system will proviqe the tﬁol {p study the

mechanisms responsible far X inactivaiion. The P10 derived

extraembryonic endoderm contained phusphoglycerate kinase-1

(PGK-1) electrophoretic and alpha-galactosidase (aldhafGALT-

thermostability variants coded for by the maternal and
paternally-deriVed'X chromosomes. Thus, P10 cells did nat

preferentially inactivate - the ° paternally-derived X

chromosome like the analogous tissue in the _normal embryo.

-

e
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The inactivation of the matérnal-or paternal X‘chromosomé in
P10 cells .may be influenced by the heterozygous X
controlling element (Xce) alleles and suggésts'that the X
inactivation process, .in differentiating P10 cells,
résembles ‘that which occurs in normal embryonié, rather
than, extraembryonic tissues. I propose a model” of mitotic

dilutien to account for X chromosome imprinting during

Y .

mammalian embryogenesis.
C86S1AL and ClO0AGL are female EC cell lines which
possess an inactive X chromosome and a partia itgctive X
chromogome resbectively and which are hgprt™: The trgatment
of tﬁese cell iines.with DNA demethylating agents, such as
5-azacytidine, resulted in_a) the transient reactivation and
e?pression of genes on the inactive X chromosome in almost
‘all of the cells, b) the stable reactivation of the hgprt
genes in 10-20% of the treated cells, and c¢) the isocyclic
rep]ic?tioh of both X chromosomes early in "$" phase of the
cell cycle in C8651Al clones. CB6S1AL(X0) cells, which have
lost the inactive X chrqmosoﬁe, did not respond to
S-a;acytidine. This stronély indicates that, in CB6SlAl
‘cells, bene§ on the .inactive X chromosome are being
reactivated. Cl45FAl2 and Cl45FAGL1 are hgprt™ clones of
another female T =oal! line,  but these ce]l; &id not
reaFtivate inaétive X éenes a%ter exposure to 5-azacyt-idine.
This suggests that they differ from C86S1Al and Cl00AGY in

the states of their inactive X chromosomes. Differentiated

derivativés of Cl00AGl and CB8651Al1 did not ‘Fespond to



5-azaqytidine, indicating that fhe ability to reactivate
inactive X genes is d peddent upon the un@iffereqtiated
sfate of the cell. The éxperimental evidencg,' suggests é
model!l in whi?h different female. EC ce{l lines represent
embryonic cells arrested at different stages of X chromosome
inactivafion and that DNA methylation may provide .the
iaitial me%hanism,for transcriptional inactivation of an X
chfomosomel.‘lb also suggests that there is a, second

inactivatiion mechanism linked to cellular différentiation

which replaces, or ‘s present- in addition to, DNA
* ..

" methylation and is responsible for maintaining X

tnactivation in somatic cells.

\@
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"Resume -

Un chromosame X entier est génétiquement inactif dans

i

les cellules somatique chez les mammiferes femelles.
r ’ 4 4 . Tl
L'elucidation des mechanismes qui commencent et maintient

cette inactivation donne une sytemé pour l'etude de

l'expression differentielle génétique. _ Les resultats

demontrent que l'acide rétinoiique induit la differentiation
L .

rapide et cohplet des cellules Pl0 carcinomie embryonaire

o —

(EC) en un tissu. qui resgmble ; |'endoderme

L4 -
extrgembryonnaire de ['embryon. Cette differentiation est

-

accompagnée-par l'activation rapid and synchronisée de 1'un
des chromosomes X dans la = majurié des cellules.
Lt'inactivation est determinée-par la reduction de 50% de
l'activite spécifque de deux enzymes émrééér~ﬂu chromosome
X. L= différentiation est aussi acﬁbmpagnéé par l'apparition
d'un chromosome X 5 replication tardive dans 55% des
cellules différentiées. Ce system synchronisé servira
d'outil afin -d'etudier les 'méchansismes responsables de
I"inactivation du chromosome X. N

' r
L'endoderme extraembryonnaire derivé des cellules P10

‘contenait des vartantes d'iscenzymes pour la PGK-1, suivant

’ .
leur migration electrophoré;ique, et aussi pour !'alpha GAL,
. . ‘ . '. .I -
suivant leur degre de thermostabilite. Ces variantes sont
’ .
encodees par chacun des deux chromesomes X, ['un maternel,

. . . . - L4
l1'autre paternel. Ainsi, 1'endoderm extraembryonnaire derive

des cellules P10 n'a pas’ demontré 1'inactivation du--

- . -

o

“ u,vu;h_w_‘-rm
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chromosome X paternel tel Qqu'est le cas dans le -tissu
analogue chez |1'embryon. L'inactivation du "chromosome X
maternel ou paternel chez les cellules P10 peut %etre

inf}uencée par les alleles "element de control™ X (Xce) et

. 4 4 . . . : - .
suggere que le procede d'inactivation du chromosome X chez

le cellules P10 en étape de differentiation ressemble ;
celle qui survient chez les tissus embryonnaires, Je propose
un modele de ailutdon mitotique afin d'explique; de
difference du chromosome X qui survient durant % 'embryogenee
chez les manmiferes. ‘

Le traitement des lignees ClO00AGl et C86S1Al de
cellules EC avec des agents de démethylation, tel que la
5-azacytidine, produit "les effets suivants . a) un
reactivation transitoire et l'qxpression de genes sur le
chromosome‘X inactif dans la quasi-totalité ées‘cellﬁles, b)
la reactivation. stable du gene hgprt dans 10-20% des
celiules et c¢) la réplication des deux chromosomes X " au
debut de la phase "§*© de‘ la cellule. Les cellules
C86S1A1(X0) qui ont perdu le chromosome inactif ne rébundent
pas autraitéﬁent a la 5-azacytidine. CI&SFAIZ et Cl4a5AG1
sog; les autre lignée EC mais nonplus ne réactiyent pas les
geﬁes X inactifs aprés le traitment E‘la'S-aiacytidine, ce
qui suggére qu'elles different.duand a l'etat d'inactivation
de leur chromosome X. Une fois différentiées, les cellules
Cl00AG] et ChESlAl ne répndent plus a la 5-azacytidine. Ceci
sugg;re que 1'abilite de reactiver un chromosome X inactif

b
- / -, - -
depend de l'etat non-differencie de la cellule.. Les
« 8
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’ . N -
resultats sugg;rent un_mod§1 ou des lignée diffé}entes de

cellules EC femelles representent des cellules‘embryonna*reé

N -
arretee a different stages d'inactivation du chromosome X et

que la methylation de ['ADN peut fournirlejunéchanismé

initial del'inactivation de la transcriptiod> Les resultats

=~

.\ . s’ . . i [ .
suggerent aussi un autre mechanisme inconnu, relie a la
differentiation cellulaire, qui remplace ou coexiste avec 1

- .

methylatjon de l'AbN, et gui est responsable du maintient de

I'etat inactif dans les celliyles somatique.



CHAPTER ONE
INTRODUCT 10N

Our understanding of embryonic development and_cellulgr
differentiation‘requires the elucidation of the mechanisms
which control the differential expression of each géné
within the genome in a predictable temperal and spatial
sequence. It is clear that different sets aqf genes'must
function Lat variéus times during embryonic development.
Cells destined to form particular tissues must activété
éenes whose produ:ts are necessary for differentiation and
repress genes that are ng longérvnecessary, as well as geﬁes
which are nat e;pressed in a8 particular differentiated cell
type. :

- The study _of development and differentiation also
reduires understanéing the concepts of choice, cmﬁnitment
and stabil;ty. Any given embryonic cell must make a choice

to dgfferentiate along pathways characteristic of a given

developmental lineage. Once this choice is made a cell is

'said to be committed, that is,” it is destined to

differentiate along a chosen developmental pathway and only

that pathway. 'Once this commitment is made it . is
= [) ’ .
extraordinarily stable. At a later time a cell expresses the

genes characteristic of the differentiated state of the

committed cell.lineage. )

These developmental events must be. regulated within



the. cell in a tempor'nl and spét.iél, pattern in con_junction
with other cells to give higher order structures comprising
tissues and ofgans. These in turn must be reqgulated and .
patterned fo givé a fuhctioning, multiéellular organism? In
‘all cases ‘there must bé levels df gene regulétion' which
invalve interacting ceils, the intercellular enQironment,
the intracellular environmeﬁt.and'the previous developmental
history df any given cell. |

The subject of this ‘thesis is mammalian X chromosome .
inactivation., X inactivation provides a unique,
developmental model system to study a process which involves
chuice, conmi tment, tﬁé control of gene expression and
stability. The study - of the ﬁechanisms ‘controlling X
chromosome inactivation may have a broader applicabilit& in‘

understanding other developmeﬁtal regulatory mechanisms.

X CHROVOSOVE INACTIVATION

The somatic cells of fema[e, eutherian mamnal; pos;ess
two X chromosomes, Whife_males possess only one X éhromogome
and a nonhomologous Y chromosome. The Y cgromosome is the
‘primary determinant of‘ sex (Ohne, 1967). Early in
embryogenesis, one of the two X chromosomes in each cell is
genetically inactivated so ,that each somatic cell cnntainé
an active (Xa) and an inactive (Xi) X chromosome. The choice
of which X chromesome will be inactivated is random (Lyon,

1961; Russell, 196l1). Half of the embryonic cells at the



hj

time of this event will express only the maternally derived
X chromosome (X")and the other half express the paternally

L4

dérived X chromosome (XP).

The inactivation of the X chromosome is complete.
There are no complémentary active or inactive regions on
both X chromosomes (Lyon, 1972; Gartler and Andina, 1976).
However, there is a small region on the -distal portion of
the short arﬁ of the human X chromosome which escapes, or
partially escapes, inacbiVatinn and inclﬁdes the genes for
Xd, ;:f::$?7nnic blood group aniigeﬁ (Gartler and Andina,
1976) and stetoidal sulfatase (STS), an enzyme in yhiéh
deficiencies result in® X linked congenital icthyosis,
(Shapiro et al., 1978; Shapiro et al.,.1979; Mohandas et

al., 1978; Migeon et al., 1982). There is noc homologous
short arm on the murine X chromosome which is teIQFentric
(Nesbitt, 1971) and the STS gene does not appear to be
functional on the Xi (Gartler and Rivest, 1983). Thus, there -
may not be an equivalent region escaping inactivation on the
%ouse Xi-chromosome.

The same X chromosame is maintgined'genetically_inert

in all mitotic descendents of a single somatic cell (Beutler

et al., 1962;' Davidson, et al., 1963; Rattazi and Cohen,

1972; Ray et al., 1972; Lyon, 1972}. Spontaneous
reactivation. of individual Xi geries has been reported
(Mig;on, 1972), but it is a rare event. In addition, the Xi
is refractory ta_attempts to reactivate it by' various

‘ i .
- .



physical and chemiéql'means (Coming, 1966; Migeon, 1972;-

Romeo and Migeon, 1976; Wolf and Migeon, 1982). Thus X.

-

chromosome inactivation is heritable and it is stable.

The fi.is heterochromatic and has beeh obserfed in all
somatic cells of female mammals that have been éxaminéd
(Ohno et al., 1959; Lyon, 1972; Cattanach, 1975). The
heterochromatic X chromosome in the interphase nucleus h;s
aiso been termed the Barr body or the sex chf&matrn. The
-heterochromatic state of the Xi is consistant with the
observation that heteroch;omatin is trans&riptionally
inactive (Cattanach, 1975). |

Like most heterochromatic material, the Xi in all

mammalian species replicates its DNA entirely during the

late _"S" phase of the <cell cycle (late replicating)

{(Morishima et gl., 1962; Nesbitt and Gartler, 1971; Mukerjee
and Singh, iéé&; Sharman, 1971). Iﬁ. systems whe;e the
products of the Xa and Xi can be distinguished, there .is no
expression of genes on the late replicating X (Rattazi and

Cohen, 1976; Ray et al., 1972). Where both X Ehromosomes are

genetically active, both X chromosomes replicate

isocyclically early in 'S*' phase {Takagi, 1974; Epstein et
. ' '
al., 1978; 1Issa et al., 1969) and late replication

accompanies X inactivation, as determined by other criteria
- ®

(Takagi and Martin, 1984; Epstein et al., 1978; McBurney and

Strutt, 1980).



The Evolution of X Chromosome Inactxvatxon
/
For the majority of eukaryotic gene products there is

r

a proport:ona! relationship between the number of copies of
a8 particular gene and its level of protein product (Bartley
and Epstein, 1980; Farber, 1973; Epstein- et al., 1977;
Westerveld _£l_l:, 1972- Nérimo and Gainelli, 1975). Because
female marmmal s are XX and males XY, there exists a gene
dosage dtfference wh:ch wou[d be reflected in increased
levels of X encoded gene products. However, the levels of X
encoded enzymes in male and female somatic cells are equal,
due tao <Zpe presence of a single Xa in female cells. X
linactivation ts thought to have evolved_as a mechanism to
insure the equivalent dosage o% X encoded gene ‘products in
males and females, thus preventing variation for the action
of natural seiection between sexes (Lucchessi, 1978;_.Ohno,
1971). The genetic inactivation-of-one X chromosome is not
detrimental to "the female. There' are mice which are

karyotypically X0 but are phenotypically normal, fert{le

females (Cattanach 1962). This also demonstrates that a

single X -is all that 1s required for normal development.

The evolution of requlation of gene dosage levels by X

.imactivation in mammals probably provided s strong selective

pressure for the retention of specific-'genes on ‘the X
‘-~_ -

chrumosume (Ohno, 1967). All of-the genes which have been

mapped to the X chromosome in one mammalian species are X
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encoded in a variety of other species (Chaa, 1973; Riceciuti

) e . -
and Ruddle, 1973; Shows and Brown, 1975; Chapman and ShoWs,
1976; H%sftz and Hors-Ca&la, 1978; Donald and Hope, 1981;
- Shimizu et al., 1981).

. Within the animal kingdom'there are several forms of
dosgge regulation of “sex chromosomes which do not involve
inactivation. In the fa@{ly of gnats (Sqiara), a cﬁmplex
mechanism involving X chromesome nondisjunctien and
elimination in. male and femalde somatic"apd germ cells
achieves dosaée compensation bétween males and females
(Cattanacﬁ, 1975;2Rieffell and Crﬁuse, 1966). In mealy‘pugs,h'
there is a dosage'compengation mechaﬁism which inactivates-
the entire‘set of paternal chromosoﬁes jn female somatic
cells -(Brown and Nur(/fjsa; Brown, 1969).75rosophila possess
an X-Y system of sex determination, however, sex is
appare;tly influenced b; the ratio of .X chromosomes to
autosames ana noE~the pLe;ence of a Y chfomoiggg (%Fcchéssi,

978). Instead of inactivation of one X cbroédsomb in the-
female, theré is a mechanism which‘reduces'by one;h;if the
expression of both X chromosomeﬁ in the fehale to the
equivalent of the male level (Rﬁehrdanz and Luccheéi, 19%7;
-'Lucchesi, 1978; Maroni and Lucéhessi, 1980; Gadogkar et al.,
1982). Other sex determining systems which inQolve ZZfZW sex
chromosomes have apparently not evolved a similar mechanism

for dosage compensation (Cock, 1964; Baverstock, 1982;

.Johnson and Turner, 1979; Ohnn,'l969).

™~
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Turner, 1979; Ohno, 1969). ' ' -
a !
-~ Within Mammalia, X inactivation is the rule, but there

-
are some evolutionary exceptions involving certain species
. . *
of moles, where giant X chromosomes are observed and the XO

sex chromosome constitution is the normal female (Ohno,

1966; Ohno, 1969). In addition, X inactivétion in marsupials

is not “random, but involves preferential inactivation of the

paternélly derived X chromqsbmé (Coaper et al., -1971;

~
-

Richardson et al., 1971; Sharman, 1971). There is “some

suggestion that random inactivation in eutherian mammals may

-

have evolved from a ,system pbssessing preferential

. - z - . .
inactivation (Lifschytz and Lin¥sley, 1974; Cooper, 1971).

« . X CHROVDSQVE ACTIVITY DURING MAMMAL 1AN DEVELOPMENT

The X Chromosome in Oocytes and Early Embryds of Mice
. ¥ .
“Investigation of the cytological manifestations aof X

Lpaclivatibn (Austin, i9§6; Issa-et EL.,-1969; Takagi, 1974)

and the extent of mosaicism in female mice heterozygous for

. X encoded coat colour alleles (Gardner and Lyon, 1971)

determined that X inactivation occurred during embryological

dewelopment but only beginning at the blastocyst stage,

about the ‘time of implantation. Since inactivation did not
. : » )

appear to occur until after. several cleavages, several

investigators looked for two-fold differences of X encoded

™

enzymes in individual XX, and XO oocytes gd in XX, X0 and

XY embryos at various developmental stqge§ (Adler et al.,
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1977; Chapman ‘et al., 1998; Epstein et al., 1978; Kratzer
and Gartler, 1978; Monk, - r978). Before X' chromosome
inactivation, fen'ial-e embryos with two Xa would have twice as
much activity for X encoded enzymes as male emb'ry.h;s with one
X chromosome. .

" The results from these, studies demonstrated that XX
pocytes possessed twice tF\Jpécific activities of X encoded
enzymes compared to those found in XO oocytes showing that
both X chromosomes were active during oogenesis. (Mangia et

l., 1975;- Monk and MclLaren, q1981; Monk, 1978; Epstein,
1969; Epstein, 1972Z; Monk and Kathuria, 1977; Kozak et al.,
1974). _ .

The measurements of X encoded enzymes in embryocs frop
the 8 cell stage_until the early blastocyst (day 3 post
coitum ; p.c.), tclearly show that.‘ferna_le (XX) embryos have
twice the specific'activities of HGPRT and alpha-GAL as
those found in male (XY) embryos (Epstein et al., 1978; Monk

and Harper, 1978; Kratzer and Gartler, '1978; Monk, 1978;

Adler et al., 1977). The results for enzyme measurements

prior to the B8 cell stage are masked by the presence O.f,

maternally inherited enzymes (Kratzer and Gartler, 1978).
Cytological investigations at early morula and early
blastocyst stages demonstrate that both X chromosomes are

euchromatic and early replicating, supporting the enzyme

resalts (Takagi, 1974). Thus, at garl embryonic stages,

-

“reigrad,
.
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both X chromosomes are genetically active.

A decrgase, in the specific activities of X encoded

. . " enzymes XX embryos is ‘intérpreted as the time of

in<tiﬁfion-of'x inactivation égpsteLnl;ixgl., 1978; Monk and
' ‘ : 979; Monk: 1978): This decrease‘is first detected
in the mouse at the'ear}y'tp mid-blastocyst trafsition (day
3 1/2-4 p.c.:40-50 cells), by measuring HGPRT-"a&q. alpha-GAL
speéiﬂ#c aptivitfes. Estimate;‘ tha the 4 time ‘qﬂ- ég&il
inactivat}oﬁ-are hater however, aty ébogt fhe egq py{{nqér
" 'stage (day 6 p.c.) (Kozaks and Guin;, i?fS). Ihe\. en;ymg
acti;ities of all g encoded enzymes are equal ih female and
\ male embryos ~by the egg.'cylinder _stage '(d§y 6 p.c.),
\V/ suggesting that X inactivation hés occured in all the Y%ells
of the female embryos (Monk, 1981) by this time.

The dgcrgase in X encoggd enzyme specific éctivi@ies
correlates - temporally H;ith .fcytological studies of
inactivation (Takagi, 1974), but not with the estimates o{
the timing of X inactivation that are based upon mosaiéism
in female mice heteroiygous for X encoded coat colour genes.
(Gardner and Lyon, 1971). This'discrepan&y?sccurs bevause X
Iinactivation occurs 'at different times in different tissues
of the eﬁbryo‘ | . - -

X inactivation "appears to occur concomitantly'with the

first differentiation events of each cell (Monk and Harper,

1979; Monk, 1981). Thus, inactivation occurs first in the
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and the trophectoderm lineage which gives rise to mural
trophoblast and chorionic ectoderm (West et al., 1977; Frels

et al., 1979; Frels and Chapman, 1980, Papaioannou and West,
1981; Papaioannouet al., 1981; Takagi et al., 1978). The XxP
or the X" is randomly inactivated in the célls comprising
tge fetus, allantois, amnion and visceral yolk éac mesoderm,
all of which are "derived ¥}§m' the primitive"ectodeqn
(epiblast lineage) (Papioanno&igi al., 1981).

The preferential inactivation in the trophectodérm and

"extraembryonic- endoderm s accompanied by an initial

-~

replication of the Xi early in "S" phase of the cell cycle;

with s shift to late replication at a later time (Takagi et

.El:r 1982; Sugahara et l., 1983). This preferentiat

inactivation of the X? and its initial early replication
pattenﬁ suggest;'the two events might be related_éﬁd that
there are Aiffefences in the X inactivation mechanism in
certain‘extfaembryonic tigsues and the embryonic ectodedm

(Takagi €t al., 1982)

The relationship between the pattern of X inactivation
and - tissue differentiation during embryocgenesis is
summarized in Figure 'l which is adapted from Gartler and

Riggs (1984) and Monk (1981).

N

The X Chromosome in Germ Cells.

““~~ Since the oocyte possesses two Xa, either the germ line

X chromosome must never undergo ihactivation or the germ

-
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and the trophectoderm lineage which gives rise (6 mural
trophoblast and chorionic ectoderm (West et al., 1977; 'Frels
t ai., 1979; Frels and Chapman, 1980, Papaioannou and West,

1981; Papaioannou et al., 1981; Takagi §£ al., 197é). The xP °
‘or the X" is randomlyiinactivated in the cells comprfsing
the fetus, aliantois, amnion and visceral yolk sac mesoderm,
al'l of which are derived from the primitive ectoderm
(epiblast lineage) (Papioannou et al., 1981);

<4  The preferential ?nac;ivatioﬁ in the trophectoderm and
extyaembryonic— endoderm is.'accompanied by an‘ initial
.replicétiﬂn of the Xi early in "§" phasé of the cell cycle,
.with a shift to late replication at a later time (Takagi;gi
él:, 1982; Sugawara et al., 1983). This preferential
inactivat}on_ of -the) ép and its intial early replication
pattern suggests the t;o events might be rela{ed and thaf
there are différences in the X .inactivation mechani;m_in
certaip ektraembryonic tissues and the embryonic ectoderm
(Takagi et al., 1982)

The relationship between*the paétern of X inactivation

and | tissue diff?réntiation du\&ng embryogenesis is
summarized in'ngure 1 which is adapted from Gartler and

Riggs (1984) and Monk (1981).

The X Chromosome in Germ Cells

Since the ooéyte,possesses two Xa, either the germ line
X chroﬁosome.must never undergo inactivation'or the germ

4
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FIGURE ONE
X chromosome differentiation during mammal ian embryogeneéis.

The X™ and XP are the maternal énd-paterhal X chromosomes

respectively. The inactive state of a chromosome s

indicated by bold-type. TE is trophectoderm; PE is primifive

endoderm; ICM is inner cell mass.
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cells giving rise to oocyteé must reactivate X} at sometime
during their ‘development. Witschi (1957) reported that
, migratinb‘ germ cells in human f?maie embryos w;re sex‘
 chromafin_bositive sqggthing they had an Xi. Later work
involving the measuréments of X encoded enzyme specific
acti;ities (Andina, l978;lMonk and MclLaren, 198l1), use of
heterozygous electrophoretic variants of X linked enzymes
(Johnston, 1980; Gartler et al., 1972;l Gartler et al.,

1973), and cytologicai determinations in mice (Gartler et
al., 1980; Hartung and Stahl, 1977), humans (Ohno et al.,
1962) and other mmnnal; (Jagiello et al., 1982; Luciani‘gi
al., _1579) have jdemonstrated that féﬁale germ cells
reactivate the Xij just prior to .their entry into meiosis.
Thus, germ cells possess cellul;r mechanisms which can

entirely reactivate the previously Xi.

THE CONTROL OF X CHROVDSQME INACTIVATION

~
The most conspicuous feature of X inactivation is that

it involves the repression of an entire X chromosome, while

the other X chromosome in the same environment is not

affected..Althuugh X inactivation is a continuous process,'
it caﬁ be subdivided into certain componeﬁts to make it

easier to conceptualize. These events will be summarized
"below and: ;nclqde: 1) imprinting and recognition, 2)

counting'and 3) control centres of inactivation.

-

Chromosome Recognitien and Imprinting

The preferential inactivation of the XP in the somatic
cells of marsupials and in the extraembryonic membranes of

-
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eutherian mammals implies that the parental X chromosomes
N _

are bhemically or structurally different, within the same

cell. The differences between the X' and the XP are then

recugnizéd and acted upon by the X inactivation mechanism.

" This marking or imprinting is thought to occur during

processes whicb accompany gametdgenesis (Chandra and Brown,
i975). It is of interest that while the Xi chromosome is
reactivated during oogenesis, the X bhromoséme is condensed
and 'inactivated during spermiogenesis (Manesi, '1971;
Vanha-Pert;ula et al., 1970). This difference in the state
of the X chromosome in the sperm and egg may provide a basis
for the disiinction between the X chromosomes in the early

ehbryo. This distinction between the. XP and the X" in

eutherian mammals 1s lost during embryngenesis since the

-t . R .
cells of the epiblast demonstrate random inactivaticn.

Recent work wlth parthenogeﬁféﬁ embryos and ovarian
teratomas, in which cases both X chromﬁsomes are of maternal
origin, have shown that inactivation proceeds normally, even
in tissues ﬁormally having prefereﬁtia! xP  inactivation

-~

(Kaufman et al., 1978; Rastan et al., 1980). Thus, the

concept of imprinting is thought to be independent of the

mechanisms which initiate inactjvation_(Gartler and Riggs,
1984).

- Counting

There is a mechanism which insures that only one X

chromosome is active per diploid autosomal - set of

chromosomes. Thus, a cell possessing autosomal euploidy and

P |
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»2X anueploidy will have four Xi (Funderburk et al., 1981). A

-

- ' N ) .
tetraploid cell can havg two Xa and two Xi, while triploid
cells may have one or two Xi {Migeon et al., 1981l; Willard
and Breﬁj 1980). These data imply that the X/autosome ratio

‘ .. . - . 5.
and autosomal genes are important components in a counting
mechanism that insures the correct number of Xi in a cell.

Control Centres of Inactivation

Initiation of inactivation involves the silencing of

one X chromosome . and net the other. This type of

inactivation is best explained by a single initiating or

controliing site 'on the X chromosome (Gartler and Riggs,. |

1984) since mu!tiple control centres should lead to mixtures
of active and -inactive regions on both X chromosomes. There
are workers however, whﬁ fee! that there 1is evidence
supporting multiple control centres on the X chromosome
{(Eicher, 1970; Dist;che et al., 1981; Nakagome, 1982);
Eicher fixsf pr&hosed the idea of multiple inactivation
centres by studing a murine translocation where a piece of
chromoscme Z; carrying assayable markers, was inserted iﬁto
an X chromosome. When fhis X ch;omosome became inactivated,
cytologica] and genetic evidence .5uggested that the X
chromosome segements on both sides .of the insert were
inactivated, but some regions of-: the autosomal insert
remained genetically active. 'It was suggested that since
both sides of aﬁ X chromosome that was separated by an

active autosome insert were inact@vated, there must be

-

inactivation centres on both regions of the bisected X

¥
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chromosome.
Takagi's (1980) study of X replication patterns in 7

1/2 day embryos carrying balanced Searle's translocation (X,

ls

X 7, 16X, 16) demonstrated that the "intact X was late

replicaiing in the majbrity of the cells, but in earlier
stage embryos; a small proportion of cells showed 16X late
replicating. The X16 never appeared as late replicating in-

over 2500 embryonic cells that were examined. In addition,

in unbalanced embryos (xlslx;lsllb) where §\inactivation of

X6 would’ result in "normal® ‘embryos in\ terms EW‘Egene

16

dosage, his studies sﬁowed no inactivation of the X or.the
normal’ X. These results suggest that there is -a’ sinéle
inactivation centre on the &ista} region of the X chromosome
B A less extensive study of ‘Searle's translocation by
Disteche et a1 (1979), using the same approach as Takagi,
reached ‘the opposite concluﬁioh. In the cells of § day
embryos and adults, they shﬁwed ;hat the intact X was.late.

16 or 1sx (but never both) could

replicating and either the X
be late replicating. They tcok this result as evidence for
multiple inactivation centres. However, definitive evidence
for mul?fple inactivation centres would requir; that both
pieces of a recfproca!ly translocated X become inactivated.
The same kinds of results for human X chromosome
abnormalities .(Therman EL‘ al., 1974} and X-autosmn% _
translaocations (Mattei, 1982; Gartler and Riégs, 1984) have

been used to suggest a single inactivation control centre on

the human X chromosome (Mattei, 1982; Gartler and Riggs,



17

1984).

Although this work is by no means complete, it suggests
that'thgre is a single inactivation centre present on the
mouse and human X chfomosome. |

The spreaéing effect of inactiéatiqn observed for most
mouse ‘X-autosome translocations (Caftanach, l9§ﬁ; Cattanach,
1975; Russell and Montgomery, 1970; Russell, 1972; Lyon, et

al.y, 1964; Cachiero et "al., 1973; Takagi, 1980; Eicher,
1970; Disteche et al., 1978) suggests that there is a site
en the X chromosome wﬁere inactivation -initiates and spreads
into adjoining regions. Little .is known about the spreading
of inactivation, however; there is agreemen; * that
hete;ochromatinization is invdglved (Cattanach, 1975; Gartler
and Riggs, 1984). It s thought that initiatien of
inactivation at a contreolling site serves as a nucleation
site for chromosome condensation, which is thought -to bé a
highly <cooperative -process sitmilar tb crystallizgtion
(Weisbrod, 1982; Gartier and Riggs, 198a5. Once the
heterochromatic state is established, it may be
self-propagating and herftable. However, there 1is growing
evidence that the maintenance of the }nactive state is
mediated by post-replicational modifications of the DNA
structure (Gartler and Riggs, 1984; Chapmén et al., 1982;
Riggs, 1975).

The presence of an inactivation centre has led to a
search for heritable mutations affecting the réndcmnes; of X

inactivation. One such mutation has been found in the mouse

<



which affects the probability of which X chromqigggy_is

inactivated (Cattanach and Issacson, 1967; Catténach,.l§75;
Falconer et. al., 1982; Johnston and Cattanach, 1981;
Cattanach and bapworth, 1981). The X chromosome .carrying the
mutant allele has a greater probability of remaining the Xa
in a cell after inactivation. This has been'dgmonstrated by
biased _cg;nge; im coat colour variegation (Catfanach and
Issacsgn, 1972; Falconer and Issacson, 1972) .and skewed
'expressioﬁ of heterozygous X encoded gene products
(Cattanach and Papworth, 1981). This locus has be named the
x cohtrolling_element (Xee) and maps to a site in the distal

region of the X chromosome between the linkage groups Ta and

pgk-1 (Cattanach et al., 1970; Johnston and Cattanach,

1981). There are three known alieles of Xce which have a
graded effect upon the probability of inactivation (Johnston

and Cattanach, 198l). The probability increased from 50:50

to approximately 70:30 in the most extreme allelic
combinatio (Xce®/Xce®). 1t is not clear why complete
preferenthal inactivation--is. not observed in this system

(Cattanach, 1975; Gartler and Riggs, 1984). Thus, there
appears tc be é single‘site on the X chromosome which is
important in the inttiatton of X inactivatioen. This
inactivation is probably Jocated in the distal region of the
mouse X chromosome  and may be Xce, or a locus similar to it.

MODELS OF X CHRCMOSCME INACTIVATION

-

Before discussing some of -the models of X_chromosome

inactivation it would be useful to .,summarize the



- 19

observations tﬁey must account for:

a.-one of twalhomologous X chromosomes within a cell
becomes genetically inactive early in embryogenesis and tﬁ;s
inactivation is gtable and heritable in somatic cells. , ’

b. there is probably a single inactivatioé centre on
the X chrombsome where inactivation initiates.and from which
ig spreads to'inactivate most X chromoscme genes.

c. reactivation of an Xi occurs in female germ cells.

Therefore, inactivation cannot cause a permanent Tasge in

genetic informadtion.

d. there is a mechanism to insure only one X chromosome -

is active per euploid autosomal set of chromosomes.
e. mechanisms of imprinting exist such that in extra-
embryonic tissues the inactivation mechanism can distinguish

between X chromosomes of paternal and maternal origin.

DNA Rearrangement Models

The episome integration model was thé first to propose
a molecular mechanism for X jnactivation (Grumbach et al.,
1963). It proposes that an episome integrates at an
initiation site on an X chromosome to induce inactivation.
This integration is thought to induce cellular changes which
destroy additicnal episomes, inactivafes or modifies thentu;
or modifies insertion sites on the second X chromosome to

prevent further inactivation. 1t is assumed that the initial

integration event is slow but that the second inactivation

-

step is rapid. Presumably, thiSfepisome is removed from. the

Xi sometime during oogenesis.- -
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" The episome integration modet—is plausnble given the
. R .
existence of genetic rearrangements and transposaﬁle

elements in prbkaryotes (Green,'l977), yeast (Green, 1917),
Drasophila (Green, 19'80) and \\QOSSlny “in Mammals

GJagadeeswaran et al.,,1982) 'Transposable element insertion

in Drosophila can lead to herltable changes in development

-
-

#(Bender et 1983) and insertion of retroviral séquences

- ¢ =
- I g

in mouse can result in mutations (Jaenligblet g}., 1982).
Endogenous _retrbviral-like sequences are %&ﬁse?t in the
moluse geénome and can be inhéritpd through -the_ germ line
(Jaeéisch, 1976).

The inversion c;ssette model identifies an initiation
site on the‘X chromosome which is a defined sequence. Ev?nf;.

leading to inactivétinn induce an inversion of this sequence

in one X chromosome and results in its inactivation

presumably due to sequence or coding disruption. .As in the

L
first model, this inversion somehow blacks the elent in the

second X chromosome at a rapid "rate. There are switching
mechanisms which cﬁnfrol thé synthesis Sf flagellar pyoteins
iw_éarmoneila which involve the rewérﬁable,inversion7of a
1.2 kb fragment of DNA’ (Zieg.and Simon, 1980) and the
switching of mating‘ types in yeast is -controlled by the
specific insertion of unique, movgable'DNA elements (Kushner
et _al., 1979). | ~

"’/BNA Conformation Mcdels

The conformational‘changes of the DNA in the Z form are
thought to occur at the X c&ﬁtrolling "Fite and initiate
- \

o
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inactivation. This conformational change may occur in
edhjunction with. other mechanigms where, for example, the Z
DNA coﬁforﬁation gl[dw% the binding of specific inactivation
proteins. ~Z° DNA probably %fi;té under- physiological
conditions (Nordheim et al., 1982a; Singleton et al., 1982)
and proteins have been found which bind .specifically to Z

DNA (Nordheim et al., 1982b).

Membrane Attachment Model

;lThis simple model proposes thét' there is a single
atgéchment site on the nuclear envelope for the bindinéuof
one X'cﬁ}omosome (Somings; 1966). Once an X.chrdmosome is
bound to the sige, it is permanent.aﬁd results in stable
activati;n of thﬁs X. The ungttached X is\lﬂgctivated. It is
suggested that the attachment sigf is coded for ?y autosomal

“genes so that there is one site per autosomal set of
]
* /’EE?EEEES;;:?\}hyS providing a mechanism for counting.
& -

Protein Binding Models

‘ —_ \ . .
- The- role of NDNA binding proteins in inactivation was

N\

first proposed by Ohno (1968; 1973) and Lyon (1972). This

-

A : .
“‘model proposes that tﬁb¢e are DNA binding proteins which are
produced at defined levels by the autosomes. These proteins

will bind at the initiation 'site for.inac;ivation on an X.

chromosome. It is pﬁ§tuiated‘;hat this initial bihding is

slow, but  that dngq\Pne protein is bound all others bind to

this site because ,of high coocperativity and induce
’ .
inactivatien. In the activator version of the model,. the.

cooperative binding\\qi__abe proteins prevent a subseﬁuent

N

— o

b :
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inactivation mechanism from accosting this X, thus keeping
it active.‘It has been qrgued that without a modification of
the DNA the X DNA-protein interactions alone are not
adequate to explain the stability of inactivation since
proteins should be displaéed during DNA replication and
should‘therefore, occasionally accost the Xa (Riggs, 1975).

The majority of the models that are s@nnarized are
primarily concerned with the Tnitiation and counting
mechanism af inactivation. All the models are not completely-
adequate to resolve all. of the characteristics -of X
znactivation, especially the spreadrég and maintenance of
inactivation. Jni addition, the models are not mutually
exclusive, soc 1t is equally probable that all, =a ‘few, or
none of the models are inmvelved in X inactivation.

DNA METHYLATION

- The characteristics of the Xi demand that theée are
mechanisms responsible for maintaininé fhé')active and
ingctive state. As previohsly ;entioned, it 1is argueH that
these differences must involve heritable changes in “the
strucdure of the DNA, chromatin structure and organization,
or a combination of the two (Riggs, 1975; Lyon, 1972;
Gartler.and R}ggs,'l98&; Chapman et al., 1982).

The xnethyiaticn. of cytosine Sases in DNA 1s a post-
transcriptional modific;tion which has been implicated as a
.major mechanism controlling differential gene expression in

eucaryotes (Cooper, 1983; Erlich and Wang, 198l; Felsenfeld

and McGhee, 1982; Riggs, 1975; Riggs and Jones, 1983;
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'Holliday and Pugh, 1975; Scarano gi al., 1977; Adams, 1970;
Harrison, 1971; Comings, 1972; Jones and Ta}lor, 198074
Tayfor and Jonés, 1979) and has been'agsiéned a rofe in the
mai;tenence of X chromosome inact@vatinn (R}ggs, 1975;

Gartler ‘and Riggs, 1984; Graves, 1?62£ ‘Mohandas et. al.,

1981; Lester et al., 1982; Jones et al., 1982; Venolia et

al., 1982). ' - T

— -

Presented here are some of the characteristics of DNA

methylation which have ‘implications for X inactivation (for
! L} - - . B

reviews see Cooper, 1983; Doerfler,-1983; Riggs and Jones,

1983) : | I

l. S5-methylcytosine Hsrthe only methylated base found
in eucaryotic DNA and its' level“is high, on the_ order of
2-4% of DNA cytosines. |

/

‘ / . _
2. The methylation of cytosines in DNA 1s accomplished

by a cellular enzyme (only one found to date) which has the
following propertie;: 1) it metgyléled cytosines in the 5
positicn‘syeh that the methyl group lies in the major groove
of the DNA helix and does not hinder normal base pairing, 2)
it preferentiglly recognizes and &ethylates 5'\CG seauences
symmetrically in both strands and 3) the enzyme has a higher
affinity for half-methylated sites than for unmethylated
sites. This differential affinity insures the heritability
of DNA méthylation after replfcation.

3. The foundation of the DNA.methylation,hypotaesis in

the control of gene -expression rests upon the observation

that the position of thé’nwthyl group‘]n the major groove

T

»

-
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"alters the secondary structure of the 'DNA and strongly
influences the binding of proteins to DNA. This is evident

from the biﬁding characteristics of the DNA methylase enzyme

itself and the qbéervations with other base analogs. .

4. There .is a negative correlation between the extent

. e

of 'me;hylation of a particular gene and its level of

transcription. This has been observed for the expression of

many autosomal genes in many systems. It is becoming clear
r - -

however, that the extent of methylation is unimportant and

the methylation of critical sites, such as in cellular

-

promoters or enhancers, may be important for transcriptional

- .
v

regqulation.

. S
THe‘model suggesting a role for DNA methy[ation in X
chromosome inagtivation was first proposed by Riggsl(1975)~
The mode! suggests that the primary inactivafion qent}es cn
both X <chromosomes are unmethylated by passing through
'gametogenesis and both X chromosomes are active {p the early
embryo. A DNA_ specific methylase, coded for by the
autosomésy‘recognizes the primary inactivation .centre on the
*‘chromospme and methylatés critical sites de novo. This
ﬁethylatioﬁ actjvates an X linked function -ver; rapidly
'wh{ch either inactivates the de novo methylase, modifies its
activity  or represses its synthesis so. that the second
inactivapion centre is not.apcusted. The metﬁylation of the

.

tnactivation centre induces structural changes in the DNA

or influences the binding of -an inactivation protein which

mediates inactivation. The presence of a secand maintainance

\ | -
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methylase. or an altered gé novo methylase ensures" the
her{tability of the methylated inactivation centre .and
prevents the methylation o% tﬁevéééond centre. L

The model can also he reversgd where the mgthylat{oﬁ of
an inactivatiion centre preserves its' activity and the
unmethylated site oé .the second X is recognized by the
inactivation mechanism.

There is g;Bwing evidence " that de novb methylation
Ioccurs during eariy e&ﬁbyogenesis .and in teratocarcinoma
cells at a greater rate than‘ observed in somatic cells
(Jahner et al., 1982; Stewart et al., 1982). In addition,

> ‘

differences in the of DNA méthylafion bewgen the XP and XV
early iﬁ embryogenesis may provipe the basis for the
preferential inactiQaLion of the XP in ‘extraembryonig
. tissues. The de Dél& methylation of sequences during'

embryogenesis may obscure the differences between the two X
* <
chromosomes, leading to random inactivation at later stages.

It is noted that sperm DNA is highly methylated for the
ma}ority of jts.sequences (Strum and Taylor, 1981; Kaput and
Sneider, 1979;‘Erlich et EL" 1982). However, changes in DNA
methylation also occur durinq,cellular‘differentiation in
the embryo and extraemgryoﬁic tissues, which di;p[éy
preferential x P chromosome inactivatiaq,bécome
.undermethylated during differentiation, while -embryonic
tissues do not ;Chapman et al., 1983). This undermethylation
_of DNA in,ihese tissdes may be involved in the pref¥erential

~

inactivation observed in these tissues. - .
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‘Evidence for the Role of DNA Methylation in X

Inactivation

The importance of DNA methylation hy the control of
differential gene expressibn in eucaryote§ is based, in
part, upon studies involving inhibitors of DNA methylation,
including the base analog 5-azacytidine (5-AC). This base
analog apparently inhibits DNA methylation by becoming
incorporafed into. DNA. The nitroéep group in tﬁe 5 position
cannot accept a methyl group (Jones and Taylor, 1980).
Recent studies have- also suggested that 5-AC directly
inhibits the cellular methyltrénsferase‘enzyme (Creusot et
al., 1982; Santi gg al., 1983). The treatﬁent of cultured
cells with 5-AC causes a stable aemethylatibn of the DNA
(Christman et al., 1983; Creusot 'gi_ al., 1982) ‘and can

result in the induction of cellular differentiation programs

(éﬁristman t al., 1983; Constandinides et l., 19773

—— —— —

Bodner et al., 198l; Sager and Kovac, 1982; Taylor and
Jones, 1979; Jones and T%y!or, 1980); the activation of
endogenous retrovira] genomes (Groudine et al., 1981; Niwa,
et al., 1983; Stewert et al., 1§82) and the expression'of
silent cellular genes (Harris, 1982; Ley et 'al., i9é&;
Delérs et al., 1984)."

R;:Ent wark with culturéd intérspecjfic somatic cell
hybrids possessing_an Xi have shown that DNA methylation may
be involved in the maintenance of the inactive state of the

X chromosome (Mohandas Eﬁuﬂl'; 1981; Graves, 1982; Lester et

l., 1982; Jones et al., 1982). In these studies, 5-AC was
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éhowq_to induce the high frequency reactivation of genes on
the Xi. This reactivation apparently involved local regions

on the X chromosome (Lester et al., 1982; Hors-Cayla et al.,®

,1983). In addition, the majority of the X chromosome

maintained its patt;rmdof late replication (Jones et al.,
1982; Hors-Cayla et al., 1983). Syntenic loci can also be
reactivéted ﬁu; this is probably an indépendent event at.
each locus (Mohandas et al., 1981;:Hb£s-CayIa éi al., 1983).
The expression of reactivated of genés on the Xi is stable,
even in the absence of selective, pressure.' The loss of
expréssion of the reactivated gene is always associated with
the loss of the X; (Graves,'1982;;tester et al., -1982).
Several recent experiments have suggested that the DNA
from the Xi may be chemically distinct from Xa DNA. %{fkéy
and Evans (1980) repofted that a female mouse line carrying
a wild type hgprt gene on the Xirdhd not function in DNQ
mediated "gene transfer experiments, while the same hgprt
gene on an Xa did functicn. Venolia and Gartler .(léBZ)
obtained the same results u;ing clonal cell lines from a
female heterozygous for a Lesch-Nyhan (HGPRT ) ‘mutation. Tﬁe
ine}ficiency of the Xi DNA in Dﬁgiir transformation
experiments has been confirmed and extended by Chapman et
al. (1982) using'female mouse cells that were heterozygous

for electrophoretic variants of the 'HGPRT enzyme. In

addition, they later demonstrated that while somatic cell Xi

ot

-

DNA was inefficient in gene transfér; DNA from. the

preferentially inactivated X from visceral endoderm in the
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embryo was functional in hgprt transformation (Kratzer et
al., 1953): These results suggest that there is & difference .
in the inactivation mechanism which operates ‘in
extraembryonic . tissues demonstrating ‘preferent}af X
inactiVation“;;d in somatic cells with rgﬁdom inactivatfon.
. These DNA transformation results suggest that the EEELE.
gene from the Xi in somatic cells is significantly less
efficient than the hgprt gene on the Xa in gene transfer,
suggesting that there is some sort 0} modification of the
DNA. Thgre is, however, one report whe?e Xi DNA from another
Lesch-Nyhan female cell line did | function in DNA
t;ansformétioﬁ experiments (Deldonge et al., 1982)

The roie of cytosine methylation as the primary.
mechanism o?. this modification is suggested from ;-AC
studies witH mouse-human cell hybfids. Cell hybrids carrying
the human Xi did not function in DNA mediated gene transfer.
After -théy were treated with 5-AC to induce  hgprt
reactivation, they did function in gene transfer experiments
tnvalving hgprt (Venolia _i al., 1982; Lester et al., 1982).
In other systems, methylation also decreases gene transfer
efficiency (Razin and Riggs, *1980; Cristy and Scangos, 19B84;
Vardimon et al., 1982; Waechter and Baserga, 1982).

Molecular investigations of the patterns of
methylation on the Xa and Xi have not been fruitfuyl (Wolf et
al., 1980; Wolf and Migeon, 19825. By using random probes of

X. chromosome specific sequences and Msp/Hpall restriction

enzymes to assay for nmthylaiioq, Wolf and Migeon (1982)

)



29

could find no obvious methylation differences between males
and females.'They also showed that the methylation patterns
varied in clones of the same female cell. A later study

using probes hybridizing to regions of the hgprt gene, alsg

showed no obvious differqncesobetween male and female cells

(Wolf et al., 1984). Although this method of assaying

methylation is limited because it measures only a subset of
possible owihylated.sites (Doerfler, 1983), it eliminatos
the possibility that the inactivation'of the * is the result
of global methylation of its sequénceo. This suggestion 1is
supported by results ‘using antibodﬂes raised against 5-AC.
Observations -of chromosomes did not reveal a. difference
between the Xa. and Xi in human and a 'monkey species
(Miller,et al., 1982).

THE TERATOCARCINOMA SYSTEM

X inactivation occurs during early embryogenesis when

the embryo consists of only a few cells, is inaccessible and

‘difficult to work with experimentally in vitro. In addition,

the temporal 'heterogeneity of X inactivation in embryos |
hampors its study. Forykhese reasons EC cells have provideo
an alternative J3evelopmental system to study inactivation
with a greater aoundanco of - cells and the eooe of
experimental manipulation (McBurney and Strutt, 1980).

The EC Cell and Murine Teratocarcinomas

-

EC cells are the stem cells of malignant tumocurs called

teratocarcinomas (Stevens, 1967; Pierce, 1967). These

- tumours, which normally arise in the gonads, are

- -
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characterized' gy thg presence of a wide spectrum of
differentiated cells within the tumour, which would normally
be derived f;onlrall thfee germ layersr-of the embryo. In
addition to the differentiated ceil types, teratocarcinomas’
contain a morphologically undifferentiated cell type kalled
embryonal carcinoma (EC). Injection‘qf. EC cells (Pierce
and Dixon,l95§; Pierce ég al., 1960}, or even a siﬁgl& EC
cell,intqz ‘appropriate . mice produced tera£ocarcinomas
containing. the fufl range of differentiated cell types.

Injection of differentiated cells did not result in tumour

|., 1960; Graham, 1977). Thus, EC

! ——r—

production (Pierce et
cells are the stem cells of the tumeur and, more
importantly, they -are developmentally pluripotent and

~

capable of differentiating along multiple developmental
pathways. *

Te}atocarcinbmas can be propagated by serial transfer
to appropriate animals by subcutane;us injection or they can
form ascites tumours, clumps of cells which consist of a
core of cells surrounded by a rind of differentiated,
extraembryonic endoderm cells (Graham, 1977). These clumps
of cells résemble the organization of normal embryo& at
about tge sixth day of development (egg cylinder stage) and

have been termed embryoid bodies (Stevens, 1960}.

Origin Of EC Cells

Teratocarcjnomas were first described as spontaneous
testicular and ovarian tumours which resulted from the

neoplastic transformation of a germ cell(s) (Stevens and
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Litile,'l95a; Pierce and Beals;_196§; Stevens, 1967; Stevens
and Varnum, 1974). '

Teratocarcinomas can Ee induced experimentally in other
strains of.hice (e.g. C3H) by the transplantation of early
embryocs into ectopic sites, such as under the testes or
kidney capsule (Stevens, 19705; Damjanov et _l.,bli97l;
Illeé, i976). These foreign’ environments are thought to
disrupt the embryo,' resulting in teratocarcinomas. -Some
‘strains of mice are not permissive for teratocarcinoma
production after embryo transplantation which has suggested
that the host environment is important in -their genesis
(Solter and Damjanov, 1979).

TQ? highest frequencies of teratocarcinoma production
were obtained by transplanting 7 1/2-8 Hay embryos, aIth;Qgh
embryos are early as the two cell stage produced tumours
(Stevens, 1968; Damjanov et gl.,'l97lb; Graham, 1977).

" There is = controversy regarding the origin of embryo
devived teratocarcinomés.,lt Eas been suggested the thesé
teratocarcinomas do not arise from germ cells bdt from
pluripot?ht embryonic cellé, possibly from- the embryonic

ectoderm (Mintz et al., 1978; Diwan and Stevens, 1976; Dewey

et al., 1977; Evans et al., 1979). There is_now evidence

that pluripotent stem cells, with identical Characte}istics
to EC. cells, can be isolatéd directly fromi mouse embryos
culitured in vitro (Evans and Kaufman, 1981; Martin, 1981;
Axelrad and Bennett, 198é3.

.Thus, teratocarcinomas may arise spontareously by the

L
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neoplasticitransformation of germ cellsrjhr, in the case of
embryo derived tumours, directly from =a pluripotent
embryonic ceJI,— possibly the embryonic ectoderm. In
addition, theré_ is some evidence that different EC cell
lines may be arrested at differeht stages of embryonic
development. This 1is based primarily upon the restricted
-differentiation lineages demonstrated by some cell lines
(Bernsteine et al., 1973; Martin and Evans,.1975b)'and the
state of activity of tﬁe X chromosomes in female EC cells
(McBurney and Strutt, 1980; McBurney and Adamson, 1976).

Characteristics Of EC Cells

EC cells resemble the cells aof the embrycnic ectoderm
.of .the embryo. Like émbr;onic cells;,EC cells have sparse
cytoplasms with ‘relatively large nuclei and prominent
nucleoli. They possess relatively few, spherical
mitochondria, little endopldsmic reticulum or Golgi and have
numerous free ribosomes (Pierce and Beals, 19645 Lo . and
Gilula, 1980). EC cells are also similar to embrxonic ceils
using antigenic (Artzt et al., 1973; Qacob, 1977; Reisner et

1., 1977; Solter and Knowles, 1978; Kemler et al., 1977;

Harris et al., 1984; Boller and Kemler, 1 1982) and

biochemical criteria (Bernsteine et gi:, 1973; Damjanov et
al., 1971).

’ The best evidence for the hypotheéis-that EC cells are
plhripotent embryonic cells comes from blastocyst injection

experiments. When euploid EC cells (even a single EC cell)

injected into a mouse blastocyst, they can contribute to
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normal embryonic development. Their differentiated

derivatives .can be found in_ most differentiated ti;sues
(including germ cells) of a. normai, tumour free mouse
(Brinster,1974; Mintz and I!lhensee, 1975; Papaioannou et
al., 1976; Dewey and IWariin, 1980; Rossant and McBurney,
1982). Because EC cells can behave as embryonic.cel{s, the
study of EC cells provndes a powerful in vitro mode | system
for the study of many of the '“aspects of embryonic

development*and differentiation.

The EC Cell in Tissue Culture

Lines of EC cells can be adapted to tissue culture by
.plating dissociated cells from .embryoid bodies or solid
tumours, in the presence Br absence Pf feeder cells (Kahan
and Ephrussi[1970; Martin and Evans,- 1975b; 1les, 1976;
MeBurney, 1976; Martin and Evans, 1975b; Bosenthal?gﬁ al.,
1970; Evans, 1972; Bernsteiﬁe, et al., 1973). Clusters of
rapidly dividing EC cells grow out from these cells and can
be identified, cloned and subcultured. ‘Thus,# homogenous
clonal lines of EC cells can be obtained. These cells remain
homogenous by frequent subculturing and maintain thegzhility
to form fully differentiated teratocarcinomas when }njected
back into an animal at anyltime (Finch and Ephrussi, l§67).
EC cells can be induced to diéfgrentiate in vitro by
culturing the cells in dense monolayers (Nicolas et al.
1975), .in large attached clumps UWEBurngy, 1976) or as

aggregates in suspension (Martin, and Evans, 1975;

Jones-Villeneuve et al., 1982)% Most EC cells retain the



.in tissue culture,“éE found in the tumour (Martin and Evans,
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ability to differentiate into the full range of cell types

1975; Nicolas et al., 1975; M™McBurney, -1976; Kahan and

Ephrussi, 1970).

‘The first - d;fferentiated cel!l type obferved in
differentiating cultures are extraembryoniﬁw endp erm (EE)
cells. This is followed by the.'@ppearance of' many
differentiated céllilypes including nerve, muscle (cardiac
and skeletal), eﬁithelium, cartilage, and adipose ;issue
(Mértﬂn and Evans, 197{b; MecBurney, 1976). There are some EC

cell lines which do .not have or have lost the ability to

‘differentiate under these condiL¥§;s (Martin and Evans,

L

1975b; Martin, 1980). >

The differentiation of EC cells in vitro can be
monitored using morphological, biochemical = and antigenic

s 5 .
criteria (Martin - amnd Evans, 1975b; McBurney, 1975;

Jones-Villnueve et al., 1982; McBurney et al., 1982;

-

Edwards, et al., 1983, Bernsteine et al., 1973; Graham,

19775 Solter and Knowles, 1978; Adamson, 1976; Strickdand et

gi.; 1980; Darmon et al., 1981; Paulin, 1982).° .

The difficulty "in studying developmental events in this
syétem is the heterogenous nature of the differentiation.
Many w%rkefs have attdﬁpted te simplify and control the
system‘- by adding various drugs and coﬁpounds go
differentiating EC cells, to direct the differe;tiaxion -

along limited .developmental pathways. Strickland and Madavi

(1978) first demonstfated that F9 EC cells treated in

€1
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monolayer with  the vitamin. A analog re{inoic "acid - (RA},
differentieted into a Xissue reéembling primitive EE ofrthe
embryo.-Later work showed thét coadditfcn of cAVP with RA
lIed’,tu-*fﬁgﬂ’?::::;;f\differgntiatfbn‘ of: these .cells into
ppr{etél EE (étrickfand Ei al., i9éﬂ). Hogan et al., {1980)

demonstrated that the aggregation of F9 cells in the
. LT . . A\

présénce of RA resulted inl;HEfﬁdfferbni}ation of _.visceral -

rather th;n parretal EE. Ihus-tﬁé tréatméht of F§ EC ;ells
with RA undef'different.cdnqitions s potenfia!ly useful'lor
studying the . determination events legding éo fhe
differéntétion Ef one. cell type or another.

Jones-Villeneuve Ei.éi- (1982) demonstrated that ‘the
;Egatment of aggreéages of 915 EC cells w{th high doses of
RA'reéulEed in the Hifferent?abian of cel}gzalqng neuro-
qctodé}mai Iinéages giving rise tb';én}y néurons, glial

cells, and fibroblést—like cells. Howeyer, when Pl9 cells,

-

CB86S1 and Cl45A12 EC cells were e&posed to high doses of RA

-

in monolgyer cultures, they did not diffe?eﬁtiate along
primiti&?j ‘endoderma! .‘Bf' neurél: pathways but into
fibrob]ast;like cells. Thus, thé differentiation response to
RA is dependent upon the'cei& type and culture conditions
and ﬁrovides the poteniial far. studying.many deveiopmenlal
events leading Qo diff;rent differentiatian pathways.

Other drugs such as DMSO and }cw doses of RA induce the

differentiation of muscle in aggregates "of Pl9 cells

(McBurney et al., 1982; Edwards and McBurney, 1283}, while

hexamethylene bis acetamide {HVBA) can lndu‘ce the'appearance&
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of fibroblasts and epitheélial cells in monolayers or PCC4 EC,

cells (Speers et al., 1979)% In additfon, culturing of some

—t  ——

EC cell line; in defined medium,” in the absence of serum,
induces differentiation into restricted ceflrtypes (Rizzino,
1983; Darmon et al., 1981). -

The X Chromosome in EC Cells

The resemblance of EC cells ;oleaxly gmbryohic‘cells
fed to the suggestion that EC cells may possess two Xa.

McBurney and Adamson (1976) first shﬁwed that female EC cell

»

lines derived- ffom embryo-induced teratocarcinomas; may

.differ in the states of their X chromosomes. Thgy used three
independent critg;ia for determining the activity of the X
chromosomes: rg;lication -patte}ns . of ‘the X _.chromosomes,
specific'activities,of enzymes encoded by the Xhéiromosbme
genes and the frequency of, recovery of mutants resistant @q
the nécleotide analecg B-azaguanine, whiah should- be
dependent upon Ehe number of active ;opies of the X encoded
gene, hggﬁt%b' : ‘ :z
Their results demonstrated that CB6S1 EC-cells have all

the characteristics of possessing an Xi while Cl00 EC cells.

.~ -

had some characteristics, but not others (late replication

and 2x alpha-GAL specific factivity) suggesting it may

»

possess_a‘partfally_inactive Xi. -

Martin et al. (1978) have 'described a female, EC cell
line, (LT) derived from a spoﬁ%aneo@s ovarian
teratocarcinoma which, on the basig of specific act{vities'

’

of X encoded enzymes, ‘demonstrated dosage differences
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between XX and X0 cells consistent with the expression of
. both X chromosomes. Furthermore, they .showed that thes
expected 50% reductions. in the sgecific activities of these
enzymes occurred during the induced differentiation of these
cells in vitro, Latef work dpmons;rdted that in LT-EC cells .
boté X chromosomes rgplicated isocyclically early in "S"
phase ot the cell cycle and the shift to late replication of:
one X chromosome occurred, in appr&x{gately 50% of the
cells, during differentiation (Takagi and Martin, 1984).
~McBurney and Strutt (1980) described an émbryo derived
EC’ cgll line, called P10, which was heﬁerozygous ;for
electrophoretic variangs of "pgk-1 alleles, the}mostability
variants of algha-gél alleles and the % controlling element
alleles (Xce). Many prewious studies have demonstrated tgg

‘value of allelic variants of X encoded genés for studies

involving X inactivation (Beutler et al., 1962; Ray et al.,
i i !

“i972; West sﬁ_ al., 1277). This cell line was foundv to
possess a euploid, female karyotype and all clonal
populations of EC cells donta{ned both PGK-1 isozymes. In
addition both X chromosomes replicated in synchrony with the
autosomes .during early "S" phase. fhese.data demcnstrated
that PIU-EC celis contained two Xa: When P10 cells were
induc?d to differentiate, the ﬁajority of -the cells

contained an Xi chromosome after 2-3 weeks in culture, as

detected by X chromosome replication patterns.
P . .
Thus, EC cells provide an idi:;{/jystem for the
investigations into meghanisms of X chr some inactivation.

<
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Various - female EC cell lines. differ with respect to the

-

activity status of their X chromosomes and may represent
‘embryenic cells arrested at different stages of _X.
inactivation. X inactivation .occurs in culture when EC cells

possessing two Xa aré induced to different{qté. .

THE THESIS PROJECT

X chromosome imactivation is a developmental e;ent
occurring in al} cells of the female embryo. It invalves
mechanisms wﬁfch Gesult in sthe heritéb[a, transcriptioﬁal
silencing of én entire * chromosome. Thus, the study of X
chromdsomé Lnactivgtioh. provides a system .for studying
differential geée exprgssion’in eucaryotes. Elucidatioh(pf
mechanisms éontrolling X jnéctj&ation may hawe a .wider
applicaticn for® the uﬁderstagding of gene regulation in its

entirety.

The Aim of the Thesis

The work in this thesis is comprised of th ch;pters:
The first chapter involves the synchrunizétibn ané
characterization of- an in vitro system for the study of,X |
chromosome inactivation using P10 EC cells. I attempted to
simplify this system by inducing the differentiation of PiU
cells by exposing them to RA. The exposure Yof P10 cells to
RA resulted .in tﬁe rap:d and complpte differentiation into
cells resembling the EE of the embryo and was accompanied by
;apid and synchronous X chromosome__inactdvation. The
induction of X inactivation in a single, differenfiated cell

-

type provides an experjhental system more- amenable for the

-

o
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investigation of the mechanisms involved in 'R chromosome §

inactivation. -

The second chapter of the thesis deals with attempts to
define a molecular mechanism for X chromosome inactivation,

by inducing the reactivation of the Xi in female EC cell .

. !

lines. By attempting to reactivate Xi in these cells, by

treating them with agents of known modes ‘of action, K have
g g ’ \-—/\
provided evidence for the role of DNA methylation as one of
the mechanisms responsible for the transcriptional
inactivation of the Xi during X chromosome inactivation. In °

addition, the different responses of different EC cell lines

to DNA demethylating agents’ suggest that they may be

r

arrested at different stages of X chromosome inactivation.

‘\\
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CHAPTER TWO

TWETHODS AND MATERIALS

‘Cell Lines

.. All embryonal carcinoma cell lines described in .this
the;iQ_were derived from teratocarcinomas. produced in C3H/He
strain of mice by embryo transplantéti&n (McBurney and
Adamson, 1976; McBurney, 1976; McBurney-and Strutt, 1980).
All cell 'liﬁe% _are rigourously clonal 1in origin. The X
chromoﬁoﬁe contspt of each cell line was charactérizqd by G _
banding of chromosomes. Pl0(X0) clones were also identified

~

by the expression of a‘single PGK-1 'isozyme. The HGPRT cell
‘iines .weré selected by exposure of cells to 10 ug/ml
8=ézaguanine (8-AG). Clones of cells reactiivated by e;posuré
to S-azacytidine (S;AC) are idgﬁtified by thF addiy{on of
AZA#N_where #_identifies the c:icentration'of 5-AC cells
were exposed to and n‘idéntifles the claone. The relevant

characteristic of all cell lines used in this study are

summarized in Table.l.

Culture of Embryonal,éarcinoma Cel{s

All cells were cultured in aLpHa minimal essential"
medium (Stanners et al., 1971) (Gibco, Leng Island,-N.y.)
containing Sng/@l each of stfeptomypﬂ‘ and;fenicillin ;hd
supplemented wi;h 7.5% bovine qiii. serum énd 2.5% fetal
bovi;e serum (Canadiah Veterinary Supplies, Pe;th, Ont.).
Cells were routinely subcul-tured every two days,by treating

them with Ca*® and Mg**-free phosphate buffered saline (PBS)

containing 0.025% trypsin and 1mM EDTA to remove them from
i : N\

~ \
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TABLE ONE

[y

SOVE, CHARACTERISTICS OF EMBRYONAL ZARCINOVA CELL LINES

CELL : ORIGIN

-LINE
P10 C3H/He
7.5 day
: embryo
P1O(X0)n . "
C86S1 C3H
7.5 day
. embryo
C8651Al "
C86S1A1(X0)n "
Cl45a C3H
6.5 day
Cl00AG1 "
Cl45F C3H
) . 6.5.day
Cl45FAGn "
C86S1ALAZAN "
P13 C3H-
7.5 day

*

n indicates a numBer of clonal

SEX

CHROVDSQMVES

XX

xXg

X0

%

%

%

XY

<

LATE .
REPLICATING

no

no

yes
no

no

no

yes

yes,

no

no

isolates.

CHARACTERISTICS

pgk—lb,alpha-galr Xceac
/pgk-la,alpha-gal”,Xce

pgk-1b, alpha-galr,Xcea

or

pgk-la, a[pha-gals,Xcec

no heterozygous
X Yinked markers.

- derived from

CB6S1’

el

derived from:
CBéSlAl

AG

no heterozygous

X linked markets

derived from
Clé5a

Pl

no heterozygous
X lifked markers
derived from
Cl?SF

AG

derived from *
CB6SI1Al by 5-AC
treatment ,
AGS

nc heterozygous
X linked markers

AG - azaguanine resistant. AG - Azaguanine sensitive.

pgk-1- phophoglycerate kinase gene. alpha-gal- alpha galactosidase gene.
Xce- X controlling element gene.
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the.surféce of ti;sué culture véésels. Dispersed cells were
then }eplated into fresh mééium at the required cell
density. P10 c;lls"weré. subcultured into .tissue cﬁlture'
vessels containing mitomyc{n-C treated STO mouse fibroblasts
as feede} cells (McBurney, 1976).

All cell Iings were replaced by frozen stocks at
approximately monthly inte;vals \\br when karyotype
aﬁnormalities appeared during‘ frequént G bandingl Clonal
lines of alI'cells were established by picking single cells
into separate culture vessels.

Retinoic Acid Induced Differentiation

Differentiation of EC cells was initiated by plating
5x105 or lxl[]6 cells into gelatin coated &é0mm or 100mm
‘tissue culture dishes (Fisher, Toronto, Ont;). All-trans
retinoic écid'(RA) (S{gma, St. Louis., Mo.) at 1x1077 M was
orepared as a 1072 M stock solution in DMSO and diluted into
the medium. The medium waé replaced af 2 day intervals and
RA was present -continuously. Before exposure to RA, P10

cells were cultured for 24 hr in the absence of STO feeders.

Chromosome Preparations

G banding of EC cells chromosomes was cérried out as
p{eviousl)r described (McBurney, 1976). Chromosomg
replication datterns.were monitored as ﬁreviously_described
(Alves and Jonassen, 1978;‘ MeBurney and Strutt, 1980).
Briefly, cells were exposed to IO'ﬂw S-bromodeoxyubiaine

(BrdU) for 5-8 hr. before the addition of Colcemid (6ug/ml)

".(Sigma). After 1 hr the cells were harvested and chromosome

3
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preparations were made. S!lides._were stored in the dark for
5-7 days and then stained with 2% Giemsa (Fisher) inmﬂ.ﬁu
Nazapoa (pH 10.4) for 20-40 min.

.‘Ceil cycle times wére determined by.con:ingous,exposure
-0f differentiating cells;to lO'SM BrdU (Alves and-Jonas;en,
1978). Every 24 hr Colcemld (6ug/ml) was introduced into
paralliel euvltures for éﬂhr before cells were harvesféd for
chromosome pr;parationS: Slides were kept in the dark for
2-5 days before staining in 2% Giemsa in Na,HPO, (pH
10.4-10.6) for 5-12 min. The numbers of cell cycles were
scored by the pattern “gf differential staining- of the
_ BU-subsvituted ih;omatids. Appfoximately 100 metaphases were

scored for each time point. ‘ -

Immunofluorescence

:Cells were prepared for imﬁupofluoregcence bf growing
and treafing them on gelatin-coated 2Zmm .coverslips as
previously  described (Edwards and McBurney, = 1983;
Jones-Villeneuve et al., 1982). Alternative[y; cells were
harvested in lmM EDTA in PBS q&d reblated‘at-;he required
cell dens]hy on poly-L-lysiné (lmg/ml in HZO) (Sigmal) coated
22mm- coverslips 1n medium apﬁrqximately 20-30 min before
fixation in'cold 95% methanol. For AEC3Al-9 (Harris et al.,
1984), and SSEA-1 (Soltér et al., 1978) antibodies, 40 ul of
a l/500 dilution (in PBS) were uéed. TRCOMA-1 AND TROMA-3
(Boller and Kemler, 1982) monoclional antisera were used
undiluted as culture supernatants. Cells were scored and

« . .
counted using a Leitz Ortholux 11 microscope and a Leitz 12
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filter cube for fluorescein.

PGX Electrophoresis

Extracts for PGK electrophoresis were prepared by
suspending the .cells in 3 volumes of water and disrupting by

2 rounds of freezing (-70°C) and thawing and stored at -70°°
or used_inmediately; Prigr to electrophoresis samples were
centrifugedva YDéb x g to remove cell debris. .
Eiegtﬁnphore;is was carried out on cellulose acetate
membranes {(Gelman, Qakville, Ont.) essentially as d;scribeq
by Bucher et al. (1980) us}ng 1 ul samples. The
electrophoresis buffer was mogified and consisted of ZU@M
Tris, 10mv sodium citrate, 5mM MgSO,, and 2mv EDTA (pH 8.2).
Gels were stained as described (Bucher et al., 1980) and
"examined under a UV transilluminator (UV products, San
Gabriel, Cal). The gels were phptographed at 30 séc
intervals through a KQEEE CPBY UV and 5RY Plue light filters
u;iné Polaroid-type 57 f;lﬁ; The fluorescent intensity of
each PGK band increase& in a linear manner for at least 15
min. under these conditions. Densitometric tracings of
3photogfaphic negatives were performed with a Beckman DU 8

spctropHotometeg equipped with the Gel Scan programme.

Expoéure of Cells To 5-Azacytidine

Cells were exposed to 5-AC essential[y.as described by
Mohandas et al. (1982). Cells were seeded at 3%10° into 60mm
tissue culture dishes. After 24 hr freshly prepared 5-AC
(Sigma St. Louis Mo.) was added to the cultures. 24 hr later

the drug was removed and the monolayer was washed twice and
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thé cells propagated for an. additional 2@ hr The cells were
then . harvested by trypsinization and plated into medium
containing 15.0ug/ml hypoxanthine, U.l- ug/mi methotrexate.
| and IS.ng/mlfthymidine_(HAT medium) (Littlefield,1964). A
Enow; numbe} of cells were also plated into alpha medium to
determine the plating efficiency of cells after 5-AC
treatment. 2-mercaptoethano!l at lxlD'ﬁw.was added to all
media to improve plating efficiencies (Oshima, 1978). l/ -
The medium containing HAT was 1repl;ced at 3 day
intervals and on day 8, the cultures were scored for
cplonies Sy staining in a 2% Giemsa solution in 95% methanol
for 15 min. after which the plates were washed in water and
ait dried. In each experiment several HAT resistant colonties

—

were picked and propagated in medium containing 1l5ug/ml
¢ .

hypoxanthine and 15ug/ml thymidine {HT medium). Only one

colony was picked from each plate to avoid the possibility

of picking sister colonies.

Autoradioqraphy

Cells for autoradiogfaphy were plated at lxlﬂsinto
- 35mm tis;ue culture dishes containing a single 30mm dfameter
coverslip that had been freshly coapéd with poly-L-lysine.
Cultures were incubated for .one hour at 37°C to allow the
cells to attach before 3H-hypoxanthine (Amersham 1 Ci/mmol}
or 3H-guanine (NEN 8.3 Ci/mnolﬁ were added at 2 uCi/ml.
After 1-3 hr, incubation the coverslips were washed in PBS
and fixed in ice cold absolute methanol for 16 min. After

LY

rinsing in cold methanol 5x, the cells were rehydrated in
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water and extracted with 5% TCA for 5 min. The coverslips
were washed "2x in water and .3x in methanol! before air
dr;}ng. Thg caverslips were dippe&hin Kodak NTB-é emulsion
and stored in the dark under dessication at 4°C for 1-7.days
before dévelopment witﬁ Kodak D19 de%eloper.;The coverslips
were stained for 1 min in 2% Giemsa in pho;phate buffer (bH

6.86) and viewed us}ng a Leitz Ortholux II Photomicroscope

using bright field optics. : ’

.6eterminaﬁioq of Enéyme Specific-Activities
Crude eniyme ext}acts weée prepared by suspending
cells in three volumes of distilled water and disrupted by
two rounds of freezing and thawing (-70°C). Tre samples were
then centrifuged at 7000xg for 15 min before the
supernatants were stored at -70°C. Samp;es were thawéd and
kept won ice for ﬁo_longer than 2 hr before use. Protein
concentrations.of the extracts were de;;rh{ned as dpscribed
by Hartree (1972).

Glucose-6-phosphate dehydrogenase (G6PD, £E.C. 1.1.1.49) .
and 6-phosphogluconate dehydrogenase (6PGD, E.C. 1.1.1.44)
activities was measured at 25 °C and pH 7.4 by the method of
Rosenstraus and Chasin Oﬁ&ﬁ?) Phosphoglycerate kinase (PGK
E.C. 2.7. 2.3) was assayeédat 25°C and pH 8.0 accord:ng to

- S
the method of Chen et al. (1971). The rates of reaction of
these enzymes were measured at 340 nm on a Beckman DU 7
specfrophotometer using the Kineties Il program. Alpha-
galactosidase (alpha-GAL, E.C. 3.2.1.22) activities were

determined using 5m™ p-nitrophenyl-alpha-galactopyranoside
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(Sigma) in 0.1M sodium citratéﬁcitric acid buffer (pﬁ 4.2)

at 37°%C for 60 min. Hypoxanthine guahine phosphoribosyl

transferase (HGPRT, E'C‘ Z;X.Z.B}j and adénine

-

phosphoribosyl transferase (APRT, E.C. 2.4.2.7.) were

determined simultaneously as described by McBurney and

Adamson (1976) wusing 3H-hypoxanthi_ne and 'léc-adenine as,

substrates.

For thermodenaturation determinations of alpha-GAL,

-.amy

samples were diluted in .02M imidizole buffersfpH 7.2) and

50 ul aliquots were heated in sealed tubes at 52°C. {(Lusis

and West, 1976).
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< o  CHAPTER THREE

. RESULTS

X CHROVOSQVE INACTIVATION IN P10 CELLS

The Stability of the Two X Chromosomes in P10 Cells

o

MéBurney and Strutt (1930)‘hﬂi§ previBusly shown that

-~
.

the two X chromosomes in P10 c;lls were-genetipaliw active.
Th; two X chromosomes replipaFed iSOCyclicaIIy ea§$y\46 "G
phase .of the cell cyclé and all subélones of ﬁf%; hWhich
contained two erﬁromsqmes, ;xpressed both electrqphorétic
Yaciants of PGK-1.

However, Featherstone (N&&;ﬁ thesis, University of
Ottawa) found that in P%D cells, X encoded enzyme specific
'activities were not twice those found in male EC cells (XY),
female EC cells possessing a cytélogically inactive X
;Eromosome or Pl0 cells cbntaining a single X chromosome.

There appeared to be considerable variation in enzyme

activities in P10 cell lines that were unrelated to the

B . t";. ..'- i -
number of X chromosomes and considerable vari3tion between

different EC cell lines. . ®
Early in the course of my work,-it'Qas noted that the

. v - . L
two Xa in P10 cells was unstably maintained. Long term

A
»

cultures . invariably became overgrown by clones which-
) " - : 7
contained a sjngle X chromosome, and may or may. not’ggﬁe

-y N
acquired other chromosome abnormalities. Either X chromosome

could be lost (McBurney and Strutt, 1980). This instability

seemed to be a consequence of both X chromosomes being -

actiye, since other EC cell lines carrying an Xi are,

- "



karyotypically, very stable (McBurney and Adamson, 1976). In
addition, this instability is not a result of the mouse

strain that- Plﬁ is derived from or because of eup[oxdy since

bl

2
.dn EC cell line derlved from the same - strain, with a euploid

)

male karyotype; s chromosomally:very stable (NbBurney and

Roge%s, 1982) Plurﬂpotent stem cel¥s derived from female

embryos also have unstable X chromosomes {Robertseon et al.,

1983). ” a -

.1 attempted to obtain Pl0 cells that had more stable X
chromosomes. Single P10 cells were cloned and grown up to a
cblony of 50-100 cells. At this time, half of the colony was

isolated and subjected to PGK-1 electrophoresis. A colony
N G 4 .
{hat.possgssed,both PGL-1 isozymes was identified and single

cells from the rémaining half of the colony were recloned.

This procedure was repeated five times 1n an attempt to
~ s : -
obtain <c¢lones in whichkr both X chromosomes were stably

retained. Unfortunatly, i df& not recover this desired
) . s _ .
clone. Table 2 shows the history of X chrngﬁome stability

in one such clone over time.

-

Because of the problem . of x instability, all

.

) . . 4 .
experiments ‘reported 1n this thesls were c¢arried out on

recently cloned cultures’ whose chrgposomes had been
(el
- carefully G banded before (and often durﬁng and after), each

experiment to ensure the presence of two X_chromosomes in

-

all (>90%) of the cells.

”~

X Encoded Enzvme Specific Activities in P10 Cells

-~

t SNy

-

. _ . . 1
1 have measured the specié)c activities of X encoded
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TABLE TWO
INSTABILITY OF THE TWO X CHROMDSOMES IN A P10 CLONAL LINE

TIME (DAYS) \/ PERCENT OF XX CELLS
_ 0 - ' 92 '

5 . 94
10 ' 82
la . d | " : 71
. 21 ' | 68 . i
28 _ 57
s0 ' - 52 -
. . .

The P10 clone was isolated from a single cell and
grown up to approximately 100 cells (ll'days) before

" half of the colony was 1s5o0lated for PGK-1 elettrophoresis.
The second half of the colony as érown up to 5 x 10°
cells before G banding was performed {day Q). Cells were
subcultured évery‘z days'on STO feeder cell and G banded

. on the davys i1ndicated. .
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enzyhes in clonaf Line§ of P10 cells posses;ing one or two X
chromosomes. Cloﬁes of .PlG cells containing two X
-chromOSdmeg generally had h@gher.activities of the X encoded
_enzymes Gé6PD, ?G(, HGPRT and alpha-GAL, but there was no
'Eonsigtent two-fold\gifferences as one might have expected.
and has been reported (Martin et al., 1978) {(Figure 2).
Functionally related autosoma] enzymes had similar
activities 1n P10 XX and X0 cells. There were considerable
clone-to-clone * variabilities §f X encoded specif;c
activities in P10 cells with two X chromosomes CF:guré 3a
and b). Less variablity was observed between X0 clones of

. — .
Pl0 cells {Figure 3e), regardless of whbther the clone
carried the original %aternaf or paternal X chromosome.
When X encoded enzyme activities were adjusted for
differences 1n metabo!:sm, by takimg 1nto account the
activities of functtonal!y'reiated autosomal enzymés rn (XX

and X0 clones, there was st:[l no two fb#ée%%iifrences in X

-

encodeq specific activities. -
;ﬁus, the specific activities of X encbded enzyﬁes 1n
210 XX cells demonstrate clonal d:fferencés which are not
proportiaonal to the 'number of Xa. ‘X-encoded. §pec1f1€
activities can also be influenced by mechanisﬁs, in addition
“to X inactivation, such as developmental age,. autosomal
regulatory genes, tigssue type and in vitro culture
(Monk,1979; Steele and Owens, 1973: Steele and -Migeon,

19733.
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FLGURE TWO

Sy
[}

Relative specific activities of some X-encoded and autosomal

enzyﬁés in XX (open bars) and X0 (stipled bars) Pl0 EC

cells. These values represent the averages of 4-6

independent experiments. Specific activities and-standard

deviations of these values are [isted in Appendix One.
r

S

-

h ')
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FIGURE THREE
~ ‘
The ratio of specific activities of some X-encoded (open -
bars) and autosomal (stippled bars) enzymes in clones of XX \

and X0 P10 | cells. a. PI042(XX)/P1041S7(X0) - b.
P1042112(XX) /P1041S9(XD) c. PLO4IST(XD)/P1041SI(X0). 1,
G6PD; 2, PGK; 3, HGPRT; 4, alpha-GAL; 5, 6PGD; 6, APRT: 7,
beta-GAL.
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Retinoic Acid Induced Differentiation

. Retinoic acid (RA) induces the F9 line of EC cells to

differentiate into a cell . type réseﬁbling primitive

extraembryonic endoderm (EE) ofs the embryo (Hogan et al.,

1981; Strickland et al., 1980)° which can subsequently

develop into either pariétal or visceral EE, depending upon
the culture conditions (Hogan et al., 1981; Strickland apd~
' Mahdavi, 1978; Strickland et al., 1980).

When Pl0 cells were cultured as monclayers in the
. I's -
presence of 10'%% RA, they too differentiated into a cell

resembling primitive EE which spontaneously developed 1into
cells pnf parietal EEAmorphology (Figure &4 a-f). Strickland

t al. (1980) reported thetthe addition of 10 5M dibutyryl

cAVP after RA exposure fac:lntated the. d1fferentlatlon of F9
cklls into cells with parietal EE chara;ter:stlcs. The

addition,of dibutyryl cAMP to différeﬁtiating Pl0 cells did

-

. .
not increase the proportion of cells with parietal EE °
~ : :

morphology. In addition, "the RA could be removed after 72 hr
and the cells differentiated to the same extent. . The

L4

diffePeﬁtiation of Pl0 cells was also dependent ﬁpon culture
conditions. When aggregates of Pl0 cells were' treated w:th

RA, .they dxfferent:ated along neuroectodermal pathways

(Jones-Villenueve et al., 1982).

Cells with-EC morphology had disappeafed by 4 days and
by this time the cells had lost the cell surface antigen
recognized by the mﬁuoclonal antibodies AEC3Al1-9 (Harris et

al., 1984) (Figure 5) and SSEA-1 (Solter et al., 138T7~(data
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FIGURE FOUR
Phase contrast micrographs. of Pl0 cells treated with 1 x
10'7 M retinotc acid. Pl0 cells were cultured-in the absence
of STO feeders for 24 hr and seeded at 5 ; lD5 cells into
gelatin-coated 60m$ tissue culture plates. Cells were
conttnuousfy exposed to retinoic acid and photographed at
daily intervals. a. Pl0 EC cells (x112) b. Day 1 (x112) c.
Day 2 (xllé)“ d. Day 3 (x112} e. Day 4 (x112) f. Day 7
(x112).~ '

A
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FIGURE FIVE
Percentage of différentiating P10 cells carryingfantigens_
reactive with three monoclonal antibodies. a. (.————-:‘—.)
AEC3A1-9 is specific- for a cell surface antigen (SSEA-1

antigen) on EC cells. b. (OQO-~---Q) TROMA-1 recognizes
intermediate filaments pre‘sent in v:sce'ral and‘parietai
extraembryonic endoderm cells. c.{A—e—e—s+— A} TROVA-3
recognizes intermediate f'ilament.s present only .1n parietal

endoderm. A total of 500-700 cells weré scored for each time

point.
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not shown). These q:éﬁtibodies recognize 3% cé[i. surface
antigen called the stage specific embryonic gntigen (SSEA-1)
;hich‘is présent on the surface of early embryo cells, EC
cells and sperm ceIIs,. but not most otper differentiated
cellltype.

In addition to losing these markers of undifferentiated
EC cells, all _RAitreated cells acquired intracellular:
cytoskeletal antigens recognized by the monochonal‘antigody
g TRQMA;l (Figure 5), a marker far EE and several oéher
epithelial cell types (Boller and Kemler, 1982).
Approximately 40% of the differentiateq cells -were also
positive for the TROMA-3 antibody, a marker for parietal EE
(Boller and Kemler, 1982). The proﬁoétion ‘of cells
recognized by TROMA-1 and TROMA-3 antibodies are similar to
those observed in F9 EC cells treated with RA and dibutyry!l
cAMP  (Boller and Kemler, 1982). TRQMA-1 and ' TROVA-3
recognize antigens of the cytokeratin class of intermediate
filaments which are only obséryed in the EE and trophbblast
cells of the eanly embryo (Boller and Kemler, 1982;

] \
t al., 1981).

Another characteristic of the EE cell lineages is that
their repetitive DNA seqﬁences contain -'ess methylated
cytosines than the DNA of cells from embryonic cell lineages
(Chapman et El't- 1984}, RA-freated P10 cells also have
unqermethylated repetitive sequences (J. Sanford, persongl
cowﬁunication): Thus; RA-treated PlQ cells pbssess_andther

characteristic. of EE of the embryo.

e
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The response of P10 cells to RA appears f0'be similar

to .that described for the F9 line of EC cells (Strickland et
al., 1980). The cells rapidly and irreversibly develop into

a cell type closely resembllng parietal EE.

X Chromosome Status During Differentiation

Transcriptionally active chromatin generally replicateé

during the* early part of "S" ‘phase of, the cell cycle,

whereas inactive chromatin, including the Xi, replicates

& . .
during the late ng phase. A 5-bromodeoxyuridine

(BrdU)-Giemsa staining procedure was applied to
differentiatigg P10 cultures to investigate the repliéé}ioh
patterns of tﬁeir X chromosdmes (MéBurney and Strutt, 19803}.
Du}ing the early stages of RA exposure, the two X

chromosomes replgcated in. synchrony (isoccyclically) with the

autosomes prlmarlly in the early part of "5" phase.:;gwever,

‘ by day 3, a sugn:f:cant proportion of metaphase spreads (in

3 expgfiments an average of 28%) contained one X chromosome
whicﬁ*fstained' unifermly dark -indicating that it* had
replicated its DNA entirely during the late "S" phase
(Figure 6). By day &, approximately 55% af metaphase spreads
contained a late replicating X chromosome ({(Figure 7)., The

proportion“ of cells possessing a late replicating X

chromosome remained at this level for at Iea%x 3 weeks in

-+

culture.

. ’ - ° 52} : I
It was of interest ‘'to deterrnine"number of cell
. - - ! .

cycles +the P10 cells had traversed -betWQen- the time of

-

b . -
exposure to RA and the first appearance of -a late
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. ’ Co
L ) FIGURE/ SIX
. -G romosome ,repIicatiorL patterns in a° differentiated P10

cell. Differentiated ce]ls were exposed to BrdU‘ for 7 hr

n
the Method and M:{t\c'/i;ls.a The inactive X chromosome (thin

.arrow) stains uniformly dark indicating that it

before metaphases were collected and stained as desgcribed

replicated

entirely during the late "S" phase. ﬁhe'active X {thick

arrow) shows a characteristic banded appearance. .
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FIGURE SEVEN

Appearance of a, late replicating X chreomosome during

differentiaticn _of P10 cells. Percentage of "mitoses
containing a late replicatihg X chromosome was determined by
the BrdU incorporation procedufe. Each point represents

50-70 metaphases each containing 40 chromosomes. The ‘results

of 3 independent experiments are shown and the points at

_Days 0, 1 and .2 are superimposed all with 0 % mitoses
possessing a late replicatipg X chromosome.,
‘i, - N ~

"
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.f'ep-)licating&thromosome. The late replit:ating X ‘._chrornosome
first app%?red in metapha?ES_ collected 72 hr afyery RA
exposufe. I.uéed‘a procedure (Alves and Jonnason, 1978) of
. econtinuous expzsure‘to BrdU to assess the number of cell
cycles completed by 72 hr (Table 3). éxbosure to RA did
;etard the rate of pro[iferétion cof PIO cells; as it does in
other EC cell lxnes (Rosenstraus ,et al., 1982y, such that by
72 hr 40% qf he Iabglled mitoses were completlng their

-

third reglication cycle.

- Thus, it seems likely that ;;:\\x chromosome first
became late ‘replicating during the third :;:\;FEEe after RA
exposure.

Kinetics of X Inactivation in P10 Cells -

I have measured the specific activities of X enccded

enzymes during the differentiation of RA-treated P10 cells.
These measurements are based on "the assumbtion that the
.variations in X encoded specific’ activities observed in EC

cells are the result of clonal differences and that any
2

. reductlpns of enzyme act:v:ty during d1fferentnat:on are the

result of X xnactlvatton. Slnce the studies reported in this
section were carried out on clonal populations, the

problem
of clonal’ variability is_eliminated. | 5

,The‘ changes in the specific activities of ,X encoded

. &nzymes during differentiation of P10 cells are docuntented
' . . - o ) A T

in Figure 8.. The specific activities of GéPD (panel h)/gnd

PGK  (panel ¢) “decreased - during dif?erentiation to

'approximately 50%'0f their value in EClcultuhes. A subclone

LI - .

X%,
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- - . TABLE THREE . o
. _ .

Rate of Cell Division during Retinoic

Acid Induced Differentiation of P10 Cells*

X of neiaphases from cells

having traversed 1-4 cycles*

Time (hr) - BA Treatment (M) 1 % 3 A
- .22 . - o0 . 22 712 0 0
i ‘1077 2% 7% 0 0
72 ‘ 0 -0 g 48 52
, )

1w o -61 39 0

*Cultures were céntinuously exposed to BrdU and metaphase spreads prepared
. 4 ' ‘
and differentially stained to .reveal fully BU-substituted DNA. Om the basis
1
of the chromatid stalning pattern; each metaphase was cl;d%ified as being
. . ﬁh

from a cell which had traversed 1, 2, 3, or 4 cell éy'.es in the presence -of

BrdU (1).

e Y
»
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FIGURE EIGHT
Relative specific activities of some X encoded enzymes
during the differentiation of XX and X0 P10 EC cell. Cells

7

P . - . . .
were continuously exposed to 1 x 10 "M retinoic" acid to

iﬁducé différeatiation. Cells were harvested at datily
intervals for enzyme determinations. The results represen-t
2-4 independent experimgnts which ha\;e been -normalized to
the ay-Ul value in each experiment. &. G6PD in P1O(XX). :b'.
G6PD P10(XD): c. PGX 'u:a P1B(XX}. d. PCGK in Pl‘O(XO_). .e.
HGPRT ~in Pl.‘O(XX). f. HGPRT in P.lU(XU).. g. alpha-GAL in

P10(XX). h.alpha-GAL in P10O(XO0).

5.
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of Pl0, containing only cne X Epromosome, was measured in
baralle; experiments and only a slight-'decrease in the
sdec;f{c activity of thesé enzymes was observed (panels b
and d). HGPRT activites also decreas;d by almost 50% during
differentiation of P10 XX.cells, however, HGPRT specific
'éctivifes also decreased in Piﬂ X0 clones by approximately
30%. The specific acgivitieg of alpha-GAL rose markedly in
differentiating cultures of_both XX and X0 P10 lines and any
reductions in activity, that may be due_to X inactivat@on,

-2

were masked by the increases in activity which resulted from /

C

I haﬁe also measured the specific activities of the

the change of cell type (panels g and h).

h\\\\\-autosomally encoded enzymes 6PGD and APRT (Figure 9). 6PGD

" activities are reduced by approximately 30% of their values

in both XX and X0 P10 cell lines (panels a and b). This was

also true for the specific activities of APRT during

differen;atioﬁ (panels c and d).

Inactivation Preference

Js\\ld ‘the mouse .embrya, the XxP is opreferentially
+ T

inactivated in alliferivatxves of the primitive EE (Takagi
and Sasaki, 1975; West et.al5—T977). Because RA-treated P10
CEIIS'CEQSeIx resemble partetal EE, I investigated whether

the XP was preferentially inactiyated in these cellis. I made ' -

-

' .use' of the fact that Pl0-cells are, heterozygous for the
X-linked denes encoding pgk-1 and ;alpha-aal. The pgk-la

'+ gene ﬁrodﬁct can be dlstfggdi;hed fr%r the product "of. the
“.Rm;[inked pak-1b by electrophoresis (Nielson and Chapman,

i . . F
’ &

.
S . -

.
A ' . .

. . . .
“ . . .
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So FIGURE NINE

Changes in specific. activities of two autosomally encoded
enzymes during dirfferentiation of XX and X0 Pl0 EC cells. a.

6PGD in P1lO(XX). b. 6PGD in PIP(X0). c. APRT in PlO(XX). d.
APRT in P10(X0).
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1977. The alpha-GAL activities have different
thermolabilities (Lusis and West, 1976). S

Figure 10 shows the PGK-1 isozyme profiles of
RA-treated P10 cultuees at various times after the addition
of the drug. Both forms of PGK-1 remained present in
popqlé;ions of P10 -cells, even after differeﬁtiation when .
the majority of the cglls had reduced specific activ{t?es of
PGX-1 and contained a late replfcating X chromgsome. Both
isgzymes fwe}e Present_ with roughly equal activities 1in
‘untreated cultu}es (McBurne§ and Strutt, 19?0), but in most
expériments, the PGK-1A activity exceeded that of PGEK-18
-after the completion of differeg&iaéion. ‘Densitometric
tbaces ef photographic negatives of PG£3L zymograms taken at
different development times reeealed that the activity of
PG<-1A exceeded PGK:1B by approximately 10;15% (Table 4).
Since PGK-18B is the‘productwof'the.xm, this result ergues
against prefeqential inactiivation of the Xpﬂ

The thermolabiliiy profiles of the alpha-GAL activities
tn undifferentiated cultunes of P10 cells were intermediate
between that of ééllQ which contained one X chremosome and
either the alpha-géls or the elpha-ggir alleles (Figere 11).
The profile was ,isenFical to that obtained‘:from a l:1
mixtefé”of extracts containing only alphafGAys orrélepﬁ'a-GALr
activities. The thermal denraturation charec{eriéf{cs;Aof
murine alpha-GAL suggest ;hat it may be a dimer or -a
multfmer (Lusis and West, 1976}.- It is mot clear with what

kinetics the alpha-GAL heterodimers wbuTd demature, but the
‘ . . . B -



@ T FIGURE TEN

k-3

PGK-1 isoenzyme bﬁofiles ﬁduring retingic acid-induced

differentiation of XX P10 cells. At daily intervals, samples

containing equal amounts of proteins were electrophoresed on
" cellulose acetate membranes and stained for PGK-1 activity.

. - v
Lanes 1-7 are from samples prepared 1-7 days,after retinoic

acid exposure.
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TABLE FOUR

-~ «

The Relative Proportions of PGK-la and PCX-1lb Isozymes in

Differentiated P10(XX) Cells:

- Percent of Activity
. PGK-1b PGK-1a
1. 42 58 "
2. | 46 ) 54 - ‘ —_—
3. 38 62
4. 40 50 _

Densitometric scans of phdtograghic negetives of PGK-1

zymograms were performed as described in the Methods
and Materials. Each set represents an in&ependent fJ//ﬁ\\>k
experiment involving P10(XX) cells exposed to RA

for 7 (1. and 2.) or 12 (3. and 4.) days.

r——
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FIGURE ELEVEN g

Thermodenaturation profiles of alpha-GAL in P10 EC-cells':
Extracts of clones of P10 cells were heated to 52°C. for
ﬁ‘vario.us times and assayed for alpha-GAL ac;:ivity._ Clones of
- X0 ‘P10 cells carrying .the alpha-gai’ or alpha-gal® .allele
were identifie;i by assayintj .the bG<-l isoenzyme expressi'on.
The pgk-la gene is :linl_<ed to the alph:—;\-g_ls gene. (@——@)
X0 segregant of Pl0 containing only the alpha-g_lr allele. {
|

TN allele. (@——A) Undifferentiated P10 cells., (QO——O)

P10 cells exposed to 1 x 1077 M retinoic acid for 7 days.

@) X0 segregant of P10 carrying only the alpha-gal®
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results hgré‘appea;'cohsi;tenf with_the.presepce of active
‘;opies of both albha- al alleles. g;_ ) | -
Followitng RA-induced ﬁifférentiation, the P10 cﬁltures
" had alpha-GAL. therTPIability profiles suggestimg a "higher
pgbportion of alpha-GAL® than alpha—GALr. Since alpha-gglr
is present on - the Xm, this result agaiﬁ a;gﬁeé for the
‘aSsche of preferential inacttvation of the xP.

EE-like cells can develop from many EC cell lines by
aqg}egatioﬁ 0f/ cells in the absence of drugs (Martin and
Evgns, 1975a). Withrlplb cells é “‘layer of EE ce[ls did
déVe&op ardund the outside of each aggregate pand it was

- surgita{ly removed }or PGK;l analysis. Figure 12 showshghat
both ﬁ$<;1-isozymes.were.also present in EE differentiated

in this'qay, although the propartions of each isozyme varied

considerab]y in EE removed: from ‘indfvidual‘ aggregates. .
Although [ could not obtain evidence that X inactivation had

occurred “in this ‘tissue, if this were the case then my

results show that jnactivation was random. The variation in

the proport}ons- of PGK-1A and PGK-1B is'-probably the

consequence of a relatively small number of stem cells that

contain an Xi and give rise to all of the EE cells around

one aggregate.
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FIGURE TWELVE
PGX-1 1isoenzyme profiles of extraembryonic endoderm cells -

féom aggregation induced Pl0 cell differentiation. Lanes 1

and 2. EE samples colliected from @&ground individual

aggregates 7 days after adgr;gation. Lanes 3 and 4. EE

-

samples from around individual aggregates 9 .days after

aggregation. -
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.Measurements of the functionally related autosoma

72
- "DISCUSSION

Retinoic acid . induces the rapid and complete
differentiation of PlD cells into a single cell type. This
dif}erentiation is accompanied by the rapid ana synchronous
appearance of a late replicating (inactive) X chromo;ome in

the differeﬁtiating celis. McBurney, and Sftrutt (1980) also
observed thé appearance of‘iate replicatthg'x éhromosomeé in.
P10 cells:induced to differentiate by aggregation, bﬁt only
afterr -3 weeks in culture. The temporal pattern of
differentiation by this method of induction is asyncprénou;
and results in multiple differentiated cell types. Thus, the
induction of late replication by RA in, a single
differentiated céll type brovidea a more Aamenable system t6\
investigate X inactivation. v

The appearance of the late replicating X chromosome is
also corretated with the 50% reduction in spedific
activities of the X encoded enzymes CGPD and PGX in XX 310
cells, but not in X0 P10 cells. These results are con?istent
with X inactivation accompanying diff;rgqtiation.

HGPRT specifib activity also deﬁreﬁsed by 50% during
the differentiation of P10 XX cells. However, HGPRT

activities in P{; X0 cells decreasec

by 30%, suggesting that
there are other regulatory mechanisms, addition to X

inactivation, controlling .Ehe levels of

this enzyme.
enzyme,
APRT, also show a reduction in specific activity in both XX

and X0 P10 clones. Since there is a reduction in rate of
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cellular proliferation of P10 cells .during RA-induced

'differenfiafion, the decreases in the activities of thesse
enzymes may be due to metgbolic regulation.

The two-fold decreases in PE< and G6PD. activities were

-complete by 2-3 days, whereas the late replicating X was

detectable only after 3-4 days. Although the half-lives of

PGK-1 and G6PD mRNAs and proteins are not known, this result

_suggests..  that the appearance of a late replicating X

chromosome lags behind transcriptional inactivation and is a

relatively late 'event in the genesis of an Xi.

—
-

Only about 55% of informative metaphases _ from
differentiated Pl0 cells had a clearly identifiable . late
replicating X chromosome. Since virtuélly-all the cells were
digferentiated, this result may indicate that 45% of

differentiated EE cells had two early replicating, and ‘

‘ therefore active, X chromsomes. I think this is unlikely. In

' : . .
female mouse embryonic fibroblasts, the propoertion of

metaphases identified with & late replicating X chroﬁosome
is alw$y§ less than 100% and depends upon the interval
between the aqdition of BrdU and colcemid (McByrney and
Strutt, 19805. My .interprétation of the relatively low
detection efficiency seen in RA-treated Pl0 cells is that
the Xij initiateq replication in the second half of "S" phase

but completed replication well before the end of "S", that

is before the last of the heterochromatin replicated. Thus

the cytogenetic procedure underestimates the proportion of

late replicating X chromosomes.
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Takagi and Martin (1984&) élsor-showed thaf"late

replication was only observed in approximately 55% of

-

differentiated LT-1 EC cells but that reductions in X

encoded specific activities were con;istent. with ' X
inactivation occqrring in the ent{re populafion. i

Direct evidence for the pre#ence'ﬁf only one active X
cHromosome h1.each cell could be obtained by cloning the

differentiated cells and assaying their PG<-1 and alpha-GAL

isozyme expression. Unfortunately, differentiated P10 cells

did not clone at all. My attempts to improve this efficiency

by the addition of supplementary growth fac;Lrs (EGF,
conditioned medium) and the introduction of transforming
genes (5V40 large T antigen) into EC and different'iated

cells were not successful.

The RA-treated P10 cells possess a number of markers

characteristic of parietal EE but, unlike the situatibn in

the normal embryo, the P10 derived EE did not contain.

prefqrentially inactivated XPs. The preferential
inactivation of the XP in norma! EE cells suggests that the
xP is chemically distinguishable from the X" when EE cells

inactivate their X chromosomes and that these EE cells have

an inactivation mechanism which can recognize and inactivate _.

the Xp. Recent evidence suggests that the inactive XP DNA in
EE is chemically distinct from Xi DNA in embryonic somatic

tissues (Chapman et al., 1982; Kratzer et al., 1982; Chapman

et al., 1984). Preferential XP inactivation occurs in EE

before X inact}va;ion occurs in cells destined to develop

-
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into embryonic tissues (Monk, 198l1). Therefore, it seems

possible that a chemical marking or imprinting of the xP (or

X™) occurs during gamefogenesis‘and this marking is Iost,,of

drops below a.threshold, between the times that.the EE and
embryonic cells i;éctivate their X chromosomes. My results
can .be interpreted to be -consisgent VWiIh‘ this Wﬁitoticf
Dilution" model becaus; a large number. of mitoses have

”

accurred since the X chromosomes of Pl0 cells cduld have

been "marked" b’y gametogenesis.

© It” would be- of interest to look at fhe inactivation
preference .of P10 cells in the EE in vivo. Pl0 cells
efficiently participate in embryogenesis foiLowing_injection
into mouse b!astﬁcysts (Rossant and.NbBurney; 1983). Since
the ‘environmeﬁt of the normal embryo s thought to
"normalize" the behavior of EC cells, we have attempted to
assess the X chromosome status of Pl0-derived EE formed in
the embryo. Although Pl0 cells efficieptly contribute to a

variety of differentiated tissues, their derivatives have

not been found in the EE formed-in vive (J. Rossant, pers.

comm.). It is ‘unclear whether this failure to colonize the
EE is reiated to the inebil}ty to these Pl0 cells to
preferentially'inactivaée their XP.
It has been suégested that the difference -in DNA
hethylation'patterns between the X" and‘xplniéht provide a
basis for the recognition of the ‘Xp ‘since sperm DNA igs

highly methylated. (Strum ‘and Taylor, 1981). Chahges- in

methylation patterns accompafying embrycgenesis, including
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de novo methylatton (Jahnér et al., 1981) may, dilute out
these.diffeiences with timo. It is also noted that the DNA
of the EE is undermethylated when compared to embtyonLc_DNA
(Chapman et al., 198&) and this dxfference may be *involved.
‘in preferential "XP inactivation. However, updermethylotion
cannot be a signal for preferential Xp.inactifation‘since
‘Plﬂ derived EE adso has undermethylateo DNA-oequeoces. |

Takagi gg.gi. (1982) and Shgaoarg et~al. (1983) have
shown that the  first cytogeoetfc consequence of X |
inacoivation in embryo-deriwved EE is the earJy or_precociousf
replication of the Xj. This early replioofing.x shifts to
late replication at later developmental stages. A small
proportion of. differentiated LT-1 teratocarcinoma cells
posseos an early replicating X ohromosome and it was;
suggested thai'these may be aobtained froﬁ différentiated EE
cells‘ (Takagi and . Martin, 1984). I did ot OSEZPVB
orecpcious X replication in d:fferent:atlng P10 cultures at
any time. This is another difference between the normal
embryo and the P10 culture system and is oons{otent with the
involvement of precocious replication with preferential XP
inactivation. _ |

Iq-the RA treated cultures of-PlU; the XP linked Egk;la
and alpha-ggls al{eles appeared to. be "10-15% more active
than the Xm-linked aIIeIes..fhe locus, called Xce, has been
1dent1f1ed on the mouse X chromosome ~and h%§ been shown to

determnne the probab:l:ty of an X chromosome becomlng

inactivated in mouse fetal tissues (Johnston and Cattanach,
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léal; Cattanach and Paﬁ@orth, 19é1). In females bearinglthe

av

Xce® and Xcea -alIeles od .different X chromosomes, the~-'

-Xce -bearlng chromosome has a h:gher llkelxhood of belng the

Xa in somatic tissues (Cattanach and Papworth, 1981;
Johnston and Cattanach, 1981). In EE cells of the embryo
however,‘ preferential xP inactivation - afways ' oécurs
regardleés of the Zgg-*genotypes of the X chromosomes

(Papicannou and West, 1981). The mouse which contributed the

xP te P10 cells bore the pgk-1la, alpha-g 1° and Xce® alleles

while the X" genotype is pgk-1b, alpha-g__l-r and 555?. Thus,
-it is'posgiblé that X-inactivation in P10 derived EE is
influenced by the heterozygous Xce alleles and occurs
according to processes characteristic of tissues derived

from the embryonic ectoderm.

-~

Conclusnons //f\\

The exposure of P10 cerl to RA induced their rapid.and

complete differentiatipn into cells resembling the EE of the

embryo. This, differentiation was accompanied by the’

inactivation of one X chromosome? in the majority of the
cells, as_deteémined by the reduction in specific activities
of "X encoded enzymes and the appearance of a .!até
. replicating X chromosome; In contrast to the fituation'in

the embryo, differentiated P10 cells did not preferentially

inactivate their XP.

A
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CHAPTER FOUR

. REACTIVATION OF THE INACTIVE X CHROMOSOME IN .EC CELL
' RESULTS *

it has been shown previously tHat” DNA demethylating
agents, such as 5-AC, could induce the reactivation of the

hgprt locus on the Xi in somatic cell hybrids at high

frequencies (lLester et gig, 1982{'Mo andas et -al., 1981;
% . .
A

Graves, 1982). This suggests that D methylation may be

invulyeq in the "maintenence of X chromosome inactivation.,
Female'EC cell lines.resemblb embryoﬁic cells at about the
time X chromosome inaétivation ochns and thus they provide
a system for the study of the in}gialr events’ uf. X
inéctivatién rather than its méintenance. I have studieq the

.roie of DNA methylation in the cont{of\ of X chromosome
inactivation by attgmpting to reactivate the expressid%‘uf
the Xi in various EC cell lines. v |

The Effect of 5-AC on the Appearance of HATY Colonies

in 8-AGY dﬁ&tures
T

I have utilized female EC cell lines that contained -an

Xi and were HGPRT mutants. These cells lfnes were presumed..

. E.,
to. be heterozygous for the H&PRf deficiency where the

wild-type allele was present, but sdlenthhithe Xi. Mutant

LY

cell lines had minimal (10% of-wild-type) HGPRT activity and

did not survive in medium containing HAT {(Littlefield,

1964). Thus, if 5-AC induced reactivation of the haprt locus

on the Xi, I would expect an increase in-the number of cells

able to survive in HAT medium and an increase -in the HGPRT

L'

PR
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specific éctivity in these cells.
To rule out the possib{lity that 5-AC may induce the
high frequency reversion of fhe hgprt mutation on the Xa, I
isolated sponfanéous XO segregant’ cell lines from CB6S1Al. -
These cell lines h;d lost the late replicating X chromosome
but retained the Xa bearing the hgprt’ gené. By comparing XX
"and X0 EC céllsL the effect of 5-AC on the hgprt locus of
the Xa and Xi- could be distipguished.
S-AC was equally toxic tb all EC. cell lines. Platiﬁ§
efficienéy experiments for all cgll lines treated with 5-AC
were Asimiiar (Figure 13). The number of surviving cells

~

decreased progressively after exposure to increasing
. L N - . . .

R

%gfpenfrdtion? of 5-AC. .
Figure 14 {(a and b) shows the massive rise in the
number'oﬂ C8651A1 and Cl00AGl colonies able to survive in
HAT medium (HAT'). This increase occurred in a dose
dependeni:manner such that at S-N;.concentrations of SuM
approgimately 5-20% of the surviving cells are HAT'.

When CB6SIAIXO cells werg treated with- 5-AC, no HAT'
colonies were recoveréd even when up to leo6 were selected
in HAT medium (Figure l4c). To rule out th; poséibility that
this nonre§ponsiﬂeness‘was unique to *he hgprt mutation in
CB86S1A1X0O clones we tested the ability of 5-AC to induce the
HAT* phenotype in another independent XO clone derivéd from
the EC cell line call;d PIO.‘No celonies were recovered in

; HAT at any 5-AC concentration tested (data not shown).

When 1 treated two other EC cell lines containing an Xi

-



FIGURE THIRTEEN
Relative plating efficiencies of EC cell lines'exposed to
various concentrations of 5-AC. a. CB6SIAL(XX). b.

v .
Cl00AGL{XX). c. CB6S1A1(XD). d. Cl45FAGI1(XX). - \

o, |
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FIGURE FOURTEEN
HAT"'_ colonies rinducet:l by treatment of.EC cells lines with
5-AC. Cells were exposed for 24 hr to various concentrations
of 5-AC before removal .of the. drug and cultured fo‘r' an
additional 24 hr. Cells were harvested and known numbers of
cells were plated  in media with and without lHAT. a.

C86SIAL(XX). b. CLO0AGL(XX). c. (@

@) C8651A1(X0) clone
1, (O----Q) C8651A1(X0) clone 2. d. (Q----0) Cl4SFAGLL,
(@-—@) Cl45FAL2.



5/

2

10

>

77130 ONIAIAENS H3d S3INOT0D 4 iVH

3 h - -
/ o‘o n_.lvl
|
0 A
I
R
e\ o eee : '\._.tv._
* Ao
/
) /
e e _ s
./oo - o 6%
L L 1 | L ] L |
o 1]
' -
e 0>
/oo [
K |
/:.0. . _.
. — o -
L | 1 | o L 1
- o~ i L n 0w |
] b 0 i I 1
- o e QO o O o

S-AZACYTIDINE (pM)



82 . | o
>

(Cla5fAGl1 ‘and Cl45fAl2) with 5-AC, there was no increase in
the_HATf frequency at aﬁy cbnﬁentration tgsred.(Figure‘ldd).

The spontaneous‘fréquency of HAT* colonies in C86S1Al
and Cl00AGl cells was high, in the order of IU-A; suggesting
that both populations already had a significant number of
HATY cells. I therefore recloned CB6S1Al by picking single
cells into separate culture vessels and growing them up to
approximately 2x106 cells bgfore exposing them to S-AC. All

. ]
three clones that | tested showed a high, spontaneous

incidence of HATY colonies between leﬂ'a and lxlﬂ's and all
showed dramatic increases in HAT® colonies when treatéd with
5uM 5-AC (Fiqure 15):" _ | |

Plating effiﬁfencies of the EC cell lines C86S1l and
P19, both possessing wild-type HGPRT activities, were
dimilar to CB6S1Al (data not shown). Thus, HGPRT* cells do
not have a selective advantage for survival after G5-AC
treatmehtl

The high frequency of HAT* colonies suggests that 5-AC
is not inducing mutational events. However, [ tested the

ébirity of 5-AC b act as a mutagen by selecting for. the

forward mutation to the 8-AG' phenotype in CB6S1 and PI9

6

cells. No colonies were recovered when 3xl0 cells were

‘selected in 10ug/ml 8-azaguanine or 5ug/ml 6é-thioguanine.

Therefore, 5-AC does not appear tao be a potent mutagen in )

this system.

The incorporation of 5-AC  into DNA induces

- demethylation of the DNA. This has been documented in may.
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FIGURE FIFTEEN’

" Spontaneous and 5-AC- induced HAT+L@colonres in clones of
- CBESIAL(XX) EC cells. STngle celis of C86S1A1(XX) were
isolated and grown uﬁ to apprdximately 2 x'106. One half of
the population wjgjgxposed to SuM 5-AC for 24 hr and allowed
tq recover for an additional! 24 hr. The untreated populqjjon'
Qas culfured in the same way in the absence of 5-AC. Known

numbers of treated (stippled bars) and untreated cells (open

bars) were plafed-into media with or without HAT.

-
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systems (Jones‘andjTaylon, 1980; Christman et al., 1983;

Creusot and Christman, 1982). C8651A1 cells were exposed to
-5-AC for 24 hr. and the DNA was extracted from populatlons
of célls at var:ous_ times after treatment. The DNA was
digested with Mspl and Hparl restiction endonucleases and
analysed by Southern blotting for differences in methylation
at GJIS sequences. The blots were probed with cloned DNA
sequences of Majar Satelite DNA and Major Interspersed
Fragment. DNA (MIF). Major éatelite is a highly repegitive
sequence associated with mouse heLerocﬁromatin and MIF is a

moderately ‘repetitive sequence found interspersed throughout
-~

the mouse genome {(Chapman et al., 1983). = :;
The treatment with 5-AC induced si;s?}icant

demethylation at CCGG recognition sites in both of these
sequences, by the first day after treatment. PopQIations of
cells at day 14 after treatment appeared to h?ve
reﬁethylated these sequences to variable extents. There wés
littlé differenée in the .methylation pattefn of these
sequénces in 5-AC reactivated clones (AZA <clones) and
untreated .C86S1A1 'éells. (Jangt Sanford, personal
communication) | |

Thus, the treatment of C8651A1 and Cl00AGl EC cells
with 5-AC induces {hef appearance of HATf cells at high
frequencies. 5-AC does not induce HAT" cells in pbpulations
pf CééSlAlXU cells. This strongly. suggests that 5-AC is
-reacii;ating the Egg££+ gene on bhe‘Xiz

The tinability of 5-AC to induce reactivation in

12y
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C145FAGI1 and CLlASFALZ suggests thet they differ in the

states of their X chromosomes such that 5-AC has no effect.

Characteristics of 5-AC Reactivated Clones

Morphology ‘ .

All HAT"clones of C86S1Al and ClOUAGl were judged to be
EC cells by wﬁ?phologjcal'lcriteria, presence of the EC
specific SSEA-1 antigen and their abiljiy.to differentiate
in '31532. Aggregation éf these cells wunder conditions
conducive Eo differentiation resulted in the appearance af a
specfrum of cell.tybes, including extraembryoni; endode;m,
neurons and cardiac muscle {(data not shown). These cells
also differentiated as monolayers in the presenceug&llxlD7M
RA in a manner identica! with their CBGSlAi parent. The
celfs acquired é fibroblastic @orphoiogy and rapidli lost

the cell surface antigen recognized by the monoclonal

antibody AEC3Al-9 (Harris et al., 1984; Jones-Villeneuve et -

]

1., 1982)(Fiqure l6a and b).

Enzyme Levels

I have measured the specific activities of G6PD, P&K
~and alpha-GAL in reactivated clones of CB8651Al cells.. The
results presented in Table 5, demonstrate tﬁat the specific
activities of G6PD, PGK ana alpha-GAL in five reactivated
clones were not twice those found in CB6S1Al. clones. HGPRT
specific activities, however, wererequal 3-i0 higher than
those found in CB651Al. .

Comparisons of Sou&hern blots of DNAl from CB651Al1,

CB&S1ALIXO and reactivated clones revealed. that the

]
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FIGURE SIXTEEN
Percentage of cells carrying cell surface antigens reactive

with SSEA-1 antibodies. Cells were induced to differentiate

7

by continuous exposure to 1 'x 10 'M retinoic acid. Cells

. were processed for SSEA-1 immunofluorescence as described in

the Methods and Materials at daily intervals. a.

C86S1A1(XX). b. CB86S1AIAZALIB(XX).
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. S . . TABLE FIVE o )

" . SPECIFIC ACTIVITES OF SOME X ENCODED ENZYMES IN nmmmp>_\nrOZWm

- mr_j  HGPRT .“__nmvc. PG . alpha-GAL. + APRT  6PCD
e . Line : ' ' : ‘ o
_M.... ,nmme.ﬂj,, .H.awuu_a .,acmp_“ 330470 0.7%.1 °  0.9+.1 3215
L0 Ceesial - o.2i.0 3339 T 540330 0.6%.1 C 128 2532
Lt azAcALa2Ea 2433 360380  0.1%.1 0.65.1 1531
" AzAGB ©1.07.1 1532 o 5003100  0.37.1 - ;
. . AZAIA. . 0.83.2 1672 630380 L - -
® . AzalB - 1.55.2 . 2232 300760 0.37.1 0.97.2 . 19%2
o @>N>m> . f2,0%.2 1754 430350 ©  0.23.1 - . -
e S v . .
' o Specific activities are expressed .:/é_mm.cﬁ substrate no:.<m_."ma per
| o Sw\:cﬂm. __um_. mg. proteln. ~The eutosomal - enzymes 6PGD and bnm._. are
- .?:an:mZ« related ta the X encoded m.:mwa..mm G6PD  and ,._._Qumq
respectively. ,Z_mw were | mqmm.mv‘ma to control for "changes due to
o difherences in o.m__ ?mmm_,uo_:ma. |
' . B 4
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reactivated clones possessed two.copies of;the hgprt gene .
(C. Adra per. comm.). A ' <:-,

~,
Chromosome Replﬂ‘?fion Patterns

Like.most heterocgromatic'material,-Eﬁe Xi replicates
its DNA . entirely duriog the  late ™S" phase of the cell
cycle (Morishima,et al.,1972; Lyon, 1968; Ray gi.gl., 197%).
To N?ovestjgate further the genetic activities of the X
chromosomes in cells treated with 5-AC, I eoalyzeo the X
chromosome replication-oatterns ofl these cells using‘a BUdR
incorporation procedure (Alves and Jonassbn, 1978; McBurney
and Strutt, ‘1980). Prev1ously, it was shown that C865 and

Cl45F cells possessed a late repllcatlng X chromosome,
‘=«

~ whereas Cl00 did not (Mchrney and Adam$on, 1976). The
’ results of McBurney and Adamson (1976) #mre obtained using
the 3H-thymidioe incorporatio; procedure of Nesbitt and
Gartler (1970). 1 have confirmed these observations using
the BUdR. incorporation procedure. Under standard conditions
72% (B1/114) of informative- metaphase spreads of CB;SlAl'
.cells and 81% (47/58) of Cl45fAGI1 cells contained an®
identifiable late replicating X chromosome. No late
replicating X chromosqng was observed in aoi :nformatlye T
spread of ClDDAGJ{ cells (o/s77. .
© After 5-AC treao;;ot, 1 observed only a slight,
transient decrease in the oroportion of cells containing a
late replicating X chrohosome'tFrgure l7s). However, when 1

scored CB6S1AlAZA clones, these cells demonstrated different

X chromosome replication- oatterns (Figure 17b). In the



FIGUF_{E' SEVENTEENN
X cr;fomosome replication patterns in CB86S51A1(XX) cells
exposed to 5-AC. a. fhé percentage of mitoses poésessing a
late replic‘aé'ﬁg X‘chromosome were identified ir_1 pébu'lations
of cells at daily i’ntervals af.t‘er expo.sure to 5uM 5-AC for

24 hr ( p——t )..B. Percentage of mitoses containing 2 late

replicatiﬁg X chremosome in CB86S1AlAZA clones. Chromosome

spreads were made at daily intdrvals after BrdU exposure as

described in 'tpe Methn'd‘s and Materials. Between 30-60

. *
metaphase spreads were scored for each time point in two

experiments.

: _ ¢

: - )
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. .
majority of clones, the previously late replicating . X

chromosome in - C8651A1  (Figure 18a) now replicated
isocyclically with‘;he Xa early in fg# phase (Figure 18b). G

banding revealed that these clones still contained two X

chromosomes. (Figure ch).-Oqi;ltwo.clones stii{ posééssed

.Iate replidgling X chromosomes; Howévgr, .th;se clones

possessed an X .chromésome which appeared to replicate

earlier in "S" phase fh;n the parent CB6S1Al cell._

Stability of HGPRT Reactivation

To assess the stability of ‘the HGPRT+-phenotype in the
absence of selection, I grew C8651A1AZA clones in the
absence of HAT medium for various times and then assessed
their ability to grow in medium containing 10 ug/ml 8-AG.
The;e wgé a8 steady increase in the n;mber of cells able to
form colon}es ‘in this medium,” such that af day 22 (44
generations) 4% ofvthe cells could farm coionies. Of the
nineteen‘ clones I examined, ‘all possessed a single X
chrumoso@g (data not shown). This suggests that the increase '
in the number of 8-AG" cells is not due to a high frequency
reinactivation of the D£E££+ gene but rather a loss of the
entire X chromosome carrying this gene.

Kinetics 'of the Reactivation Event at the hgprt Locus

-I wished to ﬁnow how quickly ghe'reactiyation event
occurred at the hgprt locus in CB6S1AIl and Cl0CAG] cells and
secondly, whether it occurred in a!l the cells or just a
subpobulation of competant cells.

Measurements‘of-the changes in HGPRT specific activity

.
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FIGURE EIGHTEEN

X chromsome replication patterns in CB86SIAL(XX). and

CB86S1A1AZA(XX}) EC cells. a. C86S1AL1(XX) before 5-AC
treatment. The inactive X (thin arrow) stains unifﬁrmly dark

indicating that it is replicated entirely duEing the late

"S" phase. The active X (thick arrow) shows a characteristic

banded appearance. b. C8651AlAZAIB reactivated clone. Both X

cpromsomes7(thin arrows) replicate isocyclically primarily
during the early "S5" period. c~ G banded karyotype of

C86S1A1AZA1B demonstrating the presence of two X chromosomes

-

{arrows).

e o bk e
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.in CSSSIAI cells after 5-AC treatment, in the absence of HAT

‘ selecfion,.are shown in Figure 19a. There was an inctease in
.HGPRT specific activity beginning l.day after the addition
of 5-AC, which reached a maximum on day 3 after which the
activity decliﬁéd. The pattern of_specific‘activity changes

was identical for CLODAGL cells (Figure 19b),

There was little change in HGPRT specific activity in
CB6SIAIXO (Figure 19¢), CL4SfAGIL or CINSfAl2 (Figure 19d)
cgll lines at any time after 5-AC treatment. |

Figure (20a-f) shows the rate of 3H-hypoxanthine
incorp;ration into macromolecules in’ C86S1Al cells after
5-AC treatment. The patfern of 3H-hypoxanthiné incorparation
w;s s}milar.to that observed;for HGPRT specific activity.
The majority of the cells showed increases in incorporated
3H-hypoxanthine beginning 1 day after 5-AC treatment and
reaching a maximum at 2 days. 3ppr0ximately'75zaﬂ% of the-
cells at day 2, possessed grain counts Qithia'nthe range
determined for the parent C86S1 cell possessing wild-type
.HGPRT activities. Beginaﬁng at day 3, the majority of the
cells hadl reduced grain counts ‘till by  day fivg, the
majority of the cellg possessed levels of 3H-hypoxanthine
incorporation present in the cells before 5-AC treatment
(Figure 21). Approximately 15-20% of the cells at day five
re;ained 3H-_hypoxanthine incorporation levels, comparable or .
higher than, C86S1 posseSsing wild-type HGPRT activities.

When Cl00AGl cells iwere treated. under. the;‘saEe

L3

conditions they responded-in the same manner as  CB86S1Al
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FIGURE NINETEEN
Changes in F{;PRT specific activit.ie's- in EC cell lines
exposed to 5-AC. Cells were exposed to 5uM 5-AC for 24 hr
_———v) and ce‘ll.s were harvested for HGPRT determinations at
daily intervals. These results are the avérage ::;f_.3- or 4
independent experiments and the vertical bar"s indicate the
standard _deviation. a. CB8651A1(XX). b. Cl00AG1(XX).  c.

C86S1A1(X0). d. (O———O0) Cl4s5FAL2(XX), (@—— @)
Cl45FAGL1(XX).
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FIGURE TWENTY
Changes in_;H-hypoxanthine incorporation into EC cell lines
after exposure to 5-AC. Cells were exposed to 5uM S-AC’for
24 hr and éells were ‘processed for aut@radiography as
degcribed-ih the Method and Materials atrdaily intervals.
Autoradiographic grain weré counted over individual cells in

randomly selected fields. At least 500 cells were counted

s

for each time point.‘ a. C86S1 (HGPRT') not treated with

5S-AC(stipled bars), C86S1Al (HGPRT ) not treated with 5-AC
(open bars). b. CB6S1Al 1 day after 5-AC addition. c~. day 2.
d. day 3. e. day 4. f. day 5. g. CB6S1Al(X0) 2 days after

5-AC addition. h. Cl45FAGl]l 2 days after 5-AC addition.
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FIGURE TWENTY-ONE

. Bright field micrographs of 3H-hypoxahthine incorporated in
C8651A1(XX) EC cells treated with 5-AC. Cells were exposed
to 5uM 5-AC and processed for autoradiography as described.

a. C8651A1(XX) untreated. b. C86SIAL(XX) Day 1 after 5-AC

addition. c. Day 2. d. Day 3. e. Day 4. f. Day 5. (X3200)
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cells (data not shown).”

In contrast, QHenA I .meASUred' 3H-h&poxanthine into
C86S1AL(XO) cells or CldeAGll cells, there was no increase
in’grain counts at any time after 5-AC treatmen;.‘Figure
(20g and h) show the‘grain counts'fdr these twb cell lines
on dgy 2. |

Thus, the treatment of C86SlAl'énd Cl00AGL with 5-AC
induced a rapid increase in HGPRT specific activities in
almost all the cells, beginning 1 day after exposure to S-ACV
and reaching a maximum between day 2 amu—~day 3, when .
approxiéately 80% of the cells have'increaSe& HGPRT levels.
The reduction of HGPRT activities'observed between day-3 and
day 4 may represent cells which have transiently increased
their activities. Alternatively, it may be " due - to a
reduction in the number of healthy, viable cells, due to
5-AC toxieity. The 10-20% of the cells which retain elevated
HGPRT activities is in close agreement with the proportion
of viable éeLls able to survivé in HAT medium after 5-AC
treatment.

Reactivation of Other X-Linked Locti

The measurements of specific activities of G6PD, PGK
and alpha-GAL in C86S1AlAZA clones did not demonstrate
elevated enzyme levels consistent with the expressiori~dgf two
active cop{es of their respective genes, despite the
presence opryo isocyclically rgpLicating X chromosomes. My
previbus kfﬁétié experiment with HGPRT demonstrated that the

majority of CB6S1Al and ClﬁUAGl cells only transiently

-
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increased ‘their activities- in response to 5-AC. Thus, {

wished to determine if other X-encoded enzymes also showed
: e ‘ . ) : :
these transient increases in activity.

In the absence df heterfzygous-markgrs fﬁr structural
genes on the X chromosomes™Njin any"of.these‘cell lines, 1
have measured the §pecific activifiés of G6PD5 PGK and-
élpha-GAL at intervals cf txme afteﬁ éwAC treatment.

- Al three enzymes showed 1ﬁcreases in specific actjvity

in 5-AC treated CBES1ALl cells ig;%as-opéerved for HGPRT

(anure 22 a-c¢). G6PD and alpha;Gﬁkyingréaéed in activity

7 -

.beginning on day 1, reaching a maximum on day 3 and a

reduction on day 4. The spgcific“écti;tty of PGK however,
peqked on day- Z and declined beginning on day 3. There was
little change in the at:tivities‘gf-APRT'.n(Figpref‘.Z'Zd_) and
6PGD (Fiéqre 22e) .during this t}me, suggés;;ng that these
changes;may be specific to the X chromosome Encoded genes:

‘"Increases in G6PD (Figure 22f) adePGK (Figure 22q)

.were observed in 5-AC ,treated Cl00AGL célls, after which the

activities declined in a manner similar te the activities in

C86S1Al cells. However, alpha-GAL actiJitigs'(Figure 22h}

“increased te a maximum on day 1 and remained ‘at this level

of activity, ' 5

There  was no ;ignificant' change ' in .the Aépecific
activities of G6PD,.'PGK, alpha-GAL or ‘the autosomally
encodéd enzymes APRT and 6PGD in C86SlA1XU celis (Figure
ZZK/;E or Cl&SfAGll cells (Flgure 22p-t) at any tlme after

5-AC treatment. ‘ ' ’ :

.._‘
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FIGURE TWENTY-TWO
Changes- in .spEcific activities of some X encoded and

autosomal enzymes in EC cell line exposed to 5-AC. Cells
’ —

were harvested at daily intecvals for enzyme determiqatibn.
The cells lines are indicated at the top of the figure and

the enzymes along the side of the figure. These results are

‘the average of 3 or 4 independent experiments.
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The transieﬁt increases in specific activity of all
three X encoded enzymes, in CB6S1Al and CldUAGl,_suggests

that these syntenic loci on the Xi have bqfn reactivated

]

along with héErt. Thus, the-;eactivation appe@rs té involve
the entire X chromosome and is not siﬁb{{E’é local
derepression at the hgprt locus. The magnitude of the
transient increasés in specific activity suggests that the
react}vation occurs in the majority of the cells. However,
CB6S1Al1AZA clones do not possess twice thé specific’activity

that would be expected if-both X cthromosomes were 'active.

This suggests that the stability of reactivation is an

independent event at each logcus in each cell.

React.ivation in Differentiated EC Cells

'.The reactivétioq_freqpency.of the .- Xi is veryhhigh iﬁ
our EC cells but it is a ‘rare event in somatic cells
(Migeon; 1982; - Wolf and igeon, 1582)}. We, therefore,
determined if differentiate CB6S1Al and Cl00AGI cells
retained their ability to regctivate Xi genes after 5-AC
. freaUnent. _ ™
T - ‘ »

To induce cell differentiation, we continuously
treated monolayers of these cells with 1xlD7M retinoic acid
for 10-14 days (Strieckland and Maﬁdavi,. 1978; -Strickland et

al., 1980).

3

Unfortunately, these differentiated cells did not clone
. efficiently and [ was unable to quantitate ¢olony formation
in HAT. I therefore investigated the ability of S5-AC to

reactivate Xi genes by measuring the enzyme specific

b 4
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éctivities, 3H7hyppxanthine iﬁﬁorﬁorétion and changes iﬁ X
~ chromosome reﬁlicatiqn patté}ns- in these different}a{ed
ce}ls. |
"When 1 treated differentiated éBGSlAl'oF C100AGl cells
with 5-AC and monitored th HGPRT'acti;ity_in time course
exp%fimehts, 1 observed no change in actlv}t;' either by
BH:R;ﬁoxanxhiné iﬁcorporation into cells By autorad}ograpﬂy
(data not'shgwn) or by measurements of. specific ;bt}vities
in !iiig (Figure 23a). The specific activities of PGEK
(Figure 23b), GéPD (Figure 23cf and SIpha-GAL'(FigJFe 23d)
also showed no change. Higher concentrations of S5-AC (ub to

- - . F )
30 uM) were also not effective (data not shown).

Approximately 72% (51/70) of tHe differentiated cells
derived %rom CB6S1Al possessed a late }eplic:ting X
chromosome before 5-AC treatment and this proportion did not
change at any time after 5-AC tréatment (déia nat shown).
Curiously{ the induction of cell differentiation in Cl00AGl
did nat result in the late repliﬁation Ef one X-éhromosome
in ;hesg cells. This is in contrast to the jnductisn of late
replication accompanying differeniation in other EC cells
posseséing two isocyclically repliéating X's (McBurney and
Strutt, 1980; Takagi and Martin, 198&),'

Autoradiography of 3H-thymidine incocporation showed
that 51% of differentiated CBGS}AL'celIs were replicating
DNA in the presence (253/500) or absence (231/447) of 5-AC
during the 24 hr treatment period. It 1is therefore unlikely

that S-AC is not effective because the majority of the cells
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FIGURE TWENTY - THREE
Changes in the specnfnc activities of some X encoded enzymes
in dlfferentlated cells after exposure to 5-AC. CB86S1Al(XX)
(.—'—.) and Cl00AGl (Cevee=-=-)) were d\ifferentiated in the
presence of 1 x 1077 M retinsic acid for 14 days.:-
" Differentiated cells were then exposed to 5uM 5-AC for 24 hr
( — )jand cells Qere hafvest}d for enzyme determinations
at daify intervals. These' results are the avera&e of 2 or 3

independent experiments. a. HGPRT. b. G6PD. c. PGK. d.
,alpha-GAL.
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are not cycling or because 5-AC inhibits DNA replication.
Thué, the differentiated progeny of C8651Al and Cl00AGL

EC cells apparently lost their abilffy_to respond to 5-AC to
. : Y .
induce the reactivation of genes on the Xi and induce early

replfcation’;he Xi. In the case of Cl00AGLl, the loss of the

reponse to 5-AC with differentiation was not -accompanied by

Y

_late replication of an X chromosome. This suggests that late

replication i1s not requi réd;;for transcriptional’

inactivation.

State of the X Chromosome in CB6S51A1AZA Clones after

Differentiation

I ﬁave ind&ced'the differeqﬁiétion of CBES1AlAZA }ines
in an attempt to inducevreinactivatioa of an X_thromosome. I
wished to know if the reactivated.clonés wouid retnactivate
an X chromosomg-after differentiation in retinoic écid {RA)
and, if so, would they reinactivate the previously inactive

X or demonstrate random inactivation.

No -late replicatiné X chromosomes were observed in any
informative nwtaphas% spread of 'differengiated C86S1A1AZA
clones at ény'time after induction of differentiation {data
not shown). e f.l

Measurements of HGPRT speéific activities ‘during RA
treatment of two clones of CB6S51AIAZA revealed that the
enzyme activities decreased by approximately 50% by day 4
and remained stable at this IeveLlfof at least 10 more days
(Figuré 248 and-b). Measurements ,of APRT showed no decrease

in enzyme .activity ' (Figure f2&c and d). The specific
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FIGURE TWENTY-FOUR
Changes in HGPRT and APRT specif}c acfivities during the
defereﬁtiation of 5-AC reactivated clones of CBESIAL{XX) EC
celis. Cells were induced to differentiate by exposure to 1

x 1077

M retinoic acid. Cells were harvested at daily-
intervals for enzymes determinations. These results are the
average of 3 independent ~experiments. a. HGPRT in

C86S1Al1AZAIB. b. HGPRT in CBéSlAlAZADA. c. APRT }n
C86SlAlAZAlB. d. APRT in CB6S1A1 AZAOA.
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activities .of other X-linked enzymes showed either no change
-or they increased over time (Figure 25).

Autoradicgraphy of 3H-hypoxanthine incoerration showed
that 76% (391/500) of the cells. retained lbwer, but
significgnt levels, of 3H-hypoxanthine incorparatiﬁn up?to
14 days after RA_exposufg (Figure 26a and b). The large
propor:idn of HGPRT cells are probably dead cells since
approximately .20% of the cells did not exﬁlude trypan blué
at the initiation of the experiments. These large ﬁumbers of
dead -cells probéply resul}ed from the harsher methods
employed to obtain a single cell 'suspen;ion of

differentiated cells.

Effects of Other Agents on HGPRT Reactivation

The results that were obtained by tésting other agents
to induce HGPRT expression confirm that DNA demethylation
is thHe probable mode of action for Xi reactivation. I have
assayed a number of compounds for their ability to
reactivate the hgprt locus on the Xi in C86S1Al Eells.
Because these compounds differ in their mode of action,
'meiabolimn in the cell and in their cytotoxicity, I ha;e
éssayed the ability of .these compOunds\ to . stimulate
3H-hypoxanrhine'incorporation in a standard assay.

The cells were exposed t? the agent for 24 hr after
which t?me the medium was removed, the cells washed and
incubated in normal medium for an additional 24 hr. At this
timéuthey were” exposed to 2 uCi/ﬁl 3H-hypoxanthine for 2 hr

A kﬁown number of cells were resuspended in 10% TCA,
-
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F IGURE | TWENTY-FIVE
Changes in specific activities of some X enf:oded e.nzymles
durlng differentiation of 5-AC reac.tiva‘ted clones of
C86S1A1(XX). a. G6PD in C86S 161AZA18'. b. GG'F’D in
CB651A1AZACA. c. PGK in CB6S1ALIAZAIB. d. PGX in CB&S1AlDA.

e.alpha-GAL in CB6SIAlAZADA. f. alpha-GAL in C86S1AlAZAIS.

~

e



e o
VA e T/
L N\ L
= e
\ N ] A
.m — am., am _
, 1 1%/ -1
L T Il
IS N A
X
mﬁl f///VRﬂ/M#I - .JMW |
ll_oll Aol /.
, A

1

O
O
o

40
0o
0

]
O

e,
)

3
2
200

(Bus/ujw/sejouu) ALIAILOY 91dI03dS

f——

01 2 3.4 S5 4
TIME (days) |

F ¥
! N
4

01 23435

S B
M O O



106

Iy
L

FIGURE TWENTY-SIX

Changes ‘in 3H-r1ypc:xar1thi ne tncorporation after

differentiation of 5-AC reactivated clones of C86S1A1(XX).

a. undifferentiated CB86S1AlIAZAIB cells. b. CBGSlAlAZAlB

cells after 14 days exposure to 1 x 10'7M retinoic acid.
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filtered’ and counted By liquid scintillation. The
concentrations jgpn%ted'for each épmpqund are the maximum

used which still resulted in cell viability in colony

-

f/,_iiig¥?¢#7ﬁgf?EEUIts of these,assays are reported in Table 6.
_ They i

demons:rate‘ that S-aza-zﬁdebxyCytidine Is as
effective as S-AC at one-tenth the concentration, probably
' . '

reflecting the " ability of this base analog toa be

incorporated directly into DNA (Jones et al., 1982). The

-

inability of 2-deoxycytidine to stimulate “H-hypoxanthine
A M -

incorporation demonstrates that the effect is not simply due

tee a pertubation of cytosine pools. Since cytidine

apparently competes out 5-AC, this base analog probably

works through incorp;ration from these bools. The presence
-0f the nitrogen group in the 5' position is essential since
g:-ézzacyt 1tdine has no ef fect. Al though 5-bromo
2-deoyxcytidine apparently has no effect this ﬁay‘be due, to
to a difference in cell metabolism of thi's compound as has
suggested for the irmability of 5-fluoro-2-deoxycytidine-to

&/\nduce reactivation of hqert in other systems (Jones- et

.a .,198f)._B'omodeaxyuridine does not stimulate

3

H-hypoxanthine incoNporation, although it i1s known to

.affect DNA secondary \structure in other systems (Lin and
Riggs, 1972; 1976). -It_has also been shown to réactivate
endogen0u§ MulV retrovirusés in certain EC cell lines (Niwa
ELI él.; ‘1983) and EC-Friend cell thybrids at high
frequencies (Asche,et 1., 1984). Both OMSO and sodium

butyrate have been shown to be possible demethylating E?ents

*
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’ % TABLE SIX

-

EFFECTS OF OTHER AGENTS ON HGPRT REACTIVATION IN CB6S1Al

_ . CELLS™ _ -
Agent ‘ . ) " CH“IIUS Cells

Control : : 396+102

S-azacytidine (luM) 642+67
' "L (5uM) . : 43264475
T (10uM) ) 5287+527
S-aza-2-deoxycytidine (.luM) . 18224672
" (.5uM) 4380+507
2-deoxycytidine {10uM) - ' . 452+108

" . (100uM) B - . 432+27

S-azacytidine {S5um) + P )

2-deoxycytidine (20uM)- A e . 6274101

6;azacytidine (1uM) @ . o " 482457
" (20uM) . T} 307+152

’ © " (l00um) ' ’ 342477
S-bromo-2-deoxycytidine (20uMy’ 4774107
S-bromodeoxyuridine (¥iM)’ A 417+170
" (10uM) ’ 3224127

"’ (100uM) | 347+60
Dimethyl.sul foxide (100mM) ] ' ' 4104182
. ) -(500mM) - - 467+103

Sodium Butyrate (100uM)” ' ' ’ S10+62
Lo (500uM) ’ 2324121
s-adenosylhomocysteine (100uM) ‘ 547+62 .
" (1.0m™ ‘ 2721+547

" (S.0mM) _ 4262+273
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(Lester, et al., 1982; Harris, 1982). They have been’ shown
to induce HGPRT reactivation in mouse-human hybrids (Lester,

t al., 1982) and _the reversal of. the TK  phenotype in V79

* .
Chinese hamster cells (Harris, 1982), but at a much -lower
frequencies than 5-AC. In bo;h of these studiés, these

compounds were only effective after\ long exposure times.
L N
Thus the- inability of these compounds to stimulate

3H-hypoxanthine incorporation in my assay ‘sysimn may be @

-~ result of the short exposure time.
The treatment of —cells with high concentrations ©of
s-adenosyl homocysteine resulted in the incorporation of

‘BH-hypoxanthiﬁe te levels equivalent to those observed with
. . o,
5-AC. This compgund has been shown to interfere with methy!

transfers within the cell invelving s-adenosyl methionine by

product feed-back inhibition (Razin et al., 1984).
¥



110 S ' .
DI1SCUSS ION

v

The Role of DNA Methylation in X .Inactivation

'-

Inactive X Genes: ' - :

My résu!ts'provide additional evidence for xﬁe rof€ﬁpf_
DNA methylation as a primary mechéné&n for transcriptional:
suppression.SfJgene; on }he‘Xi. Agebt; thch are known to
induce DNA.methylation (5-ézacytidine,'S{aza-z:deoxycytidine,'
s-adenosylhomocysteine) induce the éxpression of genes on the
Xi in CBSSlAy and Cl00AGl EC cells.” The treatment of tﬁeéé
cells with’ 5-AC results in a) the rapid and gxteﬁéive
demethylation of celiu;ar DNA, b) the transient increases.in
.the 7sbecifiC' ac{iyities -of X encoded enzymés and ‘c) the
stable' reactivation of.~HGPRT expression in 10-20% of the
surviving cells. S-AC/has no effect on CB6S1A1(X0) cells;
this sﬁrquly sﬁgggstb that 5-AC reactivates £he expression

-

of genes on the;Xi.

The kinetic data for the "increases in HGPRT specific
abtivity and 3H-hyppxanthine incorporation démonstrate.thap
the response to 5-AC in CB86S1Al and C100AGl occurs.rapidly
(within two cell cycles) aﬁd that .almogt lalI ‘the cells
increase thei} levels of HGPRT. Measurgménts of the"sp;cific
activities for other X encoded enzyﬁes suggest thai thesej
syntenic loci are reactivated in the majority of the cells.
Thus, the reactivation is not unique‘to the haprt. gene but
probably involves the entire X cHrémosome._SlAC did not have

an effect on the specific activities of autosomally encoded

enzymes, suggesting that the expfession‘of thése enzymes-.are
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not requlated by a mechanism involving DNA methylation.
The reason for the transient response to 5- is ngdgt

known, but the decreases in the X encoded specific activities

may be due to a rapid remethylation of Xi DNA sequences. The

changes in the X encoded enzyme activities are similar to the

. [N

kjnétics of global demethylation and remethylation'dﬁ mouse
erythroleukeﬁiafcellvDNA after 5-AC treatment (Ley é& gl.,”
1984). Alternatively, this decrease may be du€ to the death
of cells incorporating high levels of S;AC and the‘overgrowtﬁ
of cells which have incorporated little or no 5-AC during the
treatment period and, therefore, do not }eactivape Xi'génes.
TheSIO-ZQ% of CB&S1Al and Cl00AGLl cells whifh appear'to.
retain increased Ievefs of HGPRT i1s in close agreement with
the propeortion of viéble céll; able to survive in HAf medium
*s\ after S-AC treagment.' The .frequency  of stable hgprt
reactivation, ‘after ‘5-AC treatment, are 10-1000 fold higher
than -was obser;ed tn sﬁmatic cell hybrids {Lester et al.,

} .
J%82; Mohandas et al., 1981; Hors-Cayla et al., 1983) and Xi

reaétivatio& ts not observed -in Biploid sqmétic cetls (Wolf
and Migeon,-IQBZJ. Thislsuggests that DNA;ﬁethyLation_may.be
the primafy me;hanism of X inact}yation in EC cells and that
there are additional mechanisms‘for X tnactivation in somatic

cells.

Cells which have been selected for hggft expression are
stabie. .in the absence of selective pressure. However,
C8651A1AZA clones. ,do not “contain twice the specific

activities of G6PD, PGK and alpha-GAL when compared to

Fa
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CB86S1Al cells. This demonstrates thét the reactivation of
these Joci is not - stable .and they s&re transcriptionally
inactjvated. This .may .also suggests thét- the sfable
expression of each Xi géne is an independent event in each

cell. This may involve reinactivation of these loci, perhaps

by DNA remethylation, and suggeéts that sma!l regions on the

X1 escape reinactivation to remain transcriptionally active.,

However, in the absence of hete}ozygous_markers for these X

encoded enzymes | cannot eliminate the possibility that these .

ﬁocivgre reactivated and that the alleles on the Xa and Xi

kY

are .one-half as active.

X Chromosome ReplicatiBn Fatterns

—

The treatment of CB6S1Al cells with 5-AC also induces a -
‘-h O

response at the level of the chromosome résulting in the

isocyclic replication of hoth~X's early in "S" phase of the

-
“~

- : -
cell cycle. The treatmept of various other cells with 5-AC

-

has been shown. to  induce the undercondensation of

heterochromatin and alter the timing, of DNA - replication on

e

./ ar® chromosomes (Schmid and Haaf, 1984; Viegas-Pequignot and

Dutribifhx, 19813 Shafer and Priest, 1984). In additjon,/{he

concéntration of 5-methyl cytosines is much’ gheater in

constituetive heterochromatin than 1 euchromatin, suggesting

that methylation is involved i& inducing or maintaining this

-

chromatin state (Razin and Cedar, 1977).

Howéver, I found that there was no absolute correlation
between the reactivation of hgprt expression and the early

replication pattern of the X chromosomes. Hors-Cayla et al.

/ . X Fa

e ‘ -
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(1983) alsec found no -correlation betwéen‘ the time of
replication and the exprgésion_or'noqexpression of Xi- genes

[}

on the human Xi.in hamster-mouse

soﬁatic cell hybrids treated
’ .

with 5-AC, *

In theucase of CLl00AGI, this tell‘a!ready‘contaiﬁs two
early replicating X chromqsomes and by this crite{fgf bﬁth
X's a}e active. Howemgf, based upon the frequency of 8-AGT
cells and X encoded enzyme activities, McBurnéy and Adamson
(1976) suggested that this cell may have a partially inactive
X. fhe treatment of the HGPRT™ mutant, Cl00AGLl, with 5-AC
resulted in ESEQE reactimation.at a frequency comparable to
C86S51A1 cells. Alihqugh [ have not been able, to isolate the
appropriate X0 segregant f};m these cells, the daté gugges<::)
that I am reactivating -Xi genes. Thus; this X chromosome is
transcriptionéffy suppresééd for almost all gene loci but is
not laté replicating, suggesting thé} lape_rép!icatioé 1s a
late event in the genesis of an Xi.

Alternative Possibilities to X Chromosome Reactivation

13

Althdugh my results can be posi{iiely correlated with
5-AC induced demethylation of thg-DNA and e%pression of the
Xi, ‘it is useful to eliminate other egplanations ;or these
results. These possibilifies include:

i. Reversion mutation. 5-AC induces the high frequency
reversion of the hgprt mutation on the Xa. This ii probably
not the «case in my system, since CB6S1A1(X0) cells; which
retain the X chromosame bearing‘thg mutant hgprt gene; do not

revert. In additioﬁ, .the frequency of reactivation that I

I
-
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observe is.;ery high for a mutational‘event'and 5-AC -is not a
potent mutagen (Landolf and Jones, 1982).

il. éené amﬁlification. 5-AC induces the ampljficataon
of the mutant gene, so that increased transcription ;f the
mutant mRNA produces increased }e;eis of the mutant enzyme.
These increased ,leQels of functionally inefficient HQPRT
_allow the cell to functién normally. Reversions of the HGPRT
'phenotype in some Chinege.hamséer-ﬁibrublasté has been .shown
to occur by a%plifica;ion of fhe mutant’gene (Fenwrck et al.,
1984). Southern blots of C86S1AlIAZA clones suggest that there
18 no'ambl;fication df the EEEEE genes. In addition, this
;mplificatipn should also cccur in CB6S1A1(X0) cells with the
same frequency.

tii. Loss and Reduplication. This phenomenon involves
" the loss of thg X chromosome carrying the hgprt " gene and
tﬁe- qedupfication o; the- Xi, presumably through mitetic
nondisjunction. Thf; phenomenon has been dbserved in the
expression of the retingblastoma gene (Cavenee éi al., 1983).
LBESIAIAZA clones segregated X0 clones which were 8-AG",
indicating that the chromosome bea?ing &he hgprt ~ gene was’
not eliminated.

iv. Regulafory gene mutation. it is possiblgryhat the
hgprt mutation:in my cells does not involve, Fhe,ﬂggil geﬁe,
but 1s in a regulétory gene which controls hgprt
transcription. This regulatory gene may be activéked.by 5-AC

and the gene may be on any chromosome ahd its product

functional in trans. There is some evidence that a separate
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| N . .
regulatory gene for hgprt may exist (Kadouri et al., 1978).
. , : . L 2 ‘
However, C8651A1(X0D) cells do not reactivat hgprt
expression, making this .possibility unlikely. |

Xi Reactivation is Dependent upon the -°

Undifferentjéfed-State

The' abilitj of 5-AC to reactivate Xi génes in C86S1A1
and *-C100AGl cei{s is lost after. thef are induced to
diffe}enéiate by exposure to RA. “Fhese data‘ suggest that
there is a change in the state of the inactive X which
accompanies cellular differentiation and also sgggest. that
there are .differe;f mechanisms which are responsible for
controlli;g X inactivation in the uqdifferentiated and
differentia}ed states. X inactivation accompanies ‘cellular

differentiation 1n the embryo (Monk and Harper, 1979; Monk,:

1981} and when EC cell lines bearing two Xa are induced tpo

s

différentigte (McBurney and Strutt, 1980; Martin et al
1978; Takagi and Martin, 198&)1 These observations are
consistent with changés iH‘Athe state of the. Xi being
gssocxat?d with cellular differentiatfon.-

" -There are several*examples where mechanisins controlling
gene expression are depeﬁdpnt upon thé diffe}entiated state
of thé cell. Many workers have utilized viruses as probes of
the state of genetic ;regulation in EC cells (Teich et al.,
1977; Segel and Khoury, 1979; Niwa et al., 1983; Gautsch and
Wilson, 1983; Stewart et al., 1982). In general retroviruses
and papovaviruses can-:enter EC cells but are blocked from

expression by a cellular control mechanism. However, both are
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infective in differentiated ‘ééll§. Stewart et al. (1982)
found a po;itivé correlation between ;hg block of Moloney
leukemis virus {(MulLV) and the methylation of the 1nféctive
virus in F9 EC cells. In addition, 5-AC coul!ld induce the
expression .of the virus in these cells after differentialion;
However, Niwa ;i.gl. (1983) and Gautsch and Wilson (1983)
found .that ?he MuLV virus was not expressed in EC cells but

that methylation of the viral geénome occurred 8-10 days after

viral infection. They also found that 5~AC‘did not . induce

viral gene expression in EC cells but could induce viral-

exression in these cells after differentiation. These data

suggest that DNA methylation'is.an important regulator of

gene .activity but, there are other mechanisms which can.

regulate virus expression in EC cells and 1@ldiffe;entiated
cells. Changes iﬁ;these regulaxién mechanisms are dependent
upon the state ot_sillular differentia;ion.

| The iﬁability of SlAC to reactivate genes on the Xi in
two .other EC cell.lines, Cl&5FAGL1 and Cl45FAL2, suggests
Lthat these EC’ceIl§ lack the mechanism.to respond to 5-AC gr
that they differ in the states of inactivation. of their X
chromosomes. These cells are similar to C86S1Al in. the late
replication pattern of an X chromosome, cell morphology, the

+

presence of S5S5EA-1 surfaceantigens (unpublished results) and

their capacity for pluripotent differentiation (McBurney, - -

1976). These cells may be more "advanced" in terms of the
differentiated state of their Xi, suggesting a secand

mechanism for the maintenance of X inactivation which is

<
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stable, sirreversible, and hccu;s afﬁer transcriptional
suppreséion~of the Xi b} DNA methy}ation. The éxpregsion of
this second inactivation mechanism is probably linkea to
cellular commitment and cellular differentiation. Thus', 1
sugges£ that différent EC cell Ilines represent embryontic
ceiJs | arrested at different - stages of X chromosome
inactivation.

Differentiation does not Induce Reinactivation

The induction of differentiation of CBGS}AIAZA clones
resulted in the reduction of HGPRT specific ;ctivity by -
apprgximaiely 50%, while other X encodeé enzymes .did not
change or had increased specific aciivities. The majerity of
the cells retained lower, but significant, levels of
3H-hypoxanthjne incorporat;on and did not contain la late
replicating X'chromosqme. Since the differentiated C86S1AlAZA
cells e;pressed similar HGPRT specific ' activities énd
3H-hypoxanthine incorporation af day .5 and day 14 after RA
addition, this.result is probably not due to a slow turnover
rate of the-HGPRT mRNA or protein after inactivation.

These data suggest some form of gene désage regulation
at the- reactivated hgprt ]6cus which occurs in the absence of
late replicatiqn Oor +transcriptioanl inactivation. The
persisteqce of two isocyclica}ly'replicating X-chromosomes i1s
consistent with this interpretation. Alternatively, the
reduction in HGPRT activities may be a differentiation.

phenomenon, poéﬁibly due to the decreased numbers and rates

of cells.undergoing DNA replication.
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The activities of PG(,.GGPD and alpha-GAL'before and
after “differentiation suggest -that these genes do not
undergo inac;ivation .or they are already transcriptionéf}y
tnactive. My measurements of specific aqti@ities for jﬁe;g
eﬁzymés tn C8651AlAZA clones sdpport,the later explanaffon.

Thus, C86S1A1AZA clonés may be eguivalent of C100 céTfé
(McBurney and Adamsoé,_ 1976) but in the former cells the
hgprt locus ts active and othér'lopi are transcrfbtionally
repressed while in‘the later the alpha‘ggi.locus is active. -

The épparent ;bsence af reinactivation of the E£E££+ and
the induction of late‘weplication*O} this X chromosome in
(CB6S1ALIAZA cells after differentiation,\is in contrast to the
induction of transcriptional in;ctivatioq and late
replicétion in other EC cell lines possessing two Xa
-(McBurney and Strutt, 1980; Takagi and Martin, 1984). This
may sugéest. that the initiation ’of X inactivation is 2
sequential event invelving the methylation of the X
chromosome DNA and the-seéond mechanism of inaétivation which
requires that the Xi is methylated. Demethylation of the Xi
ONA by 5-AC in CgQSlAlAZA cells may make this X incapable of
beLng'recognizedﬁﬁi;fhe second inactivatidn S;stem..

Germ Cells or Embryonic Cells

My results are entirel} consfstent with the
interpretatﬁon that EC cells are equivalent to germ cells at
various stages of X reactivation, prior to thgir entry into
melosis. According to this interpretation, Cl00AGl and
C86S1Al cells represent germ cells just prior to expression

|

+
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of both X chrbméﬁomes' and DNA demethylation allows the
expression of genes;on the Xi. Cl45FAl2 and Cl45FAGLl1 are
more primitive germ cells 'whosg Xi are maintained by X
inactivation ;mechanifms that "ére' indepenaentf of DNA
methylation and they ére-thus analogous to somatic cells.
Takagi et al. (1984) have been able to reactivate the
inactive pgk-1 locus and_inducé the early replication of the
Xi in mouse thymocytes, by'fusing'bhem with fn X0 EC cell
line. These results implicaﬁe some kind of. trans acting
"reactivation factor" that is present in EC cells and may be
the same mecﬁanism which reactivates the Xi during germ cell
- maturatien. The reactivation of the Xi‘by fusion with some EC
cell lines (Takagi et al., 1984) but not with others (Graves
and Young, 1982) suggests that this reactivation factor is
present ‘or absent in different EC cell tines, depending_dpdn
their state of X chromosome dif%er%ﬁt}ation. However, thasé
reacfivation factors may' also be present in early embryo
cells and may be involved in mechanisms which reactivate the
heteropycnotic Xp‘in embgyos shortly after fertilization.

Conclusions

P

I have shown that DNA methy[ation IS & primary mechan i sm
in mediating X chromosome }nactivation. The treatment of some'
female EC cell lines with the DNA demethylating agent 5-AC
induces the high freduency react}vation of genes on the Xi
and alterations in the reﬁlicatioq_pa;tefns of the Xi. The
abi[ity‘totreact{vate Xi genes was directly dependent upon

the undifferentiated state of the cell. My data supports a
L )
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-
-

‘< model where the inactive state of the X in undifferentiated

. cells is maintained by DNA methylation. An unknown, second

mechanism replaces, or . is present in addition to, DNA

-

ﬁefhylmtfpn and maintains the inactive state of the X

~chromosome in differentiated cells.

. 'L also ' suggest  that different female EC cell lines
. .

gepressnt embryopgc cells arrested at dlffegan{\stages of X

éhgomﬁsome-inact}vétiﬁn. This is.supported 4 'tkg differenp
stabilities -of the inactive state in different EC cell lines
and the diffe;ent responses to 5-AC. The EC celf_linea used
in this study éan be classg?ied in é hierarchy of stages of
{nactivation (%igure 27) . My resﬁlts are entirely consistent
with the intefpret;tion'th;t different EC cell lines are germ
cells at.ddffefent stages of X chromosome reactivation.
Regardless of the origin of of EC cells, they provide a
system for the s}udy of X;chromosome inactivation‘iﬂ vitro.
The ;vailability of dif%erent EC cell lf&?%& arrested .at
different stages X inact;va;ion provides thé.ﬁotential-for

elucidating the molecular mechanism for X inactivation and -

will further our understanding _the' control of differential

" gene expression during development.

-

. -

Lo T
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FIGURE TWENTY-SEVEN

X chromosome differentiation in lines of EC cgllj7
-d . :
L . ‘ i
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CHAPTER FIVE

A MODEL FOR X CHROMOSOME INACTIVATION

-The primary objective of this ‘project was to
in»lo.‘estig.ate some of.the _rhechanisms which _are‘respons{ble_ for
contr“olling ‘X_ ’chr,ornosome i-nactivat.ibn_‘._ I have attempted,
here, to .cunstruc.t a p'oss_ible model for X inactivation
(F_igure 28) which incorporates the results from this study
érjd what is know:n about X inactivation in other systems.

a) inttially .both X chromosomes are _t'ranscriptionally
~active. The X chromosomes .contain DNA sequences which are
important for the control and initiation of X inactivation
{i.e. Xce ‘llocus}v. TREY X chromosome gan _contain a'-single or
multiple sites for the control df?inactiVation."The X
chromosome may also contains blocks ,-of interspersed

. .
repetitive DNA sequences which are unique to the X
chromosome.. Repetitive sequences unique to the centromeric
region of the human "X c.b:-::m{ome. have been de.s-c-ribe'd
(Willard et al., 198.,3; Yang et al., 19B83). ) - I

‘bJ. cells synthesize from autosomal —g;enes,' a limited
number of "choice molecules™ which b-ind'specifjcally tﬁ t.he
Xce l-ocus._ The characteristics of choice and X chromosome
counting are difficult to study and my res'ults do 'not
address this issue directiv: In a female cell, gne X 1is
active for each diploid set of autosomes. this- observation
Is best explained by‘. an activator model, where one X Linds a

specific molecule which keeps 1t active and all . other X

chromosomes are accosted by the inactivation mechanism. The
-

/

g
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}:"IGURE TWENTY-EIGHT
A possible model for X chromosome inactivation. The detaills

of model are described in the text.

~
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Binding of of "chaice mo!ecule; to fhe Xce s};e may involve,
séquence specific‘binding proteins, a sequence speciffc de
3219 methylase or an integration of a site specific DNA
insertion glement.‘In_addition, once one X jis affected by
the choice moleculg/fﬁgﬁe-must be a rapid inactivation of '
other choice mqlecufEs to prevent binding to the second.x
chromosbmeh This "fast® inactivat{on step is difficult to
comprehend‘especially since'it probabiy anolveé autosqwal
genes. Sévera{ suggestions have included cooperative binging
proteins, a limited number of choice molecules awa an
induce}-repressor Eitration system (Gartler ané}ﬁf;;j, 1984)

The binding of the "chaoice moleculp" to the Xce induces
ra conformational change in the DNA or chromatin structure
which is amplified and propagated along the X chromosome by
the DﬁA‘repetitive sequences. Repetiiive DNA elementsjhave

been shown to prpogate chromatin Fondensétion signals in
Drosophila.. (Tartof et al., 1984). Alternatively, this
conformational cﬁgnge may invglve a sequence shecific
methylase which methylate§ these sites and alters DNA
secondary }tructurg‘énd chromatin structure by -altering .the-
bindipg of chromosomal prqteins.'

cl.The confbrmatidngl changes at repetitive sequénces
signal them to be methylated by a specific de ﬁgig methy;ase
which stabilizes_ the conformatignal chaﬁge and mediates

‘transcriptional inactivation. The results from my study and

'from-othg:s have shown that demethylation of the DNA can
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reactivate expression of Xi genes and alter the chromati

Y

replication patterns of inactive X chromosome. Stable

.

reactivation of specific genes may be-due to the escape of
local regions on the X from . remethylation and
feinactivation. Thére is- alsoc evidence that a de novo
methylase exists in embr&onic cells (gahnEr et al., 1982)i
and in EC cells (Stewart et aly 1982) ;ﬂ; the time when X

-

inactivation is known_.to occur.

d) further differentiation of fhe cell i1nduces the
s&nthesis o¥ a second “reéulalory" molecule which binds to
the transcriptiowaliy _inactive X chromosome. This
.differentiation also %uppresses the synthesis 5? the site
specific de novo methylase. The bindind of this molecule
mediates additional changes in chromatin structure which
resulf in stéble and permanent inactivation and which are
not dependent ubon DNA methylarion.‘This di fferentiation may
also involve the loss of "reactivation factors" which may be
br;sent in the undifferentiated cells. ‘

~+According to this model, different EC cell lines ére

at different stages i; this inactivation scheme. Pl0 cells

have two Xa. C1l00 cél;s_have inactivated their X chromo s ome

by methylation of their’}i sequences. CB8651Al1 cells are
;\‘~’jurlﬁer differentiated and—Rave altered chromatin structuré,

J/-\\ as demonstrated by the presence of a late replicating X, but

/ the inactivation is sfili mediated by DNA methylation. Cl&45F

cells have a fully inactivated X mediated by the second
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. inactivation mechanism which is independent of _ DNA
methylation. - .

This model is notfﬁﬁique to X chromosﬁﬁe inactivation
and may have .an application :in the control of other
transcriptional ;egulation mechanisms, For exaﬁpleh it'may
prdvidé a model for‘aifferential gene expfessiqn where cells
synthesize regulatory molecules .wﬂicﬁ “bind to qgique
:séquences at, or around, tissqe specific genes. This bindiﬁg
induces a conformatdional change in-the‘chromatin and signals,
this region to be demethylated to allow transcriptional

expression.

Future Directions

There are a number of eéperdments for continuing the
studies of this project and to;tési the above model.

These studies éhould include the monitoring of
progreg§ive .changes in- DNA rnethylation pétterns at, and

. . .
around, X encoded genes auring the differegtiation of P10 EC
cells. This should alsoc be done in the EC cell }ines which
differ in the inact}vation status of thei}‘x chromosdmes in
an attempt to correlate changes in the methylation patterné
with the state 0of inactivation of the X chromosome. By
monitoring DNAase 1 senéf!ivities .of X endo&ed genes in
these cell lines before and after differentiation, it should
be possible to- determ}ne whether or not chromatin
4

conformational changes precede methylation or vice versa.

In this regard, the identification an characterization
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of de -nove methylases ‘should be- dore: My results would
predict that Yhére .are \d;fferent methylases }nr different
lines of EC cells, .depending upon ‘their” st;te of
inactivation. ‘ - ?

Identification of DNA repetitive elements unique to the
X chromesome should bé isolated. It would-be interestiﬁg to
see if they are similar to the hgmén repetitive eleﬁents
described by Yang et al (1982)..A homology between these
sequences may indicate Eheyﬁare important in X inactivation. -

It would be useful to investigate the ﬁethylation
patterns of hgprt genes in different reactivated clones of
C8651A1 and Cl00AGl to  determine if there are
critical sites of methylation that allow expression of' the
geﬁe. 'Identification of such sites’ may be found in
regulatory regions and may be found in similar regidns in
other X encoded genes. These common regulatory regions may
be wunique to tﬁe X chromosome and important :in the
regulation of X inactivation.

It would be useful to be able to identify anﬂ ispolate
the Xce® locus fromlPIU cells in order to investigate the
influence of this sequence on inactiyatiqn. Since the
product o{_lhe Xge is not known, it maybe difficult to
ident'ifyT Howeve;, it is tightly linked to the pgk-1 locus,
less than 0.5 centimorgans away. The égﬁ;l gene could serve
as aiﬁtartlng_point for a "chrémosomal walk”" into the region

of the Xce gene. The Xce'may be identified by cloning the .
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sequence into an expression vector containing the entire

»

pgk-la gene and ;}ansfecting_it into X0 Pl0 cells containing
'only the pgk-lb gene. The expression of the pgk-1 génes
before and after differentiation .cnuid be monitored to
determine if the Xce‘had any influence on Egﬁ:i_expression.»
. Once isolated, the Xce sequence coqid be used to isqlate
specific DNA binding .ﬁrbteing hhich_ may be imporﬁant in
inactjvatiqn, to identify sites which may be affected by
sité specific DNA methylases or modifications of ‘the DNA
structure itself by iﬂentifying insertion sequences.

Dtﬁer transcriptional regulatory mécbanism which exist
tn embryonic cells need to be charact;rized. One interesting
investigation would involve the study the expression of the

7orn}th{ne carbaﬁyl transferase gene (oct). This' gene is

coded for by the X chromosome, however, it is only expressed

N - ;o

in the tissues of the fetal liver {(Deler et al, 1984). 1t

4

would be valuable to test whethef or not oct expression can
be induced in CB86S1Al cells by'S-AC-ahd if the expression
involves the Xa or Xi. This experiment shohid_test whether

—

. ) : t
or not reactivation aof the Xi is complete or whether

- transcription can be regulated by other, tissue specific

mechanisms in addition to X inactivation.

‘ DNA mediated transformation experiments involviﬁg the
hgprt gene ih the different EC éell used in hy study'may
hedlp to elucidate that involvement of DNA modififations in

fhe maintenance of X inactivation. [ have performed some

\

‘re
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.

preliminary transformation experiments with C86§1Al XX cells

and the data Suggest that the hgprt gene from the Xi' may
. F] . .

-

function nermally. The hgprt transformation experiments

[ :
-~ houlgmTRt™de all EC lines used in this study. which have
different Xi characteristics and thejr differentiated
]
“progeny. these experiments should reveal if DNA,

mleﬁXEations‘occur, when‘they occur, which are permanent
and which gfe transitory and which sites are crifical for
haintaining_ inactivation. In " this 'regard, other DNA
modifications (i.e. ADP' ribosylation) should .also be

investigated.

-

All of these studies will be important in understanding the
molecular .mechanisms controlling X inactivation and will
“further our understanding of differential gene expression

LN

during embryonic development.
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Appendix 1

“Specific Activities of Some X Enédoded and Autosomal Enzymes in XX and
. ]

r

Enzyme Pl1042
{XX)

G6PD 3676
HGPRT  2.3%.4
alpha-GAL .5%.2

_,nQA © 9903350
6PGD 1734

UQHDID)—I -N—..—...-H

"P1042111

8207240 -

XO P10 Cells

-

Cell Line
P1042112  P1041S1
(XX) (XO)
28%4 2554
1.3%.1 1.07.1
A3, .um.p
8605190 6005190
1535 1633
.95, 1 L7701
.Nﬂ._- lu'+._~

P104157
(X0} -

1815
1.0%.1

37,0
5904270

P104259
(X0)

2835
0.97.1
L3501
6207150

"1732
.80
L3541

Specific activities are expressed in nmoles per min vmq ing protein.

v
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