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PREFACE

‘I'believz that there is’a need to replaqe competition fy
cooperation}in';ur scientific studies and to introduce immediate
reforms.‘ Graduate students and postdocs are not ﬁell paid and are
often required to work very long hours., Research is similar to the
olympic games. As an example the. work achieved and described in this
thesis represents goals towards wﬂiéﬁﬁ;any laboratories around the
world have strived. 1 am very sorry that our group was the first to

_;achieve these goals thus fofcing the other groups to stop their

programs after investing several years of research.
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mechanism for genmeration of functional genes.
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ABSTRACT - o

Female mammalian somatic cells usually contain two X chromosomes
whereas each male cell has only one X chromogome. * The expressidn
levels of X-linked genes are equal in malé and female tissues due to
dosage compensation which'is responsible for the presence of one
active X chromosome in each female somatic cell. Becaus; of stréng
evidence for the role‘of DNA methylation im X inactivation {(Monk,
1986) and because of the fact that X inactivation can be analyzed in
culture usiné)female embryonal carcinema (EC) cells (Paterno and
McBurney, 1985),.we decided to examine the molecular mechanisms
involved 1in X inactivation by using DNA demethylating agents to
reactivate the inactive X chromosomes in our EC cell 1}nes {(Paternoc et
al., 1985) and by cloning and studying the regulation of the mouse
phosphoglycerate kinase {(pgk-1) gené. |

The mammalian genome contains two genes encoding phouvhoglycerate
kinase; the pgk-1 gene js X-linked and is expressed in all cells while
the pgk-2 gene 1s expressed exclusively in spérmatocytes and
spermatids. The cloning of the pgk-l gene was very difficult because
of the presence of related sequences. We cloned all these sequences
(Adra et al., 1988). We have shown that the mouse genome contains no
pseudogenes derived from pgk-2. On the other hand, the genomes of
Balb/c aﬁd C3H/He strain mice c0ntaiﬁ six other regions with sequences
hemologous to those of pgk-1 cDNA. These pgk-related sequences are
likely derived from the pgk-1 gene by retroposftion because all are
located on autosomal chromosomes and because none appear to be
interrupted by introns. Two of the presumed pseudogenesicontain
sequences homologous to all regions of the pgk-1 cDNA while the other

four genomic regioné were truncated at the 5', 3', or both ends. One
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of the truncated pseudogenes was sequenced, Its pgk-related sequence
was not flanked by direct répeats, suggesting that loss of the 5'
and/or 3' eunds of this reérogene may have occurred following its
integ%ation into the genome; Our evidence suggests that pgk-l-derived
retroposons aroge initially more than 100 million yearé ago and have
continued to arise unﬁil so recently that some are unique to different
mouse strains.

In addition, we clcned the mouse pgk—-2 gene and mapped it to
chromosome 17 (Adra et al., 1988). Our results also suggested that
the pgk~2 gene arose from the pgk-1 gene by retroposition between 100
and 200 .million years ago and that retroposition has resulted in the
production of at least one functional gene (Boer et al., 1987).

We also cloned the pgk-1 gene (Adra et al., 1987). The gene is
contained within a 16-kb reglon of the X chromosome and 1s interrupted
by at least ten introns. The promoter region of the pgk-1 gene is
rich in G and C nucleotides and contains five coples of the
hexadeoxynucleotide, GGGCGG, the potential binding site_for the Spl
transcription factor, a CCAAT sequence, but no TATA box. This
promoter functions following DNA-mediated transfection into mammalian
cells. The promoter of the mouse pgk-1 gene is homologous to the
human pgk-! promoter. A number of conserved motifs in the promoter
may indicate a significant role for these sequences in expression of
the pgk—~1 gene.

To test for a causative relationship between gene inactivity and
methylation (qgviewed by Bird, 1986) we investigated the methylation
pattern at Hpall and Hhal sites present in the 5' control region of
the mouse pgk-1 gene in kidney, spleen and EC cell lines representing

different stages of X chromosome differentiation. Our analysis of the
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upstream region indicated that the CCGG sites assayed are unmdthylated
on both the active and inactive X chromosomes. These results suggest
that mechanisms other than methylation must be involved in maintaining

the X chromosome silent. To verify this inference I have initlated

¢!

the functional characterization of the promoter region with the hope
that it will allow us to address questions concerning not only the

regulation of the expression of the pgk-l gene, but also the mechanism

~

. ~,
of X chromosome differentiation. .

“
\
‘\
\



. Résumé

Les cellules femelles soﬁatiques de mammiféres contlenment deux
chromosomes X tendis que chaque cellule male conFient un seul
chromosome X. Les niveaux d'expréssion des gémnes localisés sur le
chromo;;;e X sont égaux dans les  cellules males et femelles 3 cause
d'un Técanisms de compensation de dosagelqui ést responsable de la
présence d'un seul chr%mosome X actif dans chaque cellule femelle

somatique. A cause de certains résultats suggérant que la méthylation

de 1'ADN est impliquée dans le phénoméne d'inactivation du chromosome
X {(Monk, 1986) et du fait que ce phénoméﬁe peut &tre ané&ysé en
utilisant les cellules de Eératoearcinomes (EC) (Paterno et McBurmey,
1985), nous aﬁong décidé d'examiner les mécanismes moléculailres
impliqués dans 1'4inaétivation du ch?omosome X en utilisant des agengj
démithylént 1'ADN pou£\réactiver le chromosome X inactif-dans nos
lignées EC (Patermo, Adra et McBurney, 1985) et an clonant et étudiant
la régulation du géne phosphoglycerate kinase 1 (pgk-l) localisé sur
le choromosome X de la souris, | .

Le génome de mammiféres contient deux génes codant pour la
phosphoglycerate kinase; le pgk-l est iocalisé sur le chromosome X et
exprimé dans toutes les cellules tandis que le géne pgk-2 est exprimé
exclusivement dané les spermatocytes et spermatides. Le clonage du
pgk-1 était tres difficile 3 cause de la présence des séquences
homologues. Nous avons clonés toutes ces séquence@ (Adre et al.,
1988). Nous avons montré que le génome de 1a souris ne contient pas
de pseudogénes dérivés du pgk-2. Les génomes des souches de souris
Balb[f et C3H/He contiennent six autres locus possédgnt des séquences

homologues au pgk—-l cADN. Ces séquences sont probablement dérivées.du

pgk-1 par rétroposition car elles sont toutes localisées sur des
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chromosomes autosomaux et apparament=fucune de ces séquences no

#osaéde d'introns. Deux de ces pseudogénes contiennent des séquences
homologues & toutes les régions de pgk-1 cADN tandis que les autres
quatre régions génomiques sont trangonnées 2 1'extrémité 5' 3', ou les
deux; Un de ces pseudogénes trangonnés_a été ééquencé. Sa séquence
homologue au pgk-l n'était pas limité par les éléments répétitifs
directes suggérant que la perte de 1'extrémité(s) 5' et/ou 3' de ce
retrogéne a possiblement eu lieu aprés sont intégration dans le
génome., Notre évidence suggére que les rétroposons du pgk-1 sont
apparus il vy a plus de 100 millions d'années et que la rétroposition a
persisté jusqﬁ'é récemment au point que certains retroposons sont
uniques a différentes souches de souris.

Egalement, nous #vons cloné le géne pgk-2 et déterminé qu'il est
localisé sur le chromosome 17 chez i; souris (Adra et al., 1988). nos
résultats suggérent que le pgk-2 est dérivé du pgk-1 par rétroposition
datant de 100 & 200 millions d'années e? que la rétroposition a
produit au moins un géne fonctioﬁnel (Boer, Adra et al., 1987).

Nous avons aussi cloné le pgk-1 (Adra et al., 1987). Ce géne
s'étends sur une région de 16-Kb du chromosome X et 11 est interrompu
par au moins 10 introns. Le promoteur du pgk-1 est riche en
nucléotide G et C. et contient 5 copies de l'hexadeoxynucléotide,
GGGCGG, qui est un site potentiel d'attachement pour le facteur de
transcription Spl, une séquence CEAAT, mais ne contien. pas une boite
TATA. Le promoteur fonctionne aprgs transfection dans les cellules de 4
. mammiféres. Il est homologue & colul du pgk-l humain. La présence de
motifs conservés dans ce promoteur est probablement un indicateur d'un

role significatif de ces séquences dan sl'expression du pgk-l.

Afin de vérifier si l'inactivité génomique et la méthylation de
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1'ADN partagent ﬂpg,relation de cause A effet (Bird, 1986) nous avons
étudié la mode de méthylation aux sites Hpal et Hpall présents dans la

lrégion 5' du géné pgk-1 dans des tissues du rein, du foie et des

cellules EC représentants diverses étapes de 1'inactivation du Eyf

chromosome X. Notre analyse du région 5' a indiqué que les sites CCGG
examinés ne sont pag méthylés sur les chromosomes X actifs et
inacFifs. Nos résultats suggérent qu'il y a des mécanismes aut;e que
la méthylation qui maintiennent le chromosome X inactivé. Pour tester
cette hypothgse j'ai initié la caractérisation du cdté 5' aveﬂ%
1'espoir de répondre 3 des questions concernant non seulement la

régulation de 1'expression du pgk-1 mals aussi les mécanismes de

différentiation du chromosome X.

o

)
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CHAPTER I

INTRODUCTION

-y

Female mammalian somatic cells usually contailn twéi} chromgsomes
whereas each male cell has only one X chromosome and the ;;ie
determining Y chromosome. The expression levels of X-linked genes are
equal in male and female tissues due to. dosage compensation which is
responsible for the presence of only one active X chromosome in each
female somatic cell. The inactivation event accompanies cell
differentiation during early embryogenesis. The inactivated X
chromosome becomes genetically inert and gytologicayly
heterochroﬁatic; once established, the parentai\iﬁactive state is
maintained and stably inherited in all the mitotié descendants of
somatic cells. ‘ \\‘

.

1.1 X Chromosome activity in germ cells or in vivo reactivation:

The absence of a highly condensed X chromosome dugpested that
oocytes of the quiescent dictyate stage have two active X chromosomes
(tho, 1963).

Confirmation of this inference was obtained from the analyses of
human and mouse cocytes that were heterozygous for electrophoretic

glucoseNg phosphate dehydrogenase (G6PD) variants. These studies

o \

e
showed thé presence of homo- and heterodimers of G6PD suggesting that

both X chromoxomes are active in each cell (Gartler et al., 1975;
1980). Also, gene dosage studies demonstrated that oocytes of XO mice

have half as much activity of X chromosome gene products as do oocytes
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of XX mice (Epstedin, 1969; 1972; Koz¥k et al., 1974; Mangila et al.,
1975: Andina, 1978; Gartler and Rivest, 1983).

The observagion tha;_primary oocytes do contain two active X
cliromosomes suggests two possible events. The first is that germ
cells arise from a separate embryonic cell pool that doces not
inactivate. The second possibility is that reactivatioﬂ%of the
iractive X occurs during germ-cell differentiatiom.

The existence of a single active X chromosome in primordial gé;m
cells w;s inferréd from cytogenetic studies. These studles have
detected a heterochromatic X chromoscme in germ cells during their

%
migration from the epiblast to the gonadal ridges {Ohno, 1964) and

’bduring thelr differentiation into oogonia (Gartler et al., 1980). As

is mentioned in the next section, all cof the evidence suggests that X

inactivation has also cccurred in most other cells of the female

embryo before this stage (7.5 days gestation - 11.35 days ngtion).
These studies suggested that gérm cells undergo X chromosome
reactivation. \ .

Stué}éﬁ of allozyme expression in germ cells from heterozygous
mouse fo?tuses (G6PD, HPRT, PGK-1) confirmed the presence of a single
active X\§$romosome in oogonia and placed the time of XLFhromosome
reactivation just before the onset of meiosis (Andina, 1978; Johnston,
1981; Kratzer and Chapman, 1981; McMahen et al., 1981; Monk and
McLaren, 1981).

This bonc1usioﬁ/1;ﬂ;I;B\§9pported by the observation of an

increase in mouse HPRT activity in XX compared to X0 germ cells as

they entered melosis {(Monk and McLaren, 1981; Andina, 1978; Mangia et

al., 1979).
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McMahon et al. (1981) used allelic variants of PGK~1 to study X
chromosore inactivation and its randomness. They found that
pre-melotic germ cells from a heterozygous female mouse exhibited both
variants in equal amounts. Thus, X chromosome inactivation is a
random process in primitive germ cells as it 1s in somatic cells (see
sectlon 1.5). L

Overall the inactivation-reactivation process 1is supported by
cytogenetic, allozyme expression and gene dosage studies. Also these
studies place the time of X chromoscme reacti;ation just before the

onset of meiosis.

1.2 X chroﬂgg;;l activity during preimplantation development:

/

A variety of procedures were used by.different laboratories to

determine whether or not dosage compensation exists in the female
embryo before the occurrence of X inactivation. Cytogenetic studies
did not reveal a heterochromatic or a late replicating X chromosome 1in
early female embryos (Takagi, 1974) suggesting that both X chromosome
are genetically active. In addition, four X-linked enzymes (HPRT,ﬂ
G6PD, PGK-1, alpha-gal) and related autosomai enzymes were used as
controls to determine the frequency distribution of enzyme activities
in single embryos at various developmental stages. A bimodal
distribution was evident at the eipht-cell stage and early blastocyst
{2-5 days gestation). This distributioq %f tﬁought to reflect the
activities of X-linked genes in XY embrvos snd in fémale embryos with

2 active X chromosomes (Kratzer and Gartler, 1978; Monk and Harper,

1978), Thus, prior to X inactivation during these early



developmental stages, there is no dosage compensation.

1.3 X chromosome activity during embryogenesis:

+

A unimodal distribution considered to reflect the activities of
XY embryos and of female embryos with ome X chromosome active was

first detectable in the mouse in the blastocyst stage onwards,
111

. Biochemical analysis of differences in specific activity of X-encoded
enzymes have shown that X inactivation is not synchronous in all cells
of the embryo (reviewed by Monk, 1978). At 3 days gestation, cells on
the outer éurface of the morula differéntiate to form trophectoherm
and an inactive X is first observed during that event (Kratzer and
Gartler, 1978). The paternal X chromosome is preferentially
inactivated (Takagi et al., 1974; 1975; 1978; also see section 1.5).
At 4.5 days gestation, the formation of primitive endoderm is also
accompanied by paternal X chromosome inactivation (Kratzer and
Gartler, 1978). Implant;tibﬁ q;es not occur until after the formation
of primary endoderm. The emgfyonic ectoderm of the Inner cell mass
continues to expreés both X chromosomes., WNot until 6.5 days gestation
is the differentiation of the embryonic ectoderm to form ectoderm,
mesoderm and endoderm completed. This step is also accompanied by the
{nactivation of one X chromosome in each female cell (Monk and Harper,
1979; Takagi et al., 1982). These studies have shown that either the
paternal or the maternal X chromosome can become Inactivated im each
cell of the embryonic ectoderm and that inactivation is random.

These observations indicated that X inactivation process appears

to accompany an early step of cell differentiation (Monk and Harper,

1978} .
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1.4 Stability of X chromosome inactivation: A rule that has been
\u

violated:

Stable inactivation was demonstrated by investigating tumours in
mammals heterozygous for electrophoretic’ variants of G6PD (Gartler and
Andina, 1976), by assaying for HPRT activity in cells heterozygous for
HPRT-deficiency and carrying the wild type hprt allele on the inactive
X chromosome eh}geon, 1972; Romeo and Migeon, 1975; deJonge et al.,
1982; Graves and Young, 1982) and by analysing cultured skin
fibroblast cells from females heterozygous for several X-linked
markers. Clones derived from single cells contained the garental G6FD
homodimer bands (A or B) but not both (Davidson et al., 1963; Rattazi
and Cohen, 1972; Ray et al., 1972). Since G6PD is .a dimer, homo- and
heterodimers should be evident if both variants are expressed in the
same cell,

In summary, following X inactivation, the parental inactive state
is maintained and stably inherited in all the mitotic descendanté'of
somatic cells in vivo and in culture. It is important to note that
very recently Wareham and co-workers (1987), using mice with Searle's
X~autosome translocation demonstrated for the f£irst time that the
silent gene encoding ornithine carbamoyl transferase (OCT) on the

inactive normal X chromosome is reactivated during aging.

1.5 Random and non-random X chromosome inactivation:

Lyon {1961) said in her hypothesis that either the paternal or

the maternal X chromosome can become inactivated at random. However,
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this postulate had to be modified later in light of the fact that
inaétivation in nonembryonic eutherian tissues (see section 1.2} and
in methatherian mammals is non-random (for a review, see VandeBerg,
1983).

Preferential inactivation of the paternal X chromosome was
observed 1n-ali the cells of .extra-embryonic tissues., Takagl and.his
agsoclates (1974; 1975; 1978) followed the fate of the paternal and
the maternal X ch;omosomes morphologically in mouse conceptuses
carrying the Cattanach's translocation T(X;7) 1 Ct which involves the
insertion of a fragment of chromosome 7 into the X chromosome {(Ohno 7
and Cattanach, 1962), rendering the T(X;7) chromosome longer than the
intact X. They found that the patermally derived X chromosome was
always allocyclic in the yolk sac and the chorion whereas
approximatély equal numbers of embryonic cells contained late
replicating paternal or maternal X chromosomes (Takagi and Sasaki,
1975). Takagi (1978) also noted that the inactive X chromosome in
extraembryonic tissues of day 5.3 embryos replicateé earlier than the
active X chromosome. This pattern of early replication shifted
between day 6 and 6.5 so that the early replicating inactive X
chromosome becomes late replicating (Takagi et al., 1982).

More evidgnc; for the n;n—;andom inactivation of the paternai X
chromosome came from blochemical studies. These studies demonstrated
that the allocyclic paternal X chromosome 1s functionally inactive by
using allozyme variants of PGK-1. The maternally-derived PGK-1 was
expressed in the trophectoderm and primitive endoderm lineages in
mouse whereas embryonic lineages were mosaic for X-chromosome

expression (West et al., 1977; Frels et al., 1979; Frels and Chapman,

1980; Papaioannou et al., 1981; Takagi et al., 1982).
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ﬁon—random inactiivation of the ﬁaternal X chromosome has also
been observed in the extraembryonic lineéges in rats and-humans (Wake
et al., 1976; Rogers et al., 1978).
£

The sequences of change in replication pattern, the non-random
{nactivation in extraembryonic lineages and the behaviour of the HPRT
gene from the inactive paternal X chromosome of primitive endoderm  in
DNA mediated gene transfer experiments (Kratzer et al., 1983; also see
section 1.11.1.2), suggested fo some investigators (Takagi et al.,
1982; Gartler and Riggs, 1983) that random and non+random X,
inactivation may be two different érocesses.

However, even the random process of X inactivationein embryonic
lineages 1s under genetic control, since different X-1linked mutants
are associated with different probabilities of inactivation. The
evidence for the.exiétence of a site responsible for controlling the X
inactivation process came from classic genetic analysis on the mouse
(Cattanach and Isaacson, 1967; Cattanach et al., 1969; 1970;
Cattanach, 19703 Cattanach and Williams, 1972)., This site, known as
the X-chromosome controlling element (Xce), has been mapped to the
centre of the linkage group close to Ta (Cattanach et al., 1970)., Ta
is a coat colour marker situated approximately 3 mu from the mouse
‘pgg;l gene (Cattanach and Papworth, 1981). There are three known
alleles at Xce which act in a cis dominant manner to determine the
probability of an X chromosome containing them becoming inactivated,

Cattanacg and Isaacson (1967) first identified different Xce
alleles in studies involving X-autosome translocatlons. They showed

that these alleles directed the coat colour variegation caused by the

translocation. It -was later shown that these Xce alleles also
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directed the heterozygous phenotypes of two X-linked genes (Cattanach
et al., 1969; Cattanach, 19755. Others (Grahn et al., 1970;
Krzanowska and Wabik, 1971; Falconer and Isaacsoh, 1975; Ohno et al.,
1973) working with various gene markers have provided further evidence
of an X locus controlling the heterozygous phenotypes of X-linked
genes. In all these cases, the X controlling locus maps to the same
location suggesting that it 1s a single element (Cattanach, 1975).

The Xce alleles do not change dramatically the randomness of X
inactivation. The variegation may extend from 50:50 in homozygotes to
70:30 in the Xce®/Xce® heterozygotes. This has been nicely
demonstrated in mice of pgk—la Xcec/pgk—lb Xce? genotype (Cattanach et

al., 1983).

1.6 Single X inactivation centre (Xic): the spreading effect:

1

Genes of the same X chromosome are activated or inactivated
together in a cell. As is previously discussed, studies have
confirmed that X-linked markers are active on both chromosomes prior
to the inactivation. Thus the first event is the initiation of the
inactivation 6f the entire X chromosome, Chromosomal rearrangements
between the autosomes and the X chromosome are valuable for studying
the mechanisms .of this event and to search for controlling centers.
When the rearranged X is inactivated during the course of development,
all the loci lying close to the heterochromatin are likely to be
inactivated. This 1s called the spreading gffect (Lewls, 1950; Baker,
1964; Spofford, 1973).

The evidence from X-autosome translocation studles in the mouse

s

e

(
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was considered to support, by some investigators, the concept of one
inactivation centre on the.X chromosome (Russel and Cacheiro, 19783
Gartler and Riggs, 1983) and by others the concept of multiple X
inactivation centers  (Eicher, 1970; Disteche et al., 1981; Nakagome,
1482).

Cytogenetic data from severél reciprocal X autosome
translocations in the mouse indicated that the pleces of the
translocated X chromosome were never late labelling in any cell
' whereés the intact X was inactivated (Russell and Cacheiro, 1978;
Rastan, 1983), This pattern of non-random X inactivation could pesult.
from initial random X inactivation followed by selection eliminating
unbalanced cells. The observation that the two pileces 0% a reclpro-
cally translocated X chromosome cannot be inactivated was considered
to support a model based on the concept of a single inactivation
center from which inactivation spreads in cis in both directions.

In Cattanach's translocations (T(¥X;7) 1 Ct), a plece of the
autosomal chromosome 7 carrying several markers was Inserted into the
X chromosome. The imactivation of both parts of the divided X
chromosomes along witﬂ the appearance of a non-inactivated region in
the autosomal insert was used as evidence CP support the modkl cof
multiple inactivation centers (Eicher, 1970). This concept assumes
that each autosomal insert into the X chromosome should interrupt the
spreading of inactivation. However, we know that.not every segment on
the inactive X chromosome is inactivated, suggesting that inactivation
may "skip" regions lacking the proper signals.

To clarify this controversy, Searle's murine X-autosome recipro-

cal translocation (T (X;16) 16 H) is very valuable since it is a
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transliocation between fhe X and chromosome 16 that has the breakpoint
in the middle of chromosome X. Female cells carry two normal
chromosomes: X and 16, and two rearranged chromosomes, Xle, which
consists of the proximal part of the X and the distal part of 16; and
16X, which consists of the proximal part of the 16 and the distal part
of the X. Searle's translocation is characterized'by a nnn-random
inactivation pattefn. In heterozygous females the intact X is always
inactive (Lyon, 1966; Lyon et al.,, 1964). Takagi (1980) studied
embryos at different staées of gestation (6.5 - 8.5 days gestation)
and identified the inactive X by using 5-Bromo-2'-deoxyuridine
labelling., He found that most cells at all studied stages hadlthe
intact X as late replicating. 1In 6.5 day embryos, few cells showed
late replicating 16X. The Xl6 was never inactivated in any of the
almost 2500 embryonic cells examined. Takagi (1980) alsc studied 322
cells in 7.5 day unbalanced embryos of the karyotype 40 (X/XIB,
16/16). Despite the fact that iInactivation of the X16 chromosome
would have led to genetic balance he did not find any asynchronously
replicating chromosome. Therefore X16 cannot be inactivated due to
lackléf an inactivation centre in the proximal region of mouse X
chromosome, whereas 16X can be Inactivated then eliminated by
selection for cells with the maximum genetic balance (McMahon and
Monk, 1983).

Rastan and Robertson (1985) reported results supporting a single
inactivation centre. The prediction of this model is that if Xie has.
been deleted, neither the X nor the deleted X %fesené in a diploid
cell can be inactivated. They have studied sixldifferent embryo-

derived (EK) cell lines, each with a partial deletion of the distal
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plece of one of the X chromosomes. Her cytogenetic results confirmed
the above predictions.

Studies on X—autosgme translocations in man (Mohandas et al.,'
1987) and on human X chromfﬁome abnormalities (Therman and Patau,
1975; Summitt et al., 1978;\Mattei et al., 1982) also supported the
model of a single Xic.: ,

In summary, inactivation spreads in cis in both directions along
the ¥-chromosome. Studies on X-autosome translocations indicated that
inactivation may or may not spread into the adjoining euchromatin, or
may spread into distal regions while leaving nroximal regions
non-suppressed (Keitges and Palmer, 1986).

Studies on X-autosome transloca%}ons in mice have mapped the Xic
to the same region as the Xce (Cattanach and Papworth, 1981; Rastan,
1983). Thus the site of initiation‘of X inacti&@tion may represent
the site of alleles which cause primary non-randomness of X
inactivation (see section 1.5).

The evolution of X chromosome inactivation has been conserved in

mammals and if these 2 loci are identical in mice, they also should be

identical in man. In fact, the Xic in human has been located in the
N

“long arm of the X chromosome (at band Xq21) near the pgk-l locus

(Therman et al., 1974; Therman et al., 1979; Francke and Taggart,
1980). Furthermore the location of the Xic appears to be similar in

most primates and in some mammals (Flejter et al., 1986).

1.7 The role of autosomal gene(s) in X chromosome inactivation:

Orly one X chromosome remains active in a diploid mammalian cell

1
K
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with extra sex chromosomes generated by melotic and mitotic errors
(Jacobs and Strong, 1959; Ferguson-Smith et al., 1960; Carr and Barr,
1961; Miller, 1961; Ohno, 1969). For example, two X chromosomes are
active in a tetraploid cell. The number of active X cﬁromosomes could

_be one or two in triploids (Wea;er et al., 1975; Migeon et al., 1981).
lThese studies suggested that for each diploid set of autosomes there

15 one active ¥ chromosome. Thus, autosomal factors may be involved

in this counting mechanism.

-

~
-

1.8 The role of DNA methylation in X chromosome imprinting:

s
o

The non-random inactivation'in marsupials and in extraembryonic
lineages of eutherian mamméﬂs (see section 1.5) indicated that the
paternal X is imprinted before or soon after fertilization {Chandra
and Brown, 1975). It is useful to look at the germ cell nuclel for
DNA mod{fications that could be responsible\for the preferential
inactivation of the paternal X chromosome. I have described in
section 1.1 the wX chromosome inactivation in female germ line and the
occurrence of reactivation during oogenesis. During spermatogenesis,
\\ the mammalian X chromosome becomes transcriptionally inactive at the

onset of the meiotic prophase (Lifschytz ané Lindsley, 1974). DNA
L/ﬂfx‘Zdi&lt&d transfer experiments have suggested that X inactivation in
extraembryonic liééages and in spermatocytes appears to be different

at the molecular level from inacﬁifation occurring in somatic cells.

A1

*
>

/
As described in section 1.15.1.%, the hprt genes in sperm DNA and on
the paternal inactive X chromosome of yolk sac endoderm function in
gene transfection experiments as well as the active gene. These

observations led some to search for a difference in methylation
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between the sPerm and oocytes gamete genomes and they showed that both
genomes are ggually urndermethylated in minor satellite sequences but
that MIF sequences are more methylated in sperm than in oocyte DNA
(Sanford et al., 1984; 1988). By day 7 the satellite sequences become
methylated in the embryonic lineages (Sanford et al., 1985). 1In
coﬁtrast, the opposite is seen in extraembryonic lineages. The

repetitive DNA sequences undergo almost total demethylation. Thus,

there appears to be a correlation between random inactivation and de
; s

!

novo methylé%ion in the cells of the embryonic ectoderm. However, for
methylation to be a plausible model for imprinting, it is necessary to
study the differences in DNA methylation of X-linked sequences of
oocyte‘énd sperm DNA,

{
1.9 The expression of genes inserted on the X chromosome:

X-autosome translocation studies showed that the inactivation may
or may not spr;ad into the autosome (see section 1.6). Investigators
have generated transgenic mice having the transgene inserted on the X
chromosome. In the case of transgenic mice harboring the complete
chicken transferrin gene, the inserted gene on the inactive X
chromosome escaped X chrqmosome inactivation (1987). Krumlauf et al.
(1986) generated transgenic mice carrying the mouse a~fetoprotein
(AFP) minigene. Their results indicated that the AFP minigene is
expressed on the inactive X chromosome in the visceral epdoderm but
not in the iiver. The inability of these two transgenes to undergo X

chromosome - inactivation méy be due to the lack of regulatory sequences

specific to the X chromosome which are necessary for inmactivation.
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Both genes, the chicken transferrin gene and the AFP minigene, are
normally autosomal and one might not—expect to find associated'with
them sequences important for their inactivation. To clarify this
issue, it is essential to introduce X-linked genes onto the X

chromosome and to study their behaviour on the inactive X chromosome.

Will these genes be correctly inactivated?

1.10 The activity of the X chromosomes in embryonal carcinoma (EC)

cells:

1.10.1 EC cells: the ideal system to investigate X chromosome

inactivation:

X—chromosome‘inaccivation is an intriguihg system of control of
gene expression. Inactivation starts to occur at the l6-cell morula
stage, that 1s Qhen the %Fbryo consists of a small number of cells and
is therefore difficult to analyze experimentally. In.addition, X
inactivation initiates early but it 1s not completed until day 6.5 in
mouse embryogenesis. Thﬁs the asynchrony of this process makes its
study in the embryos a greaf challenge. These problems could be
circumvented by using EC cells as the system to ;Fveaf the details of
the X inactivation mechanism.

EC cells are the stem cells of malignant tumours known as
teratocarcinomas (Stevens, 1967; Pierce, 1967). They resemb%e the
pluripotent cells of inner cell mass since under appropriate
conditions in culture they undergo a process of differentiation

¢ Rt
culminéting in the generation of all the cell types normally present
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in the embryo (Kahen and)Ephrussi, 1970; Martin and Evans, 1975;
Nicholas et al., 1975j McBurney, 1976). In addition, EC ceiis and
embryonic cells share several morphological (Plerce and Beals, 1964;
Lo and ‘ilula, 1980;) antigenic (Artzt et al , 1973; Jacob, 19773
;Reisner g al., 1977; Solter and Knowles 1978;-Kermeler et al., 1977;
Boller and Kemler, 1982; Harris et al., 1986) and biochemical
(Damjanov et al., 1971; Bernstein et al., 1973) characteristics. That
EC cells are indeed similar to the pluripotent embryonic cells have
been confirmed by blastocyst injection experiments. EC cells can
contribute to the formation of a normal mouse {Brinster, 19743
Papaioannou et al., 1976; Dewey and Martin, 1980; Rossant and

McBurney, 1982)

¥
1.10.2 The activity of two X-chromosomes in undifferentiated EC

cells:

Several sources of data confirmed the similarity between EC cells
and the embryonic inner cell mass. Thus it would be expected that
both X chromosomes would be active in undifferentiated female EC cells
and that one would be inactivated when cells are differentiated in
culture (McBurney and Adamson, 1976; Martin et al., 19783 McBurney and
Strutt, l980).

Both cytogenetic and biochemical data indicated that EC cells may
carry two active X chromosomes. McBurney and Strutt (1980) developed
a female EC cell line called P10, which”is heterozygous for pegk~1
(pgk—lJ/pgk—lb). All clonal populations of these cells contained

almost equal levels of both PGK-1 isozymes suggesting that these cells

« b
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have 2 active X chromosomes. This suggestion was also strengthened by

cytogenetic studies revealing that P10 cells possessed two
synchronously replicating X chromosomes. Martin et al. (1978), Takagl
and Martin (1984) described similar results for an EC cell line, LT-I,
derived f;om a spontaneous ovarilan teratocarcinoma. That LT-1 does
indeed carry two active X chromosomes was demonstrated by ;omparisons
of X encodéd enzyme activities in LT-1 cells and three
undifferentiated X0 EC cell lines, which showed that 2:1 dosage

relatioﬁship expected if LT-1 cells contained two active X chromosomes

(Martin et al,, 1978).

1.10.2.1 Heterogeneity of X inactivation in undifferentiated EC

cells: - -

Dr. McBurney's laboratory developed and characterized four EC

cell lines listed in the table below. Each has unique X chromosome

- characteristics..

Female EC Cell Number of Active Number of Late ' Reactivation

Line ¥-Chromosomes " Replicating X-Chromosomes  with
S—azacytidine

g

P10 2 0

C100AG1 (XX) 1l 0 +

C86S1A1(XX) 1 1 +

Cl45£AG11 (XX 1 1 -

The three EC cell lines C86S1A1(XX), Cl00AGI(XX) and
Cl145fAGL1(XX) are 8-azaguanine-resistant clones. The frequency of
recovery of HPRT-deficient (HPRT ) from the parental cells'suggested
the presence of an inactive X chromosome in each of these cells

(McBurney and Adamson, 1976). Another evidence for X inactivation
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comes from cytogenetic analysis demonstrating the presence of an
allocyclic X chromoeepelin CB6S1AL(XX) and Cl45fAGLI(XX). However,
allocyclic replication of X chromosomes was not present in C1O0AGI (XX)
indicating that this cell line may be arrested at an intermediate
stage of X chromosome differentiation. The status of the X chromo-
somes in these female EC cell lines and the fact that some of these
cell lines respond to 5-azacytidine by reactivating their inactive X
chromosome support the view that these four lines from P10 to Cl45 are
frozen at different stagee of X chromosome differentiation (Paterno et

al., 1985; Hockey, Adra and McBurney, manuscript in preparation).

1.10.2.2 Rapid and synchronous X inactivation during

differentiation of EC cells:

EC cells can be induced to differentiate im vitro by changes in
culture conditions such as the addition of retinoic acid (Martin et
al., 1978; McBurney and-Strutt, 1980; Jones-Villeneuve et al., 1982;
Takagl and Martin, 1984) Martin et al. (1978) reported SDZ reduction
in the dosage of X chromosome gene products in differentiated XXLT-1
cells. McBurney and Strutt (1980) as well as Takagi and Martin (1984)
demonstrated the appearance of allocyclie X chromosome in the majority
of differentiated cells. Both EC cell lines, P10 and CB6 (see section
1.10.2.1) cag be induced to differ;;ziate following exposure to
retinoic aecid and the differentiation of P10 1s accompanied Wy the
inactivation of 1 X-chromosome in‘each cell (McBurney and Strutt,
19¢0; Paterno et al., 1985; Paterno, 1985, Ph.D. Thesis).

Thus, the major properties of dosage compensation that occur in

embryological development occur also in EC cells. This as well as the
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fact that these cells are more amenable to experimentation make the EC

cells an experimentally valuable system for studying the regulation of

X chromosome differentiation during development.

1.11 Molecular structure of genes:

In 1977, it was discovered that eukaryotic genes such as
immunoglobulin (Brack and Tonegawa, 1977), globin (Jeffreys and
Flavell, 1977) and tRNA (Goodman et al., 1977) genes are interrupted
by insertions of non-coding sequences. These sequences which are
called introns are spliced out of the precursor RNA to generate a
functional mRNA. The DNA sequences which are represented in the
mature mRNA are called exons. Now that a large nﬁmber of genes have
been sequenced it appears that the majority contain insertions of
non-coding DNA. Some genes such ag the histone genes have no introns.

Introns are present in mammalian genes, are rare in those of
lower eukaryotes and‘;#e absent from those of eubacteria
(Cornish-Bowden, 1983} . Several archaebacteria and bacteriophage T4

genes contain introns.

“

Uﬁl}ke exéns,_which are usually short (40-50
amino acids), introﬁg égﬁ‘;e very iarge (Gilbert, 1985; Kognig:é;.al.,
1987) thus accounting for the large size of gomé vertebréte genég.

The positions of the introns relative to the mRNA sequence of

many genes are conserved in different mammalian species (Blake, 1983;

Flemington et al., 1987; Traut, 1988).

1.12 Promoters of genes that encode proteins:

The first level of control of gene expression in eukaryotic cells
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is in the initiation of transcription. RNA polymerasé IT initiates
transcription by recognizing cis-acting sequences called promoters.
Promoters are located upstream from the start site of various genes.
A comparison of several gene promoter regions and a detailed
functional analysis revealed the presence of conserved short stretches
iﬁ a typical promoter: the start site, a reglon centered at about -25
and one or more regions of 8 to 12 base pairs (bp) named upstream
promoter elements (UPEs) (for review see Dynan and Tjian, 19853
McKnight and Tjilan, 1986; Maniatis et al., 1987).

The start site is the position on DNA that corresponds to the
first base of the transcript. A consensus sequence has emerged by

aligning the sequences of a large number of promoters {Corden et al.,

1980): i
5'-PyCAPyPyPyPyPy-3'

The region which is typically located at position -25 1is
designated as the TATA or Goldberg-Hogness box (Goldberg, 1979). It
has the consensus sequence: TATA$A$ {(Breathnach and Chambon, 1981j.
This seqﬁence determines the site of tgenscription initiation. 1In the
absence of the TATA consensus sequence, transcription initiates at
multiple start sites (Corden et al., 1980; Reynolds et al., 1984;
Melton et al., 1986; Ingolia et al., 1986; Flemington et al., 1987).

The so-called UPEs such as the CAAT box (Efstratiadis et al.,
1980) and the GC box {(Benoit and Chambon, 198l; Myers et al., 1981
Everett et al., 1983) are located farther upstream at about 40-100
nucleotides upstream of the start site (reviewed by Dynan and Tjian,

1985; McKnight and Tjian, 1986). Promoter mapping studles have shown

that UPEs often function to stimulate the level of transcription
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regardless of their orientation with respecé to the TATA box (Maniatis
et al., 1987). |

DNA footprinting (Galas and Schmitz, 1978) and gel retardation
(Fried and Crothers, 1981) studies have revealed the presence of
UPE-binding factors (reviewed by McKnight and Tjian, 1986).  Two of
these factors have been extensively purified and studies: Spl which
interacts with the GC box (reviewed by Kadonaga et al,, 1986) and CTF
which recognizes the CAAT box (Jones et al., 1985). Both factors are

protelns and activate RNA polymerase II transeription.

1.13 Promotors of X-chromosomal genes

Regulatory sequences which might be unique to the X-chromosomal
genes could be revealed by sequence analysis. Now, several X-linked
genes have been sequenced. Examples include: the human factor VIII
(Gitschier et algj’1984) and factor IX (Yoshitake et al., 1985), the
human pgk-1 (Singer—Sam, 1984), the human g6bpd (Martini et al., 1986)
and the human and mouse hprt (Melton et al., 19863 Patel et al.,
1986). A comparison of their promoter regioms (done by Dr. M.W.
McBurney) failed to detect sequences which are unique features of
X-chromosomal genes., However we cannot exclude the possibility that
regulatory sequences may be found in regions which have not yet been
examined.

The major features of the promoters of the constitutively
expressed X-linked genes are similar to those of a variety of
autosomal housekeeping genes such as hmg CoA reductase (Reynolds et
al., 1984), ada (Ingolia et al., 1986), aprt (Broderick et al., 1987)

and tk (Flemington et al., 1987). All of these genes have multiple GC
4
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boxes within their promoters. They lack TATA boxes, and méy or may
not have a CAAT box. Unlike some of the promoters of tissue-specific
genes (Cullen et al., 1986), all of these promoters have clusters of

CpG dinucleotides which are potential sites for DNA methylation {see

section 1.5).

1.14 Retroposons or processed pseudogenes:

r&hé.mammalian genome contains large numbers of processed
Qseudogenés (Vanin, 1985; Rogers, 1985). Each processed pseudogene is
thought to have arisen by RNA-mediated duplication from a functional
gene because pseudogenes generally lack introms, contain poly A tracts
at their 3' ends, and are flanked by short direct repeats of 7-21 nt.
In general; the processed pseudogenes or retroposons are not
genetically linked to the parental gene and are not expressed because
they have no promoter and because their sequences contain termination
codons in all reading frames. Processed pseudogenes are abundant in
mammals, but not other organisms, and they are thought to have evolved
relatively recently, within the past 30 million years (Weiner, 1985).

1.15 DNA methylation:

It was discovered more than 40 years ago that 5-methylcytosine
oceurs as a minor base in the DNA of many organisms (Hotchkiss, 1948;
Wyatt, 19513 Dunn and Smith, 1958). The addition of a methyl group to
the number 5 carbon of some cytosine residues 1s a post-replicative

process (Gold et al., 1963; Kalousek and Morris, 1968). The
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-,

methylated cytosine residue is usually adjacent to a guanine residue

on the 3' side (Doskocil and Sorm, 1962; Salomon and Kay, 1970;

Sneider, 1972; Gerlach and Bedbrook, 1979) and the cytosine residue

base paired with that guanine is also methylated (Bird, 1978).

Several models have been proposed associating DNA methylation with

differential activity of genes in different tissues during development

‘(Scarano, 1971; Holliday and Pugh, 1975; Sager and Kitchin, 1975) and

4%
with X inactivation (Riggs, 1975; Sager and Kitchin, 1975). The

essential postulates of Holliday and Pugh (1975) and of Riggs (1975)

models were:

a)

b)

c)

interaction between proteins and DNA sequences is responsible for
gene regulation, X inactivation and differential activity of
genes during development;
methylation should affect regulatory protein binding; and
the most important postplate was that there should be a
maintenance DNA methylase (in addition to a de novo metﬁylase)
which will convert a half methylated site:

5'-Tce-3"

3'-GC-5"
to a symmetrically methylated site:

5'-"CG-3"

3'—GCm—5'
thus, once methylation events occur after fertilization, the
methylated sites are inherited through DNA replication but not
transmitted through the germ line.

It is of interest to note that these models were proposed without

any direct evidence for any eukaryotic specific modification enzymes
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and for any function of the methylation of eukaryotic DNA.

In recent years, investigators have ‘accumulated evidence in favor
of these models.

By insefting Moloney leukemia virus genomes into mouse strains
J4hner et al. (1982) showed that de novo methylation occurred when the
virﬁs was introduced in preimplantation but not into postimplantation
embryos. De novo methylatién of retroviruses was also observed In EC
cells (Stewart et al., 1982}, This activity observed with foreign DNA
reflects the naturally occurring processes since cellular sequences
also ﬁndergo methylation during embryonic development (Sturm and
Taylor, 1981l; Pages and Roizes, 1982; Ehrlich et al., 1982; Adams et
al., 1983; Chapman et al., 1984),

Once the methylation pattern is formed, 1t is inherited through
DNA replication by a maintenance methylase which 1s involved in
methylating hemimethylated DNA (Gruenbaum et al., 1982). However, it
is dlikely that de novo activity and maintenance activity are carried
out by the same protein (Bestor and Ingram, 1983; Sano et al., 1983;
Pfeifer et al., 1983; Razin and Szyf, 1984).

One line of evidence 1s consistent with the view that methylat;on
may be involved in X inactivation. In vivo studies relied on the two
restriction endonucleases HpalIl and MspI to correlate gene activity
and methylation. For a large number of genes, such as the globin
gemnes (Perry; 1983), the chicken ovalbumin (Handel and Chambon, 1979)

and the rat insulin II gene (Cate et al., 1983; Kuo et al., 1979),

some CpG dinucleotides became completely unmethylated in the

expressing tissue (for review see Razim and Szyf, 1984; Jaenisch and\‘\\>q<§>
J4hner, 1984). There are several exceptions to this rule, For
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exaﬁple, the S—crystailine gene (Grainger et al., 1983) and the
chicken and Xenopus vitellogenin genes (Perry, 1983; Burch and
Weintraub, 1983; Gerber-Huber et al., 1983) are highly methylated yet
active. However, the value of the latter resulté;é? qﬁestionable
since the Investipators ha&e relied on two enzymes: Mspl and Hpall
which detect only 10-15%7 of the total CpGs. |

These experiments do not allow the establishment of a cause and
effect relationship between gene inactivity and\methylation
since methylation could be a secondary effect of transcriptional
repression. To test for causative relationship, the approach was to’\\
methylate in vitro some genes, transfer them into cells and analyze
thelr expression in a functional assay. Experiments using this
strategy dgmonstrated that in vitro methylation of Hpall sites
abolished éhe activity of certain cloned cellular (Wigler et al.,
1981; Stein et al., 1982) and viral genes (Simon et‘al.,‘l983; Kruczek
aﬁd Doerfler, 1983; Fradin et al., 1982; Jaenisch and Jihner, 1984).
In addition, treatment with demethylating agents such as 5~-azacytidine
resulted in their activation (Jones, 1984)., The critical sites
relevant for gene activity are usually localized at the 5’ end in the
regulatory region of a gene (Kruczek and Doerfler, 1983; Busslinger et

al., 1983). These experiments suggested a causative relationship

between gene expression and methylation.

1.15.1 DNA methylation and X chromosome inactivation:

1.15.1.1 Reactivation Sy treatment with demethylating agents:

Mohandas et al. (1981!) demonstrated that S5-azacytidine treatment
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of a hypoxanthine phosphoribosyl transferase (HPRT) deficlent mouse-
human cell hybrid caErying a wild type hprt allele on the inactive
human X chromosome elévated by-l,OOO fbld the frequency of expression
of this allele thus enabling the cell to form HAT resistant colonies.
In addition, two unselected human X-linked markers, glucose{ﬁ
phosphate dehydrogenase (G6PD) and phosphoglycerate kinase {(pgk-1),
were expressed in a small proportion of the HPﬁT+ ceils. Although the
reactivation was not a whole chromosome event, this was the first
report of reactivation of an X-linked gene by treatment with a
hypomethylating agent suggesting that DNA methylation may play a role
in X inactivation. GSimilar studies using HRRI-deficlent human-mouse
hybrid (EFster et al,, 1982; Hor;—Cayla et al., 1983) and
HPRT—deficient M. musculus X M. caroli lines (Graves, 1982) confirmed
that 5-azacytidine treatment increased the appearance of HPRT+

colonies and that occasionally reactivants expressing all four human

markers, gépd, pgk-l, alpha-gal and hprt could be recovered (Hors-

Cayla et al., 1983; Graves, 1983). It is important t \ e that in

all these cases the reactivation was not a whole chro?asome ent and

that the reactivants continued to carry heterochromaﬁic late
replicating human X chromosomes. /x
Recently we (Paterno et al., 1985) reported our experiments‘with
a HPRT-deficient EC cell line, named C86SIA1(XXQ, which contains an
inactive X chromosome. The treatment of these cells with
S—azacytidine caused the stable rea;tivation of the HPRT+ allele in
10Z of the cells. Furthermore, the HAT resistant clones replicated

both X chromosomes synchronously with the autosomes {(Paterno et al.,

1985; Hockey, A.G., Adra, C.N. and McBurney, M.W., manuscript in
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preparation). This total reversal of the heteroch:eﬂﬂﬁic pattern of

26.

the inactive X was not observed in the qbove deséribed cases. -

Following X chromosome reactivatilon by ﬁreatment with 5—azacytidine,—

reactivation is extremely st G{e even without selection. Losé of

HPRT+ activity was always asj%ciated with the loss of the X chromosome

earrying the reactivated HPRT allele (Gtave, 1982; 1983; Lester et

al., 1982; Mohandas et al., 198l; Paterno et @l., EBBQ&.

The most important conclusioms from the above E%Eb&ivation‘
studies are: \
a) reactivation involves a stable and heritable change in gene

activity suggesting that the spreading of inactivatigp.does not’

re-occur moreithan once ;n the life of a cell;

b) the reversibility of the inactivation, as in germ cells, implies
that ﬁajof DNA rearrangement is not involved in X inactivation;
and

s

c) S-azacytidine reactivation of X-linked genes supports the
hypothesis of Riggs (1975) and of Holliday and Pugh (1975) that
DNA!methylation plays a role in X inactivation.

v

1.15.1.2 DNA mediated gene transfer experiments of X chromosome-

activitz:

Further evidence for the role of DNA methylation in the
maintenance of X inactivation came from DNA transfectlon experiments.
Liskay and Evans (1980) were the first to show that the hprt gene on
the inactive X chromosome does not function in DNA-mediated gene

transfer into a recipient cell. Chapman et al. (1982) used DNA from
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moﬁse cel%s heterozygous for electrophoretic variants of HPRT and
Venolia aﬁ% Gartler (1983) Lsed DNA from human cells heterozygous for
a Lesch=Nyhan HPRT mutation in similar experiments. Both
laboratories confirmed that the hprt gene on the inactive X chromosome
does not function in DNA transfection experimencts. DeJonge ?t al.
(1982) reported surprising results claiming the contrary. However,
the significanée of their observation is quesg}onable since it could
not be repeated by others (Venolia and Gar;Iér, 1983). Thus all these

experiments suggest that genes on the inﬁétive X chromosome are not

able to be expressed following trqggﬁédé&on. Since in vitro

—

methylation of some geneg_abolishes their expression afteé
transfeétipﬁ (see section 1.15), the lack of HPRT éctiv{E;Jimplies W
that the hprt gene may be methylated. |

This hypothesis wdp’ tested by using DNA from a mouse-human cell
hybrid containing the human inactive X chromosome and.from HPRT+
reactivants (Mohandas et al,, 1982) in DNA transfection experiments
(Venolia et al., 1982; Lecter et al., 1982). Only the DNA from the
5-azacytidine induced reactlvantg did function. Analysis of the 5'
region of the hprt gene revealed the presence of a cluster of CCGG
sites that is hypomethylated on the active X chromosome (Xa) (Yen et
al., 1984; Wolf et al., 1984).

It is of interest to note that the hprt gene in sperm DNA
{(Venolia et al.,_1984) does function in DNA-mediated gene transfer in
spite of the fact that the X chromosome is inactive during
spermatogenesis. In addition, the inactive hprt gene carried on the

paternal inactive ¥ chromosome of yolk sac endoderm functions in gene

transfection as well as the active gene (Kratzer et al., 1983). These
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results suggest that the mechanism of X inactivation in extraembr&onic
and spermatogonial cells appears to be different frém the one involved
in X inactivation in somatic lineages.

In summary, the evidence is strong to support the claim that DNA
methylation is invaived in controlling the activity of X-linked genes
at least in female somatic cells. But what sort of control could that
be? In answering that question, we should look into experiments which
showed that there is no correlation between methylation and gene
activity. freatméﬁt with 5-azacytidine did not induce reactiva- tion
of the inactive X in normal human diploid cells (Wolf and Migeon,
1982) and in some EC cell lines (Paterno et al., 1985). This supports
the notion of methylation being a secondary controller of gene

expression, a controller that acts to stabilize the inactive state.

L

1.15.1.3 Methylation pattern of X-linked genes and DNA sequences:

To investigate the molecular mechanisms responsible for X
inactivation, it is necessary to use cloned‘$-spec1fic sequences and
methylation sensitive restriction endonucleases to construct
restriction maps of the cloned region on the active and inactive X
chromosome (ﬁethylation studies of non X-linked sequences were
discussed earlier in section 1.15.1). Using this approach researchers
evaluated the degree of involvement of DNA methylation in X chromosome
inactivation.

Wolf and Migeon (1982) using two single-copy X chromosome-
specific DNA sequences which map to the long arm of the human X, found
no differences in DNA methylation patterns between the active and

;

{
!
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i{nactive X chromosomes. However, thelr study has some weakness. The
authors relied on the MspI/Hpall enzymes which measures only 15% of
the total CpGs. These sites may not be relevant for gene activity.
Moreover, since nmot all loci on the inactive X chromosome are subject
to inactivation, the probes used by Wolf and Migeon may not be part of
genes that undergo X inactivation.

Other studies of the human (Yen et al., 1984; Wolf et al., 1984)
and mouse (Lock et al., 1986) hprt genes, the human gbpd
gene (Toniolo et al., 1984; Wolf et al., 1984) and the human pgk-l
gene (Keith et al., 1986) showed that certain reglfons of these genes
are hypermethylated on the inactive X chromosome (xi).

To establish whether the methylatlon occurs before or’after X
inactivation, Lock and her co-workers (1987) exaﬁined the methylation
pattern of the mouée hprt gene in embryohél carcinoma cells and in
female embryos at various stages of embryogenesis. They observed that
X inactivation preceded the methylation of the hprt gemne. Theée data
suggested that DNA methylagion is a secondary mechanism by which the
cell maintain the X chromosome in its inactive state. However, Lock
and her co;workers studied only the upstream region of the hprt gene
and it is likely that this region may not be relevant to the mechanism
of X inactivation {(Cullen et él., 1986). 1In addition, only a subset
of the CpG sequences present in the 5' end of the hprt gene can be

recognized by the available enzymes.

1.16 Adms of the thesis:

In this thesis some aspects of the molecular basis of X
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chromesome inactivation have been investigated. Also, the cloning and
the chéracterization of the mouse pgk-l gene family has been
described.

Because of strong evidence for some role of DNA methylation in X
inactivation and because of the fact that X inactivation can be
analyzed in culture using female EC cell lines, we decided to examine
the molecular mechanisms involved in X inactivation by using DNA
demethylating agents to reactivate the inactive X chromosomes iﬁ our
EC cell lines (Patermo et al., 1985; also see Appendix 1) and by
cloning and ch#racterizing the mouse pgk-1 gene (Chapter III). Our
earlier attempts to clone the pgk-1 cDNA using synthetic oligonucleo-
ti&es led to the isolation of a single clone. ¥ This clone was
séﬁuenced and shown not to encode PGK-1 (Appendix 3).

To test for a causative relationship between gene inactivity and

methylation, I investigated the methylation pattern at Hpall and Hhal

sites present in the 5' control region of the pgk-1 gene of kidney,
spleen and EC cell lines before and after differentiation (Chapter
V).

The mammalian genome contains two genes encoding phosphoglycerate
kig&se. ‘The pgk~1 is ¥X-linked and is expressed in all somatic cells
and in premeiotic' germ cells, while the pgk-2 gene 1s expressed in
postmeiotic germ cells, where the‘pgk-l gene is turned off. To
understand fhe evplutionary ;elatipnship between the;e two genes and
to set the stage for the investigation of the mechanism resgonsible
for their regulation in spermatogenic cells, I decided to clone the

. . ‘
pgk-2 gene {Chapter V). My studies also have revealed the presence of

other pgk-l-related sequences {(Chapter V).

]
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CHAPTER TWO S

MATERTIALS AND METHODS

2.1 Cell lines and culture condlitions

The cell lines used in the experiments are listed in Table 2.1
with some of their properties. They are all derived from
teratocarcinomas generated in C3H/He mice by transpiantation\of
embryos. All cell lines were cultured in alpha minimal essential
medium (Stanners et al., 1971) (Gibco Laboratories, Grand Island,
N.Y.), confaining 7.5%7 calf serum (Animal Health Laboratoriles Inc.,
Toronto, Cénada?, 2.57 fetal calf serum (Gibco Laboratorles, Chagrin
Falls, Ohio) or Clex serum (Dextran Products Limited, Scarborough,
Ontario), penicillin (50 mg)ml) and 100 mg/ml streptomycin. They were
maintained in Falcon plastic tissue culture dishes (Becton, Dickensbn

and Co., Oxnard, CA, U.S.A.), placed at 37°C in a 5% CO, incubator.

2

g

The cells were routinely subcultured every 2 days by washing them
++ 4+

first with Ca - and Mg -free phosphate buffered saline (PBS) then
incubating them with 0.0257 trypsin and 1 mM ethylenediamine

3
tetraacetic acid in PBS for 5 min in order to detach them from the
furface of the dish. The cells were resuspended by pipetting them up

and down several times, then counted and replated at a concentration

of 105 cells per ml into fresh medium.

7
;
[N



- TABLE 2.1

Properties of the Embryonal Carcinoma Cells

Cell Line Sex Chromosomes Late-Replicating Genotype 5-Azacytine Reactlvatable
X-Chromosomes i X-Chromosomes_,

P10 XX 0 pgk-12,Xce®/pgk-1", Xce? NA

P10(X0) X0 0 pgk-12,Xce® or pgk-1°,Xce® NA

C8651 XX r Xa,hpre' /X1, hprt" YES

. AGM2 XX 1 Xa,hprt>/Xi,hprt YES
derived from C85S1

C86S1Al XX 8! Xa,hprt /Xi,hprt’ YES
derived from C86S1

C86S1A1AZA(n) XX 0 derived from C86S1Al by NA
treatment with 5-AC -

C86S1A1_(X0) X0 0 Xa,hprt derived NA
ffrom CB6S1Al

C100AG1 (XX) XX 0 Xa,hprt /Xi,hprt YES

C145£AG11 (XX) XX 1 Xa,hprt /Xi,hprt’ NO

rvnnm. a mytant hprt allele which encodes a thermolabile HPRT

n, indicates a number of clones derived from the parental cell line

NA, not applicable
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2.2 RNA preparations
o

2.2.1 Extraction of total BRNA from cell lines

RNA was purified by modifying the protocol of Auffray and Rougeon
(1980). Cells were cultured until they reached 5 x 107 cells/plate.
The medium was aspirated and the cells were washed three times with 10
ml of {ice-cold PBS, then 2 ml of 8 M urea/3 M LiCl {made up in H20
treated with 0.'7 diethyl pyrocarbonate (DEPC) overnight and
autoclaved to destroy the DEPC) was added to each dish and the cells
were scraped and pooled into a 50 ml propylene tube. The DNA of the
lysed cells was sheared by a Polytron homogenizer adjusted to speed 7
for\three minﬁtes on ice. The RNA was allowed to precipitate by
sto:&Tg the lysate on ice in the cold room for 8 hours. The lysate
was tr;ﬁb-erred to a ribonuclease (RNAse) free tube (tube was

pre-rinsed wiEB\lOZ SDS, washed with DEPC H,O then aptoclaved) and the

2
RNA collected by centrifugation at 4°C, in a JA—Zd rotor at 6000 rpm
for 10 min. The pellet was washed twice with 3 M LiCl (made up in
DEPC-HQO then filtere%{fo remove impurities) with centrifugation after
each rinse, Finally tﬁe RNA wag dissolved in DEFPC HZO and stored at

-70°C. Approximately 1 mg of RNA was recovered from each plate.

2.2.2 Extraction of total RNA from mouse organs

Mice were dissected and varilous organs were collected Iin dishes
placed on ice. One g of tissue was transferred to a 50 ml propylene

tube containing 10 ml of 3 M LiCl/8 M urea and the preparation of RNA
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was carried out as described 1in section 2.2.1.

2.3 DNA preparation

2.3.1 Genomic DNA preparation

Genomic DNA was prepared using the modified procedure of Blin and
Stafford (1976). Five confluent plates of cells (5x106 cells per
plate) were rinsed three times with ice-cold PBS and 2 ml of solution
A (10 mM Tris-HCl pH 8.0, 10 mM EDTA, 10 mM NaCl, 0.5% SDS) + 100 mg
of proteinase K were added to each plate. TImmediately the cells were
scraped using a sterile rubber policeman, pooled and poured into a 50
ml polypropylene tube. The tube was incubated at 37°C for 2 hr with
gentle shaking. The cell suspension was extracted once with phenol
then with chloroform/isoamyl alcohol (24:1 V/V}, followed by a
treatment with 50 mg/ml pancreatic RNAse and 2 mg/ml RNAse T1 for 20
min in a'shaking 37°C incubator. The sample was then extracted once
with phenol, and once with chloroform. The organic phase and aqueous
phase were mixed by gentle shaking and separated by centrifugation for
2 win at 3,000 g. The aqueous phase was transferred to a fresh tube
between each extraction. To the final aqueoug phase 0.1 volume of 3 M
sodium acetate and 2 volumes of ice-cold 95% ethanol was added. The
solutions were mixed until the precipitate of DNA formed.q The DNa,
which is visible, was transferred toc a microfuge tube, dried and

e
resuspended in the desired volume of TE (0.5 - 2 mg/ml) (TE is 10 mM
Tris~HCl and ] mM EDTA, pH 8.0). 600 mg of DNA were usually recovered

from five plates.
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2.3.2 Plasmid DHA preparations

Plasmid DNA was extracted from various bacterial clones using the.
modified protocol of Birmboim and Doly (1979) for rapld small-scale
preparations of plasmid DNA and ﬁhe protocol of M.A. Marko et al.
(1982) for large-scale isolation of highly purified plasmid DNA. The
method for the rapid, small-scale isolations of plasmid DNA will be
described here. Five ml of LB broth (LB is per liter 10 g bacto-
tryptone, 5 g bacto-yeast extract, 10 g NaCl, adjusted to pH 7.5 with -
sodium hydroxide) supplemented with 100 mg/ml ampicillin were
inoculated with a single bacterial colony and incubated at 37°C, 300
rpm. for 9 hrs. 1.5 ml of the culture was transferred into an
Eppendorf tube and centrifuged for 30 seconds at 12,000 g (the
remainder of the culture was stored in the cold room). The medium was
removed by aspiration, the pellet was resuspended by vortexing in 100
ml of an ice-cold solution I (50 mM glucese, 25 mM Tris-HCl pH 8.0, 10 |
mi EDTA,‘A mg/ml lysozyme prepared fresh) and then incgbated for 3
minutes at ZZ;C. 200 ml of a freshly prepared solution II (0.2 N
NaQH, 17 SDS) was added, the tube was inverted three times for mixing
then incubated for 3 min on ice. fBO ml of an ice-cold solution ITIL
(5 M potassium acetate, pH 4.8) was added to the cells an& mixed by
géntle vortexing for 15 seconds. Tollowing an incubation of 3 min on
ice, the lysed cells were centrifuged in an Eppendorf centrifuge at
4°C for 5 mi;. The supernatant was transferred to a fresh Eppendorf
tube, extracted once with phenol and once with chloroform/iscamyl
aleohol (24:1 V/V). The organic and aqueous phases were mlxed by

vortexing and separated g} centrifugation for 1 min. The aqueous
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phase was transfe;red to a fresh tube between each extraction. To the
final aqueoﬁs phase two volumgé of 957 ethanol were added. Foglowing
vortexing, the tube was centrifuged for 5 min at room temperature, the
. supernatant removed and the DNA pellet dried in a vacuum desiccator.
The pellet was resuspended in 50 ml of TE, pH 8.0, containing 20 mg/ml
of DNase-free pancreatic RNage. The protocol of M.A. Marko et al.

(1982) for large-scale isclation of highly purified plasmid DNA was

used without any modifications. N

2.4 Phage DNA preparation

The phage DNA preparation was carried out as described by

Maniatis et al. (1982),

2.5 Transformation protocols of bacteria

2.5.1 Transformation protocols of E. celi DHl1 or DHS

The modified high efficiency technique of Hanahan (1985) was
used. A | liter Erlenmeyer flask containing 100 ml of SOB medium (27
bacto-tryptone, 0.5%7 bacto-yeast extract, 10 mM NaCli, 2.5 mM KC1l, 10

mM MgSO, and 10 mM MgCl,) was inoculated with several E coli DH5

“

colonies (Hanahan, 1985) off a freshly streaked SOB agar plate. The

4

flask was incubated at 37°C, 200 rpm until the cell density reached 6
X 107 cells/ml. The cells were centrifuged in 50 ml sterile polypre-
pylene tubes at 4°C for 15 min at 1000 g. The pellet was resuspended

by gentle vortexing in 30 ml of filter sterilized RF1 (RFl 1s per
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liter 12 g RbCl, 9.9 g Mn C1 4H20, 30 ml of 2 1 M setock (pH 7.5) of

9
potagssium acetate, 1.5 g CaC12.2H20,E150 g glycerol, adjusted to pH
5.8 with 0.2 M acetic acid) incubated on ice for 15 min, then
recentrifuged again at 1000 g. The baﬁte?ia'was resugpended in 8 ml
of filter sterilized RF2 {RF2 is per liter 10 mM MCPS, 10 mM RbC1, 75
mM;CaClz.ZHZO, 15%2 (W/V) glycerol, adjusted to pH 6.8 with NaOH), then
incubated on ice for 10 min before freezing 200 ml aliquots in 1.5 ml
Eppendorf tubes in liquid nitrogen. The tubes were stored in a
freezer at -70°C. Tubes were removed frg; ~70°C and placed at 37°C
until just thawed then transferred on ice. ﬂihe DNA was added in a
volume of 50 ml or less. The DNA was mixed with the bacteria by
stirring, and the tube was incubated for 25 minutes on ice. The cells
were heat shocked in a 42°C water bath for 50 seconds and then
returned to 0°C for 5 min. 800 ml of SOC medium (SOC medium is SOB
medium + 20 mM glucose) were added to the cells then incubated at 37°C
with gentle shaking for 40 min.

Using the above procedure the transformation efficiency was

typleally 1.5 x 109 transformants/mg DNA.

2.5.2 Preparation of Q359 and P2392 plating bacteria

The preparation of plating bacteria was made by modifying the
procedure described by Vector Cloniug Systems (San Diego, CA, U.S5.A.).
A 1 liter Erlenmyer flask containing 100 ml of TB medium (TB medium is
per liter 10 g bacto tryptome, 5 g NaCl pH 7.4) supplemented with 0.27
maltose (from a 207 flltered maltose stock) and 10 mM MgSOA (from a 1
M filtered MgSO4 stock) was iInoculated with a colony of a freshly

streaked NZY agar plate. The flask was incubated in a 30°C {incubator

~
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at 200 rpm for !0 hours. Then the cells were pelleted at 4000 rpm
for 5 minutes and resuspended in 40 mls of 10 mM MgSOA. 1

2.5.3 Plating bacteriophage 8

When plating phage onto 100 mm NZY agar plates (NZY medium + 1.5%
bacto-agar, NZY medium Is per liter 2 g MgSOa-7H20, 5'g ?gast extract,
5 g NaCl, 10 g N-Z-amine (Humko Sheffield Chemical, Norwich, N.Y.
13815), adjust to pH 7.5 with pH 7.5) 0.2 ml of cells adjusted to an
optical deﬁsity at 600 mm of 0.5 with phage dilution buffer (per liter
5.8 g.ﬁéC&: 2 é HgSOa,THZO, 5ml 1 M eris-HCL pH 7.5, 5 ﬁl 27 gelatin)
were mixed with phage for 20 minutes at 37°C then 3 ml of top NZY

agarose were added (NZY medium + 0.77 agarose). The plate was

incubated at 37°C for 9 hours.
/"\J

-
,

2.6 Construction of genomic libraries

Lambda libraries were constructed in the vector EMBL3 (Karn et
al., 1980; Frischauf et al., 1983) using the Stratagene (San Diego,
California 92121) EMBL3 arms and packaging extracts (Kaiser and
Murray, 1985). Genomic DNA was prepared from modse spleen and
digested to completion with BamHl. A mixture containing equal moles
of vector arms and target DNA was ligated in a final volume of 5 Ml
using ligase buffer (1 x ligase buffer: 50 mM tris-HC1 pH 8.0, 7 mM

MeCl 1 mM dithiothreitol, and 1 mM ATP) and 200 units of T4 DNA

2]
ligase. The reaction was placed at 22°C for 2 hours, then incubated

at 4°C for 10 hours. To test the efficiency of the ligation, 0.2 ml
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was removed from the‘ligation reaction, mixed with 10 ml of TE pH 8.0
and heated at 68°C for 10 min. The sample was analyzed by
electrophoresis through a 0.6% agavose gel, using as markers g Hind
III DNA and an aliquog which was removed from the reaction mixture
immediaﬁely before the start of the ligation reaction then denatured
by heat. 1 mg of the concatamerised DNA was packaged as described by
Kaiser and Murray (1985) then 0.5 ml of phage ?iiution buffer_was
added (per liggr 5.8 g NaCl, 2 g HgSOa.7H20, 5ml 1 M tris-HC1l pH 7.5,
S ml 2% pélatin). To measure any background that might be due to the
extracts a mock packaging reaction, containing no DNA; waé done. Also
to test the efficiency of the extracts, a packaging reaction
containing wild-type lambda DNA cIB57, concatamerized at a
concentration of 210 mg/ml, was also included. The titer of
bacteriophage; in each of the packaging rea;tions was measured by
preparing two consecutive 10_2 dilutions in phape dilution buffer anq
dispensing 10 ml of each of the 10—4 dilution into eacﬁ of two sterile
10 mm x 50 mm tubes. 0.2 ml of plating bacteria was added to each
tube and the tubes were incubated at 37°C with gentle shaking for 20
minutes. 3.0 ml of NZY medium containing melted 0.77 agarose (50°C)
were added to each tube, vortexed, and immediately poured onto a
labelled warm ﬁlate containing 35 ml of b¢{Z;m NZY agar (NZY medium +
1.5% bacto-agar, NZY medium is per liter 2 g MgSOa-THZO, 5 g yeast
extract, 5 g NaCl, 10 g N-Z-amine (Humko Sheffield Chemiecal, Norwich,
N.Y. 13815), adjust to pH 7.5 with NaOH). After the hardening of the
top agarose the plates were inverged and incubated at 37°C for 9 hours

[4

before counting plaques. Uncut wild-type lambda DNA was packagéd with

x

efficiencies exceeé}ﬁg"ﬁ‘x 108 per mg. With no insert, no plaques

pen-a
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were detected on Q359 or P2392., However, the EMBL3 arms when ligated
to the target genomic DNA and plated on P2392 or Q359 gave usually 1.5

X 106 recombinant plaques per mg.

2.7 Screening of genomic libraries

To screen the génomic library a total of ! x 106 recombinant
plaques were examined. Aliquots of the packaging mixture containing 2
X 105 infectious bacteriophages were mixed with 2 ml of platingéﬁ
bacteria and incubated at 37°C for 20 min with gentle shaking in a 50
ml sterile tube. 32 ml of NZY medium containing melted 0.77 agarcse
{50°C) were added to each tube, vortexed and immediately pouréh onto a
243 x 243 x 18 mm NZY agar dry blo-assay dish (Nunc, Kamstrup,
Denmark). The plates were incubated at 37°C until the plaques reached
a diameter of 1,0 mm. - | ///

Plaques were lifted onto Biodyne transfe;qggmbrﬁé;s (PALL, Glen
Cove, New York) and prepared for screening by the technique described
in Benton and Davis (1977). Colonles were lifted onto Millipore HATF
filters (Millipore Corporation, Bedford, Massachusetts) and prepared
for screening by the technique described in Hanahan and Meselson
(1980). The libraries were hybridized to the full-lepgth human pgk-1
cDNA (Michelson et al., 1983) in 50 mM Tris-HCl, pH 7.5, 0.3 NaCl,
507 formamide, 2.5 x Denhardt's solution, 0.57 sodium dodecyl sulfate
{SDS), and 250 mg/ml denatured salmon testis DNA (Maniati; et al.,
1982). Positive colonies or plaques were rescreened and clones

isolated. DNA isolated from each clone was digested with restriction

enzymes ;2§ually'BamHI) to ideptify clones carrying frégments
-
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corresponding to those found on genomic blots.

2.8 Subcloning of recombinants in plasmids

1 mg of recombinant DNA or an appropriate quantity allowing me to
visualize the fragment of interest was digested by the restriction
enzymes under conditions suggested by the manufacturer in a total
volume of 20 mlﬁ\ Similarly, 200 ng of vector DNA (psfﬁh, pSP65,

Gemini 3 or 4) (gelton et_al., 1984a) were also digested. After 1
hour of digestigL the vector DNA was treated with calf intestinal
phosphatase @56 units/l.Z Mg DNA, Boehringer, Mannheim, Penzberg) for
20 min at 37EC to prevent self-annealing during.ligation. Both
samples, along with markers, were electrophoresed in 0.67 low melting
agarose gei (Bethesda Research Laboratories, Galthersburg, MD} in 1l x
TBE (0.089 Tris-bnrate, 0.089 boric acid, 0.00Z M EDTA, pH~8.0) at 60
mA at room temperature. After sufficient time had elapsed, the gel
was transferred very carefully to a sheet of saran wrap and laid on a
black background. Using a long wave U.V, light the bands of interest
were visualized and cut with a sharp blade. The agarose gieces were
/
trimmed in order to remove the agarose which does not co;tain DNA.
The fragmentsl%ere transferred to prelabelled sterile Eppendorf tubes
and an equal volume of autoclaved deionized H20 was added. - The
agarose yas melted at 70°C for 7 ﬁinutes, then incubated at 37°C for 5
‘minutes before Wgitiating the ligation reaction. Only 1/2 of the
total volume of ea sample was usea for the ligation reaction which

was accomplished at room temperature for 3 hours in a total incubation

volume of 100 ml using ligase buffer (see section 2.6) and 10 units of

T
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T4 DNA ligase. The reaction was terminated by adding 300 ml of
sterile H2O and heating the sample at 65° for 8 min. 50 ml of the

ligated prbduct were used to transform competent DHS5 cells as

described in section 2.5.1.

2.9 DNA analzsis" . \\

DNA was digested by restriction enzymes under donditions
suggested by the manufacturer and electrophoresed in agarose geéls in 1
x TPE (0.08 M Tris bése, 0.002 M EDTA, 0.08 M phosphori;‘acid; pH=8.0)
containing 0.20 mg/ml ethidium bromide. éenomic and recombinant DNAs
were blotted onto Biodyne transfer membranes (PALL). Prehybridization
was in 5 x SSPE, 50% formamide, 2.5 x Denhardt's solutionm, 0.2% SDS,
and 0.05 mg/ml denatured salmon testis DNA (1 x SSPE is 0.15 M NaCl,
0.01 M Na,H,PO,, ‘0.001 M EDTA). ' Hybridization was carried out
overnight at 42°C in the same solution plus 10% w/v dextran sulfate
and labelled probe. The blots were rinsed in 2 x S5C, and 0.17%7 SDS
for 5 min, then washed in the same solution for 1 hour at 65°C (L x
8SC ism0.15;M NaCl and 0.015 M sodium ci;rate). Final washes were in
0.5 x 88C a;d‘O.lZ SDS for 1 hour at 65°C. The blots were eiposed to
Kodak ¥AR-5 film at -70°C with two Kodak lanex regular intensifying
screens.

Subcloning of recombinants was done by cutting the desired

fragment out of a 16w—melting agarose gel and ligating it into

-

. ‘
appropriately digested DNA from the plasmids pSP64 or pSP65 described

in section 2.8 (Melton et al., 1984a; Promega Biotec, Madison,

Wisconsin}.
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2.10 RNA analysis

20 mg of RNA was p;ecipitated in Eppendorf tube, microfuged for
10 min, then the RNA psllet was resuspended in 20 ml of denaturing
solution (denaturing solution contained (per 5 ml) 2.5 ml deionized
formamide, 0.5 ml 377 formaldegfde, 0:5 ml 10 x MOPS buffef-(lo x MOPS
buffer is 200 mM MOPS, 50 mM sodium acetate.ﬁﬂzo, 10 mM EDTA, pH
adjusﬁed to 7.0 with acetic acid) and 1.5 ml DEPC HZO)' After heating
the sample at 65°C for {g min the RNA was‘electrophoresed in 17 (w/v)
formaldehyde (0.67) agaroée gel in-EBPS buffef in the presence of
ethidium bromide (0.25 mg/l ml). The gel‘;gs photographed, and
blotted onto Biodyne transfer membxane (PA%%% as described by Thomas
(1980). After 10 &ours the blot wz;\hgkgg_at BQ°C fqr 30 min in a
vacuum oven then prehybridized and hybridized under the condlitions
described in section 2.9.

o

2.11 DNA labelling

Probes were radiocactively labelled by nick translation (Rigby et
al., 1977) using the Amersham nic%rtranslation kit. In an Eppendorf

tube, placed on ice, 1 mg of plasmid DNA was mixed with 20 ml of

-
,

nucleotide buffer solution (100 mM dATP, 100 mM dGTP, 100 mM dTTP in~

250 mM Tris-HC1l pH 7.8, 25 mM MgCl 50 mM 2-mercaptoethanol), 8 ml
s

2!
[32p] a~dCTP (Amersham, specific activity 3000 Ci/mmole, 1 mCi/ml), 10
ml of, enzyme solution (100 pg DNAse I and 5 units E. coli DNA

]
polymerase I in tris-HC1l pi 7.5, glycerol, bovine serum albumin and

MgClz) and deionized autoclaved HZO' The total incubation volume was
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100 ml. The tube was gently agitated and placed in a constant
temperature water bath at 14.5°C. The progress of tﬁé reaction was
monitored as follows: 1 ml of the mixture was diluted in 200 ml of
H,0. 20 ml were transferred to a tube containing 50 mi (200 mg) of
salmon sperm DNA. Aftef mixing, 3 ml of ice-cold 107 TCA solution
was added and the tube was placed at 0°C for 10 min. The precipitated
DNA was recovered by vacuum filtration on a Whétman GF/C filter. The
fiiter was wash;; at least 3 times with 10 ml of 107 TCA solution and
dried under vacuum. The filter was counted along with 20 ml of the
unprecipitated diluted sample. . The probes were labelled typically to
8 cpm/mg DﬁA. Once this DNA specific

a specific activity of, 1.5 x 10
( (;he_ﬂ///ﬂ '
activity was achieved eaction was terminated by adding 90 ml of

TE pH 8.0 + 0.1% SDS. Since the percentage of label incorporated was

rd .

high there was no need to remove the unincorporated nucleotides by
G-50 column chromatography. The DNA probes were denatured by boilling

for 5 min before use.
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CHAPTER TII. ' o

Cloning and expression of the mouse pgk-l gene and the nucleotide

sequence of its promoter: ‘ '

RESULTS AND DISCUSSION

3.1 Identifying X-linked pgk-related fragments:

I set out to cfbne the mouse pgk-1 gene using two pgk-1 cDNA )
probes kindly supplied.to us by Drs. A, Micpelsén and S. Orkin (Fig.
3.la). QUr earlier attempts to clone the pgk—l‘cDNA using
oligonucleatide probes had falled (Appendix 3). Probe A is a mouse
pgk-1l cDNA containing only part of the pgk-1 mRNA sequence (Appendix
2). Thé sequencing of this c¢DNA in collaboration with Dr. P. Boer
indicated that it consists of 720 nt corresponding to the 3' end of
the pgk-1 mRNA. The sequence is identical to that reported by Mori et

al. (1986b). Probe B 1s a 1.9-kb human pgk-1 cDNA which 1s-nearly the

full length of the pgk-1 mRNA (Michelson et al., 1983).

I probed a number of Scuthern blots of BamHI-digested male and
female mouse DNA with the pgk-1 <DNAs (Fig. 3.1b). A number of
hybridizing bands are apparent. Most hybridization signals derive
from genomic sequences located on autosomal chromosomes because the

~

intensity of most bands is equal in lanes containing DNA isclated from

-

male (even-numbered lanes) and from female (odd*numbered lanes)
sources. Since the pgk-l gene is located on the X chromoscme, I
concentrated on those bands which appeared twice as intense in female

DNA as in male DNA.
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4

Fig. 3.la: Identification of X-linked pgk—relaéeé sequences in the
mouse genome. Phosphoglycerate kinase cDNA probes. Probe A
£; a mouse cDNA containing 720 nt corresponding to the 3' end
of the mouse pgk=! mRNA. Probe B is a human pgk-1 cDNA
(Michelson et al., 1983) of almost full length. The .filled
in areas represent coding regions while the open reglomns are

non-coding, Both ¢DNA clones were the gifts of Drs.

Michelson and Orkin.
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Fig. 3.1b: Southern blot analysis of mouse genomic DNA revealed two
¥-linked pgk-related fragments. Mouse spleen DNA was
digested with BamHI, electrophoresed in 0.6% agarose in 1 x
TPE (0.08 M Tris-base, 0.002 M EDTA, 0,08 M phosphoric acid)
containing 0.20 mg EtdBr/ml. The DNA was blotted onto
Biodyne uiembranes (PALL, Glen Cove, NY) as described by
Maniatis et al._(1982). Prehybridization was carried ocut in
50% formamide - 5 % SSPE - 2.5 x Denhardt's solution - 0.17%
SDS - 0.1 mg/ml denatured salmon testis DNA (1 x SSPE is
0.15 M NaCl, 0.01 M Na H PO,, 0.001 M EDTA). Hybridizatiomn

272748

was carried out for 8 h at 42°C in the same solution plus
procbe A (lanes 1 to 4) or ;robe B {(lanes 5 to B) which were
radioactively labelled by nick translationm with 32P—labelled
n?cleoside triphosphates. All blots were washed at 65°C in
0.1 x SSC - 0.1% SDS (1 x SSC is 0.15 M NaCl - 0.015 M
sodium citrate). The blots were exposed to Kodak XAR-5 film
at -70°C with two Kodak lanex regular intensifying screens
for 24 h. DNA was isolated from female (lanes 1,3,5,7) and
male {lanes 2,4,6;8) mice of strain C3H/He (lanes | to 6)
and Balb/c (lanes 7 and 8). The bands labelled Bl2.5 and
B17 represent BamHI fragments of approximately 12.5 and 17

kb which were consistently more intense in lanes containing

female DNA than in corresponding lanes of male DNA.
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The bgnd labelled BI2.5 showed the dosage relationship expected
of an X-linked sequence. The Bl2.5 band was evident in Southern blots
hybridized to probe A (Fig. 3.lb, lanes 1 to 4). This Bl12.5 band was
obscured in Southern blots hybridized with probe B due to the
appearance of another hybridizing fragment af very similar mobility;

S

—.however, probe B did reveal an additional band, labelled B17, which
was twlce as intense in female as in male DNA (Fig. 3.1b, lanes 5, to
8). Because probe A contains pgk-l sequences derived from the 3' end
of the mRNA and prope B is full length, it seemed lLikely that the
B12.5 fragment may contain the 3' end of the pgk-l gene while the Bl7
might carry the 5' end.

All of the other hybridizing bands, some of which were
polymorphile, were Equally intense in both male and female DNA

indicating that each of these fragments likely resides on an autosomal

chromosome. We have cloned all of these fragments (Chapter 5).

’

W

3.2 Cloning the pgk-1 gene:

To clone the B12.5 and Bl7 fragments, I electrophoresed BamHI-
digested DNA in agarose gels and the DNA from those regions of the gel
containing the B12,5 and Bl7 fragments were electro-eluted, ligated
into the g cloning vector, EMBL3 (Karn et al., 1980; Frischauf et al.,
1983) and the libraries were screened with probe B, Cloned
recombinant bacteriophages carrying each of the two pgk-l related
sequences were subject to restriction mapping. The digested

fragements of the Bl7 and Bl12.5 clones were hybridized to probe B to

locate regions homologous to the pgk-1 cDNA. The results are shown in
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Fig. 3.2A. By making use of the sequen;e.of the molse pgk—1 cDNA
(Mori et al., 1986) and the restriction map, it was possible to deduce
that the mouse pgk-l gene was comprised of at least eleven exons
{solid boxeg in Figh 3.2A). These exons are spread over about 16 kb.
Th; exact locations of individual exons within restriction fragments
could sometimes be deduced when restrictlon enzyme recognition
sequences were present in the published ﬁDNA sequence (Mori et al.,
19863 .

To determine whether the Bl7 and Bl2.5 fragments were contiguous
within the mouse genome, Southern blots of mouse DNA digested with
EcoRI or HindIII were hybridized with probes A and B. Fragments
spanning the junction between B17 and B12.5 had the expected silzes
indicating that the two genomic fragments, Bl7 and Bl12.5, are
contiguouslas shown in Fig. 3.2A.

I hybridized the Blf and B12.5 restriction fragments to
radioclabelled total mouse genomic‘DNA to identify repeated nucleotide
sequences. Fragments containing such repeats are indicated with
striped boxes in Fig. 2A. The repeated sequences are present within a
large number of restriction fragments within and downstream from the

pgk-1 gene.
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Fig. 3.2: Restriction map of the pgk-l gene. (Map A) The restriction
sltes present in the Bl2.5 and Bl7 cloned sequences are
indicated on the genetic map of the pgk-1 pene along with
the extent of DNA present within the BL7, Bl2.5 and pCAl
cloned fragments. The restriction fragments derived from
B17 and B12.5 which hybridized to the near full-length cDNA,
(see Fig. la, probe B) zre indicated by black boxes while
those fragments which contained repeated DNA sequences are
indicated with hatched boxes. The restriction sites are: _,

B, Bam HI; E, EcoRI, H, HindIII; P, Pstl; G, BglIi; X, Xbalj -

V, Pvull (not all Pvull sites in the Bl7 fragment were

mapped and only the Xbal sites in B12.5 are shown). (Map B)

The sequencing strategy for the 5' end of the pgk-1 gene.

Fragments were subcloned intoc plasmids for sequencing by the

chain termination method. The arrows indicate the

directions and extent of sequence determined from each site.

Restriction sites are: 3Sp, Sphl; S, Stuli; T, Taql.
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3.3 Expression of PGK-1 from the cloned gene:

.

To confirm that the Bl7 and Bl2.5 fragmentsa comprised the mouse
pgk—-1 gene, I reconstructed the gene from its cloned fragments and
transfected it into human cells in collaboration with Dr. M.W.
McBurney to determine if the cloned gene could direct the synthesis of
the mouse PGK-llenzyme. .I constructed the pCAl plasmid (Fig. 3.2A and
Appendix 2) from pSP64 (Melton et al., 1984a), it contained the entire
pgk-1 gene as well as 0,9 kb of 53'-flanking sequence and 2.8 kb of
3'-flanking sequence. 48 h after transfection of the human cell line,
HeLa, with the pCAl plasmid DNA, a cell extract.was prepared,
electrophoresed in cellogel strips, and stained for PGK enzyme
activity {(Bucher et al., 1980; Paterno and McBurney, 1985}. The Hela
cell culture transfected with the pCAl plasmid contained a PGK enzyme
activity with mobility similar to that of mouse PGK~1 (Fig. 3.3).

Hela cells transfected with unrelated plasmids contained only the PCK
activity wicth the mobility of the human enzyme. These results confirm
that the B17 and B12.5 fragments do indeed carry the mouse pgk-1 gene

and that the promoter for this gene is intact and functions following

. re—introduction intc mammalian cells by DNA transfection.

=N
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Fig. 3.3: The mouse pgk-l gene directe&kéxpression of mouse PGK-1

activity in transfected human cells. DNA from the pCAl

P S

plasmid (lane 1) or the pSP64 plasmid (lane 2) was
transfected into Hela cells and extracts prepared 48 h later
were electrophoresed on cellogel strips and stained for PGK.~
activity (Bucher et al., 1980; Paterno and McBurney, 1985).
Lane 3 contained a mixture of mouse‘and human cell extracts,
lane 4 an extract from a strain C3H/He-derived mouse cell

- line, and lane 5 an extract from Hela cells. The locations

of the mouse and human bands are indicated on the right.
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3.4 Cloning the pgk—la gene

Nielsen th Chdpman, 1977 discovered an electrophoretyg variant

of PGK-1. This variant exiézed_in Mus muéculus in a l{mited ea of

' -

Denmark. It is encoded by a variant allele named pgk-la. Our stuQies

(Adra et'al., 1987; Adra et al., 1988) have indicated that the pgk-1°

allele is assoclated with the Bl7 fragment, while a larger fragment,

B21l, is associated with the pgk-la allele (Fig. 3.4). My goal was to

clone the pgk—la allele to obtain a large sequence f£lanking the 5' end

of pgk-1l.

To clone the B2l ffagment, I purified DNA from the mouse spleen

of a AT10-C3H/HeHa pgk—~1a congenic female kindly supplied by Mr. D.

Stephenson and Dr., V. Chapman. BamHI—d?gested DNA was electr?pgffééed
in agarose gei,and the DNA from the region of the'gel contaiﬁé;g the |
B2l fragment was electro-eluted. To confirm that the eleqt;o;eluted
fraction contained the B2l fragment, DNA isolated from the
ATlO—C3H/HeHa mouse ;train was digested with BamHl, electrophoresed in
an agarose gel along with a sample from the electro-eluted fraction,

5
and blotted onto a nylon membrane. When probed with a unique fragment
subcloned from B17 called pCABL7BH2.S5-BE420-64 (Fig. 3.5) the B2l band
was evident (Fig. 3.6, lanes ! an® 4). The electro—elﬁted DNA was
ligated into the.& cloning vector, EMBL3 (Karn et al., 198b; Frischauf
et al.,”1983), packaged and the library/aas screened ;ith
pCAB17BH2.5BE420-64. One  reactive plaque was identified. The
insert from this hybriﬂizing recombinant lambda gencme was : \\
characterized based upoh, fragment sizé by digesting with Bam HI. Its
size was approximately ngKbp. The insert was therd subcloned into the

plasmid Gemini 4 (Fig; 3;7) for restriction mapping and also because

Vs

-

—
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Fig. 3.4: Restriction fragment length ﬁolymorphisms of the mouse pghk-1
gene, High-molecular-weight DNA (10 pg) from mouse spleen

"was digested to completion with BamHI, electrophoresed in

*,

0.6% agarose, and blotted for hybridization. Probe B wéﬁ

-

///jj%g for hybridization to lanes 1-3 containing DNA from a

.~~~ C3H/He female carrying pgk—-la (lahe 1), a female carrying
1% and pgk-lb {lane 2) and a female carrying pgk—lb.
/

-

pgk-
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Fig. 3.5: pCABL7BH2.5BE420-SP64., This construct contains a unique
420-bpBamHI~EcoRI fragment derived from the 5'-flanking
sequence of the mouse pgk-1 gene. This recombinant was
constructed by ligating the B4wHI/EcoRI fragment (oﬁen box)
derived from Bl7 inéo the equivalent position of pSPGQ.
Only two fragments: Bl7.and B2l, react with this construct

when used as -a probe (see Fig. 3.6).

Q

——
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Fig. 3.6: Electroelution of B2l. To clone the B2l fragment, BamHI-
1@

™~
digested DNA, purified from a female carryihg'pgku » Was

electrophoresed in agarose gel and the DNA from the region
of the gel containing the B21 fragment was electroeluted. 2
mg of the purified DNA (lane 1) were electrophoresed along
with 10 mg of BémHI—digested DNA 1isolated from P10 X0 cells
carrying the pgk—la allele {lane 2), P10 XX cells carrying
13

pgk-1" and pgk—lb (lane 3), AT10-C3H/HeHa pgk—la female

(lane 4) and C3H/He female carrying pgk-lb (lane 5).
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Fig. 3.7: Subcloning of B2l into the plasmid Gemini 4. The genomic
1ibrary made from the electroeluted DNA containing the
fragment B2l was probed with pCAB17BH2.5-BE420-64. One
recombinant plaque was identified. The insert from this
hybridizing recombinant lambda gemome was then subcloned
into the BamHI site of the plasmid Gemini 4 uéing the

strategy described in section 2,8,
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it is more‘Eugyenient to purify plasmid DNA than phage DNA, T was

~

also concerned about the stabllity of this large fragment in EMBL3
. since its cloning capacity is 9-21 Kbp.

The restriction map of the Bl%?fragment is identical to that of
the B21 fragmenf within the homologous regions except Iin three sites,
(Fig. 3.8, asteridks). The difference in size between the Bl7 and thel
B21 fragments results from a BamHI site prasent In the former fragment
and absent in the latter fragment. Also, the second Hind IIT gite in
Bl7 is absent from B21. These two mutations do not affect the amino
acid composition of PGK-1 because they are located in non-coding-
regions. Therefore, they cannot be responsible for the electropho-
retic difference between the allelic forms of pgk-l. The third
differeﬁce affects the 2.25-Kbp Pst 1 fragment. This fragement is
presumed to carry exon 3. It 1s approximately 2.5 Kbp in B2l. This
difference in size may have been the result of the movement of a
transposon—like element. I intend to investigate the source of this
difference and to see if it is respomsible for the change in the

electrophoretic mobility between the two isozymes.

3.5 Expression of PGK-1A from the cloned gene

To determine if amino acid substitution of PGK-lA was due to a
codon change in one of first 8 exons, 1 reéonstructed the gene from
its cloned fragments. The gene was transfected by Dr.‘M.W. McBurney
into human cells. The pCApgk—la plasmid (Fig. 3.9} was constructed

from pSP64 (Melton et al., 1984a) and contained the.entire B2l
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Figr 3.8: Restriction map of the B2l fragment derived from the pgk—la
allele. The restriction map of Bl7 (first line) 1is
identical to that of B2l (third line) except in two sites
(asterisks). The second line represents the fine map of the
5' end of the pgk-1. The restriction fragments which
hybridized to probe B (see Fig. 3.la) are indicated by blackr

boxes; while those fragments which contained repeated DNA

sequences are indicated by striped boxes.
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12. The recombinant carrying the

Figl 3.9: Constructién of pCApgk-
" Bl2.5 fragments (Appendix 2}, called pCA2p164 was digested

to-completion with BamHI and partially with EcoRI. A 4.5-kb
BamHI/EcoRI fragment containing tha lg%;;eﬁ%ee exons of the
pgk—lb allelg Qas 1ligated into a BamHI/EcoRJ. digested pSP64 .5‘
to generate pCABlZfé BamHI-EcoRI4.5-64 (Appendix 2).

- 'pCA3211GEM—A (Fig. 3.7) was digested Qiéh BamHI,:then the

B21 fragment was ligated to pCABI2.5 E-’e‘uﬁHI-EcoR)Il»J—.él; ¥

cleaved with BamHI and treated with calf intestinal _ “’f

phosphatase. Orientation of the ﬁﬁA insert was éetermined /E>

: , . - _

by restriction analysis (data not shown). .

r
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<
fragment plus a 4.5 Kb fragmenf-con;aining exons 9, 10 and 11 of .the
pgk-lb allele. This construct directed the expression of mouse PGK-1A
/ . N

activity (data not shown). . ~

3

3.6 The pgk-l promoter

ot

The 5'-flanking region and first exon of the mouse pgk-l gene
y
were sequenced in collaboration with Dr. P. Boer according to the
strategy outlined in Fig. 3.2b. The sequence is shown in Fig. 3.10.
Nucleotide; dre numbered from the éranslation start site,

The sequence from nt -21 to +65 i; identical (except for ome
misméﬁs? at nt -9) to the méuse pgk-1 cDNA sequence of Mori et al. -
(1986). Homology with the cDNA ends after nt +65 indicating that this
is the 5' end of bﬁe first intron. The deduced amine acld sequence of
this first exon and the positioq of the first intron in the mouse
pgk-1 gene are identical to those of the human pgk-lI gene' (Singer-Sam
et al., 1984). ™~ ;

The sequence of the mouse pgk—-l 5'-flanking region contains
sequence motifs similar to those found in the promoters of a variety
of otﬁer coﬁétituti;ely expressed genes (Melton et al., 1984b; Patel
:et aii; 1986; Martini et al., 1986; Broderick et al,, 1987). There
ar? five GC boxes (Dynan and Tjian, 1985) which are the presumptive
binding sites for the Spl transcription factor. One of the GC_bo*es,
GGGGCGGGGC at nt -123, has the preferred sequence f;r highest affinity
Spl binding (Kadonaga et ai., 1986). A CCAAT motif 1s present at nt

-206 and a putative transeription start point is present at nt -88

(Corden et al., 1980). There 1s no TATA box.
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Fig. 3.10: Nucleotide sequence of the 5' end of the mouse pgk-l gene.
fig. J.-.4

small arrows.

oy
¥

o

The sequence was obtained by the strategy outlined in Fig. .
3.23. The sequence is numbered from the translatilon start
site and the émino acid sequence of the first exon Is
indicated. The large open downward ar;ow indicates the
first introm donor splice site. Underlined sequences at nt
-324, nt -146, nt -123, and nt.-117 represent possible Spl
binding sites. : The boxed seqdences are the presumed -
functional mog;fs whose sequences are conserved between

human and mouse pgk-l genes: - a CCAAT box at nt -206, a GC

box at nt -134, and a putative transcription s?art polnt at

nt -88. The human pgk-1 upstresm sequence was compared to

the mouse sequence sta;;ing from the EcoRI site present in gf
both sequences at nt =524 through the first exon to nt +166. ’
Identical nucleotides in the human pgk-l sequence are

indicated by dots above the mouse sequence and inserted

groups of 1 to 7 nt in the human sequences are indicated by
L]

.
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>
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|
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CAGCTG

R
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CTGCCGCGCT

ATG TCG CTT
Met Ser Leu

GTC GTG ATG
Val val Met

CTGGCGTGGC

AGTCGAAATC
AGACACTAAA
TTTATGAGCA
TAACCACAGC
CTTTTTTAAC
GGAGCTGACA

GCCTGGGAAT
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TTAGCAGCCC
CATCCACCGG
TCCTCCCCTA -
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AATGGAAGTA
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GCGGGTAGGC

GAGGCTGGGA
CGCGAAGGTC

GTTCTCCTCT

"

TCC AAC AAG
Ser Asn Lys

AG  GTAAT
Arg

AAGCACGGTT
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The region containing the GC boxes has an unusual sequence

structure, The 12-nt motif, GGGGCGGGCCTCA, is present in tandem

Lk g

I

coples at nt\—k4ﬁyaﬁék'

3 and is followed at nt ~123 by a third

™

Ry

Tl “
~N e

repeat of the first 8 nt of this motif.
The fegion between nt -540 and nt +130 'is very rich in the
dinucleotide CpG (Bird et al., 1985). There are 50 CpGs within this

670-nt reglon but only six in the 400 nt from -940 to -5340.

The mouse pgk—l\promoter sequence .was compared to that of the

-analogous human gene (Singer-Sam et al., 1984). When compared over

the region available (-524 to -+166), and allowing for looping out of 1
to 7 nt (Queen and Korn, 1983) the sequences showed 68% nt identity
(identical nucleotides are indicated as dots in Fig. 4 and siteg-of
extra bases in the human sequence are shown as arrows). The coding
region was 917 homologous. The presumed functional motifs, the CCAAT
box and putative tramscription start point, were particularly
homologous, whereas only the one GC box at -144 appéared to be
donserved. The spacing between the homologous reglons was also well
consefved. Several other regions of high sequence conservation were
also né;ed; in particular, the 47-nt region from -312 to -266 shows
907% nucleotide identity. Regions of such high nucleotide identity
strongly suggest some functional significance which may be revealed by
expression studies; however, this 47-nt motif is not present in the
mouse hprt promoter (Melton éEhal., 1984b) so it does not appear to be
a characteristic qf X-linked genes.

In preliminary analysis of this promoter region, I_subcloned the
sequende spanning -523 to -22 into a plasmid in front of the E. coli

lacZ gene (Hall et al.,, 1983). Following transfection into mouse

/
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' fib%bblasts and embryonal carcinoma cells, this plasmid directled the

synthesis ofVB-galactdsidase activity (R. Berg, C.N.A., P.H.B. and
. > :

M.W. McB., unpublished observatiomns). Thus, the promoter sequence

reported in Fig. & functions to direct the tranzculption of a

heterologous gene, £

The yeast pgk promoter is one of the strongest in that organism 6§9

{Ogden et al., 1986; Chen and Hitzeman, 1987) and our preliminary

-

experiments suggest that the mouse pgk-l promoter also has strong.
promoter activity when transfected into mammalian cells. In additionm,
pgk-1 mRNA and enzymatic activity are present in all somatic tissues
suggesting thgt the pgk-l promoter is active in most cell types.

Thus, this promoter may be a valuable one for ensuring constitutive
expression in cells transfected or microinjected with genes whose
expression.one wishes to maintain.relatively constant in all cell
types.

3.7 Conclusions
The structure of many genes is congefved in different mammalian
sgecies and the pgk-l gene appears to be no exception. Michelson et
al, (1985) showed that the human'pgk-l gene consists of eleven exons
contained within a 23-kb region of the human X chromosome. The mouse
pgk-1 gene i1s spread over 16 kb and contains eleven or more exouns.
The first exon in both human and mouse pgk-1 genes encodes an
identical sequence of amino acids. Hybridization of subcloned

fragments of the cDNA probes to restriction fragments of B17 and B12.5

(Adra et al., 1988) are consistent with the idea that the number and
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positions of all exons of the pgk-l gene are the same in mouse and

A
human. . ¢

. The maior fea;ures ﬁf the mouse pgk—-l promoter are similar to
those‘of a variety“of other X-linked and autosomally encoded genes
whose expression is not restricted to particular tissue types. Like
pgk—i, genes such as hprt (Melton et al., 1984b; Patel et éi., 1986),
gbpd (Martini et a1:¢.i986), aﬁféuziroderick et al., 1987), ada
{Ingolia et al., 1986), and tk (Flemington et al., 1987) all have
multiple GC boxes within thelr promoters, they lack TATA boxes, and
may or may not have a CAAT box. All of these promoters contain a high
proportion of CpG dinucleo;ides which_are potential sites for DNA
methylation. )
Studies comparing the extent of DNA methylation im «he CpG-rich

- regions of a number of X-linked genes have indicated that these sites
on the inactive X chromosome DNA are heavily methylated while the same
sites on DNA from the active X chromosome are methylated to a much
1essér degree (Wolf et al., 1984; Yen et al., 1984; Lindsay et al.,
1985; Lock et al., 1986;'Keith et al.,.1986). However, DNA
methylation is unlikely to be solely responsible for inactivation
because (i) genes expressed in a tissue-sgpecific fashion do not have
CpG islands, there aré no apparent methylation differences between
such genes on the active and inactive X chromosomes (Cullen et al.,
1986) and they are not reactivated by treatment with 5-AC (see
Appendix 1). (ii) the inactivé X chromosome in normal human diﬁloid
cells (Wolf and Migeon, 1982) and in some embryonal carcinoma cell

lines (Paterng et al,, 1985) cannot be reactivated with DNA

'demethylating agents, and (iii) the kinetics of X 1nactivation and

Ty
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1

methylation are different in differentiating embryonic and embryonal
carcinoma cells (Lock et al., 1987). Thus DNA methylation, perhaps in
_coﬁcert with other mechanisms, may act to maintain the inactive state
but some other event(s) 15 responsible for its initlatien,

Clues to the mechanism by which X inactivation is initiated may
come from analysis of the X-linked "controlling element" locus in the
mouse called Xce. Different alleles of Xce act in a cis-dominant
fashion to determine the probability that an X chromosome remains
active in each female somatic éell {Cattanach, 1975; Johnson and
Cattanach, 1981; Rastan, 1982). Although no direct means of
'identifying the Xce locus is available, the pgk-1 gene is very closely
linked to this locus fCattanach and Papworth, 1981) and it ﬁay be

possible to use chromosome walking techniques to identify this region.

A
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CHAPTER 1V N

b

The Role of DNA Methylation in X Chromosome Iﬁactivatiqg -
-“ - .

P-4

4.1 Introduction

The DNA of most eukaryotic cells 1s subject to one
postreplicational modification. This is the methylation of the
cytosine in the dinucleotide CpG (reviewed by.Riggs.and Jones, 1983;
Razin énd Szyf: 1984; Jaenisch and JHhner, 1984; Bird, 1986). Several
models have been proposed suggesting a role for DNA methylation in X
chfomosoﬁe inactivation (Riggs, 1975; Holliday and 2ugh, 1975; Sager
and Kifchin, 1975). These models are supported by three lines of
levidence. First, treatment of cells with DNA-demethylating agenfs can

*

;
o]
‘result in the expression of genes on the imactive X chromosome (see

I
¥

Section 1.15.1.1; Mohandas et al., 1981l; Lester et al., 1982; Graves,
1982; Hors-Cayla et al., 1983; Paterno et al., 1985; Ellis et al.,
1987). Second, DNA-mediated gene transfer experiments showed that the
hprt gene on the inactive X chromosome does not transform hprt-
recipient cells unless it had been previously reactivated by
S5-azacytidine (Liskay and Evans, 1980; Chapman et 'al., 1982; Lester et
al., 1982; Venolia and Gartler, 1983; also see Section 1.}5.1.2). |
Third, the CpG-rich regions of several X-linked housekeeping genes are
~hypermethylated in the tfanscriptionally inactive state {(Yen et al.,
1984; Wolf et al., 1984; Toniold ét al., 1984; Lindsay et al., 1983;
Lock et al., 1986; Keilth ét al., 1986; also s;e Section 1.15.1.3).

To examine the relationship between gene inactivity and
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methylation we investigated the methylation pattern at HpaIl and Hhal

"sites present in the 5" flanking region of the mouse pgk-l gene in

kidrey, spleen and EC cell lines representing different stages of X

chromosome differentiation (Péterno et al., 1985). We chose the ggk—Lﬁ

gene because it is subject to dosage compensation. In additiom, it i;\_

expressed in undifferentiated EC cells and in all somatic cells.

c »

Qur analysis of the upstream region indicated that the CCGG sites
assayed for methylation are unmethylated on both the active and

fnactive X chromosomes.

e,

Results

4.2 The methylation state of the '5° pgk—1 GpG rich island in adult

mice

The 5'-flanking region of the pgk-l gene contains a number of
potéﬁtial methylation sites within the recognition sequences for the
restriction endoﬁucleases MspI and Hpall (Fig. 4.1). Both enzymes
recognize the same sequence: 5'-CCGG-3'. Whereas Hpall cuts this
sequence only in the absence of a methyl group on the internal
cytidine, its isoschizomer Mspl is insensitive to the methylation
status of this internal C (McClella;d, 1981). Since ;he 5' regions of
many inactive genes are extensively methylated we examined the ¢
methylation status of the-upstream region of mouse pgk-1l in spleen and
kidney DNA from 26 days old female and male mice. To examine the
methylation level I used the restriction endonucleageg Hpall or Mspl

in combination with BamHI and Pwvull (Fig. 4.2). Wh;n the BamHI/Pvull

digested DNA was probed, a 1106 bp band was detected. This band was
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Fig. 4.1: Restriction map of the 1106bp BamHI-Pvull fragment
containing the 5' end of the mouse pgk-l gene. ' The first
exon is indicated by a black box. Restrictlon sites are:

‘B, BamHI; PV, Pvull; , Hhal sites; =, Hpall sites. The

- numbers above and below the line indicate the size of the v

expected Hhal aud Hpall fraéménts respectively.
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Fig. 4.2:

.

Southern analysis showing lack of significant differential

‘methylation of CCGG sites of the 5' end of the pgk-l gene.

Spleen and kidney DA (15 mg) was digested with BamHI +
PvuII‘(lanes 1, 2, 7 and B8) or with BamHI + PvuIl + MsPI
(Lanes 3, 4, 9 and 10) or with BamHI + PwvulIl + Hpall (lanes
5, 6, 11 and kZ). The digestion was carrled odt;for 4-20
hours using at least fivefol@ excess of enzyme under

conditions recommended by the manufacturer. Completeness ‘of

‘the restriction enzyme dlgestions was tested and confirmed

by mixing pSP64 DNA with an aliquot of each reaction
mixture. The digested DNA was electrophoresed in a 4%
NuSieve agaque (FMC, Rockland, ME) -/ 0.2% BRL agarose’
(Bethesda Research Laboratories) gel in 1XTAE buffer
containing (¢.20 mg EtdBr/ml. The DNA was blotted onto
Biodyne membranes as described by Maniatis et al. (1982) and
crosslinked by UV light. Prehybridization was carried out
in 507 formamide-5 x SSPE -2.5 x Denmhardt's solution - 0.1%
SDS - 0.2 mg/mL denatured salmon téstis DNA (1 x SSPE is
0.15 M NaFl, 0.01 M NazﬁzPOA, 0.001 M EDTA). Hybridization
was carried out for 8 h at 42°C in the same solution plus
two probes, covering the entire BamHI-Pvull fragment, which
were radioactively labelled by nick translation with
32p_1abelled nucleoside triphosphates. The blot/d£sﬁqashed
at 65°C in 0.1 x $S6~; 0.1Z SDS (1 x SSC 1s 0.15 M gfam -
0.015 M sodium citrate). The bloi. was exposed to Kodak
XAR-5 film at -70°C with two Kodak lanex regular
intensifying screens for 24 h.
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twice as intense in female as in male DNA (Fig. 4.2, lanes 1, 2, 7 and
8). BamHI/Pvull/ Mspl digested DNA from both sexes exhibited four
bands of 112, 193, 240 and 425 bp (Filg. 4.2, lan;s 3, 4, 9 and 10).
The remaining three fragments (60, 59 and l4 bp) could not be detected
because they are very smallly 1In seérch of differences between the
male and female somatic DNA the Hpall/BamHI/PvuIl dig:gted DNA was

probed. Clearly, the pgk-l gene on the inactive X chromosome is not

extensively methylated, as DNA digests (lanes 5, 6, 11 and 12)

i "

contained the same fragments in males and females, a 1106 bp band was
not seen, and fragments were more intense in females than males.
After prolonged exposure four new bands were detected in female DNA
(lanes 6 and 12). The size of the top band indicates that all Hpall
sites, except site 6 (sites are numbered beginnisg with the most 5'
site) which is located in exon l, can be partially methylated on the
inactive X chromosome. ~

“The possibility that theke results could have risen from a
partial Hpall digestion is very unlikely. The digests were monitored
with an internbl control of marker DNA which was digested to
céﬁpletion in all cases. Furthermeore, the experiment was repeated
several times with excess enzymes‘and the same digestion pattern was
seen. The dé;a showed that the entire 1106 bp fragment of the 5' end
of the mouse pgk—1 gene on the inactive X chromosome was not signifi-
cantly methylated in adult female mice. However both cytogenetic and
biochemical data indicated that the X inactivation process 1s

completed in the embryonic lineages by day 6.5 in mouse embryogenesis

(Monk and Harper, 1979; Takagi et al., 1982; also see Section 1.3}.
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4.3 Methylation of the 5' pgk-1 CpG rich island in various EC cells

Both X chromosomes are genetically active in early female embryos
(Takagi, 1974, Kratzer and Gattler 1978; Monk and Harper, 1978; also
_ see Section 1.2). The differentiation of the-embfyonic cells ié
accompanied by the inactivation of one ¥ chromesome in each cell
(reviewed by Monk, 1978; Gartler and Riggs, 1983). F?male mouse
embrygnal carcinoma cells can be used to study this précess of X
chromosome inactivation because certain ﬁc_qells, such as P10 and
LT-1, carry two active X chromosomes.. The differentiation of these
cells in culture is accompanied by the inactivation of one X
chromosome in each cell (Martin et al., 1978; Mcﬁurney and Strutt,
1980; Takagi and Martin, 1985; Paterno and Mcﬁurney, 1985; alsc see
Sections 1.10.1.1 and 1.10.1.3). Other female EC cells appear to be
frozen at different stages of X chromosome differentiation-(Paterno et
al., 1985). AGM2, C100, and Cl45 cell lipes carry am inactive X
chromosome. Cytogenetic studies demonstrated the presence of an
allocyclic X chromosome 1n AGM2 and.CIQS lines. However, allocyeclic
replication of X chromosomes was not present in C100 EC cell line
indicating that it may be arrested at an intermediate stage of X
chromosome differentiacionfb The status of the X chromosomes in these
female EC cell lines and the fact that Cl45 cells, unlike Cl00 and
AGM2 cellls, do not reactivate the inactive X following exposure to
S-azacytidine éupport the view that these three cell lines ffom €100
to C}&S represent different stages of X chromosome inactivation. The

lack of correlation between methylation and gene expression in the 5'

region of pgk-1 does not exclude the possibility that methylation may
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be a likely mechanism which marks a single X'chromosome to be
inactivated by some other regulatory mechanisms. following this event
methylation may no longer be required.

To detect a possible shift from the methylated to the undermethy-
latéd state during embryogenesis I investigated the extent of
methylation of the 5' control region of the mouse pgk-1 gene in the‘
various EC cell lines described in Chapter I. Blot analysis of DNA
cleaved with Hhal showed that sites 1, 7 and 9 (sites are numbered
beginning with the most 5' site) (see Fig. 4.1) are unmethylated in
AGM2 DNA (Fig. 4.3, lane 3), Cl00 DNA (lane &), Cl145 DNA (lane 5) and
even in female somatic cells with Xi (lane 2). The fragments produced
were similar to those in males (lane 1) but their intensity was
different. The clustering of site 8 to 7 and 9 ;25 of sites 2, 3, 4
and 5 to oﬂe another made the examination of thfir methylation state
almost impossible. However, the methylation of sites 2, 3, 4 and 5
throughout the cluster would have vielded a detectable fragment.

High molecular weight geﬁomic DNA Qas digested with Hpall or Mspl
in combination with BamHI and Pvull. Séuche;n blot hybridization of " -
the digests demonstrated that the Hpall banding patterns were
essentially identical to those generated by Mspl (Fig. 4.4).
Therefore, the DNA in the reactivated clone AGM2 reac-2a (Fig. 4.4,
lanes D) is like the DNA in AGM2 (lanes A), ClO0 (lanes B), Cl45 (data
not shown) and differentiated AGM2 cells (lanes C), being fully
unmethylated at the Hpall sites in the 5'-flanking sequence of pgk-1.
"Not all of the expected Hpall fragments {60, 5% and 14 bp) were
vigible in the autoradicgraphs. However, we.can conclude that these
sites are not methylated because fragments larger than the ones

predicted from the nucleotide sequence would have been observed.



T

74,

e

Fig. 4.3: Southern blot analysis of BamHI + Pvull + Hhal digestion of
various DNAs indicating the lack of female-specific
restriction fragments in the 5' ernd of pgk-l. Genomic DNA
(15 pg) was digested to completion, blotted and hybridized
as described previously in the legend of Fig. ?.2. 1, male
mouse kidney DNA; 2, female mouse kidney DNA; 3, AGM2Z DNA;

4, C100 DNA; 5, Cl45 DNA.
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Fig. 4.4: Lack of methylat{ion of the CCGG sites of the 5' pgk-l end in
undifferentiated, differentiated and ;bactivated EC cells.
Genomic DNA (15 mg) was digested to completion with Hpall
(Lanes 1-4), or Mspl (lanes 5-8) in combination with BamHI
and PvulI. Southern blotting and hybridization were carried
out as described in the legend of Fig. 4.2. A, AGM2; B,
Cl00; C, DNA from differentiated AGM2 cells; D, DNA from
AGM2 reac-2a cells that have been reactivated by-treatment
with 5-azacytidine. AGM2 reac-2a had higher levels of pgk-1
mRNA than did cells with a single active copy of pgk—l (A.
Hockey, C.N. Adra and M.W. McBurney, manuscript in

preparation; also see, Appendix 39).
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4.4 Conclusions

I have investigated the relatiomship between DNA methylation and
gene expression by examnining the methylation pattern in the
5'-flanking reéion of the mouse pgk-l gene in cells containing only
active and active + inactive X chromosomes and on the X chromosome
undergoing inactivation using methylation sensitive restriction
endonucleases and DNA purified from various EC cells and from mouse
tissues. Densitometric scanning analysis indicated that 70-757 of
each of the Hpall sites are'pnmethylated in adult tissues and that
these sites are fully unmethylated during the early stages of X
chromosome differentiation. In addition, at le;st'four'HhaI sites are
unmethylated regardless of the state of activity of the pgk-y gene.

Wolf and Migeon (1982) using two single-copy X chroéﬁsome—
specific DNA sequences which map to the long arm of the human X, found
no differences iq DNA methylation patterns between male and female
somatic cell DNA. Ho@ever, the significance of these results is
questionable. The assayed sites‘may not be relevant for gene
activity. Also, it is not known 1f these sites are parts of coding
sequences. Moreover, since not ail loci on the ilnactive X chromos;me
are sgbject to inactivation, the probes used by Wolf and Migeon may
not be part of genes that undergo X inactivation. More meaningful
studies of ﬁhe human (Yen et al., 1984; Wolf et al., 1984) and mouse

{(Lock et al., 1986) hprt genes; the human gbpd gene fToniolo et al.,

1984; Wolf et al., 1984) and the human pgk-1 gene (Keith et al., 1986)

N
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showed that certain regions of these genes are hypermethylated on the
transcriptionally inactive X chromosome. To establish whether the
methylation occ;rs before or after ¥ inactivation, Lock and her
'co—;orkers (1987) examined the methylation patterm of 3 Hpal sites of
the mouse hprt gene in teratocarcinoma cells and in female embryos at
various stages of embryogenesis. They observed that X inactivation
preceded the methylation of the hprt gene by a few days. . This
observation along with the demonstration that DNA demethylating agents
are not capable of reactivating the inactive X chromosome in normal
human diploid cells (Wolf and Migeon, 1982), and in some embryonal
carcinoma cell lines (Paternc et al., 1985) were considered as
evidence suggesting that DNA methylation is-a secondary mechanism by
which the cell maintains or locks the X chromosome in its inactive
state. My results are different from those of Lock et al., and
indicate that the CCGG sites located in the 5' control regilon of the
mouse pgk-1 gene do not become significantly methylated even a few
weeks after the time of X chromosome inactivation. Extensive
methylation may not occur at all during the life of the animal.

The studies reported here suggest that mechanisms other than
methylation may be involved in maintaining the X chromosome silent.
Thg observation cﬂat DNA methylation does not seem to play a role in
the repression of the marsupial g6bpd gene (Kaslow and Migeog, 1987) is
also consistent with this view. In addition; the fact that the oct
locus remains silent even after reactivation by treatment with 5-AC
(Appendix 1) is strong evidence that mgchanisms other than DNA

methylation are involved in turning on and off genes.

My results showing lack of methylation in the 5' end of the mouse
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pgk=1 gene on the inactive X chromosome are in direct contrast with
the reasults of Keith et al. showing that the human pgk-l gene

»
inactivity is correlated with the extensive methylation ¢f its 5' énd.
An important weakness in all of these étudies is that only a subset of
the CpG sequences present in the 5' end of the mouse pgk-l gene can be
recognized by the available restriction endonucleases.

The lack of conservation of the pattern of differential
methylation between the mouse and human pgk-l genes suggest that the
portion of the mouse genome that I have examined may not Be Televant
to the mechanism of X inactivation. Therefore, it 1s important to
look for methylationldifferences in and around the pgk-1 gené in our
EC cell lines an@ in the developing‘female mice embryos. This can be
done using field inversion gel electrophoresis (Carle et al., 1986) of
DNA digested with eﬁzymes which cut rarely but have a CpG sequence in

i

their recognition site. Mrs. M. Bartlett, a graduate student, is
>

currently addressing this issue.
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CHAPTER V

THE FAMILY OF MOUSE PHOSPHOGLYCERATE KINASE GENES AND PSEUDOGENES .

© 5.1 TINTRODUCTION

L 4

RS
-~
~

The pgk-l and pgk-2 genes encodéxﬁhosphoglycerate kinase (PGK;(
ATP; 3-phospho-D-glycerate l—phosphotra;sferase, EC 2.7.2.3), a key
enzyme in glycolysis. In most mammals investigated (VandeBerg, 1985},
the PGK in somatic cells is encoded by the,X-linked pgk-1 gene while
the pgk-2 gene is autosomal and expressed exclusively during
spermatogenesis.

To understand the evolutilonary }elationship between the pgk-1 and
the pgk-2 genes I decided tp clone the pgk-2 gene. In addition I
declded to investigate the{iouse genome for the presence of other
pék—related sequences. Our studies revealed that the pgk—g isqa very
ancient retroposon derived from pgk-l. In addition to pgk-1 and
pegk-2, six other pgk-l1-like seduences were present in both Balb/c and
C3H/He strain mice. All were located on autosomal chromosomes, and
all appear to be retroposed pseudogenes originating relatively

recently from pghk-1.

RESULTS

i \

5.2 Mouse Genomic Sequences Homologous to pgk-1 cDNA:

I used three c¢DNAs as probes 1in my studies and these are
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described schematically in Fig. 5.1. Probe A 1s a cDNA derived from‘
human pgk—1 mRNA (Michelson et al,, 1983). This cDNA clone spans the
entire coding reglon of the transcript. Probe E (a gift of Michelson
and Orkin) is a partial cDNA derived from mouse pgk-1 mRNA. This cDNA
was sequenced by Dr. P. Boer (Chapter 3) and is identical to
nucleotides 918-1639 of the cDNA reported by Mori et al. (1986).
Probe G (cloned by Dr. Y.-F. Lau and his co-workers) is a.cDNA
reactive with pgk-2 mRNA, It contains the entire coding region of the
pgk-2 transcript (see section 5.9). Probes B, C, and D were derived
from probe A by restriction enzyme digestion and subcloning into
plasmids. These probes react with sequences primarily in the
S'-uﬁtranslated region (B), the amino terminus of the coding sequence
(C), and the middle of Ehe coding sequence (D). Probe F is derived
from probe E and is specific for the.3'-untranslated region.

DNA isolated from C3H/He mouse strain was aigested with BamHI,
electrophoresed in an agarose gel apd blotted onto a nylon membrane.
When I probed with probe E, seven distinct baﬁds were evident (Fig.
5.2, lane 1). These bands were designated B2, B6, B8, B10, B12.5,
Bl13, and B24 to indicate that they were BamQI fragmenté of approxi-

_
mately 2, 6, 8, 10, 12.5, 13, and 24 kb in length, respectively,

Fod
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Fig. 5.1: Phosphoglycerate kinagse cDNA probes. A is a 1.9-kb
full-length human pgk-1 cDNA derived'from the recombinant
plasmid pHPGK7:e‘(Michelson et al., f983). B, Cand D are'
subcloned fragments derived from probe A using the
restriction sites indicated. E is a 0.72-kb mouse pgk-1
4 cDNA obtained from Michelson and Orkin. F is derived from
E. G is a 1.45-kb full-length mouse pgk-2 cDNA derived from
the plasmid pMPGK-2 (Boer et alj) 1987). The restriction
gites indicated are: E, EcoRI; H, HindIII; L, Sall; P,

PstI; Ss, Sstl; V, Pvull. Open boxes represent untranslated

regions; the filled boxes represent coding regions.
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Fig.

| S5

Southern analvsis of mouse NNA indicates a number of pgk-1
related sequences. High-molecular-weight DNA (10 pg) from
mouse spleen was digested to completion with BamHI,
electrophoresed in 0.67 agarose, and blotred fér
hyvbridization. lLane 1: DNA from CBH/nggtrain mice
hvbridized to probe F; lane 2: DNA from Bglb/c strain
hybridized to probe A. The bands with ppk-rvelated sequence
are labelled(ElLfor BamHI, with a number corresponding to

the approximate length in kilobases.
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Southern blots of BamHI-digested DNA isolated from Balb/c strain
mice, when hybridized to probe A, revealed four additional bands of
approximately 9, 12, 15, and 17 kb (Fig. 5.2, lane 2). The B1i2 and
B17 bands‘appeared only in blots hybridized to probe A and were,
therefore, presumed to react with DNA seqﬁénces present near the 5'
end of the ¢DNA., The B9 and B1S bands appeared only in Balb/c DNA,
suggesting that they represent restriction fragment length
polymorphisms (RFLPs). The DNAs isolated from C3H/He and Balb/c mice
are compared in Fig. 5.3. 1In lanes"! and 2, C3H/He and Balb/c DNAs,
respectively, were hybridized with probe E. The two strains shared
fragments B6, B8, B12.5, Bl3, and B24. 1In addition, the C3H/He strain
containei/g;;;%ents B2 and B10, which were absent froﬁ DNA of Balb/c,

whereas/@he Balb/c strain contained fragments B9 and Bl5 absent from

C3H/He.

5.3 Mapping RFLP fragments:

To determine the relationship between these strain-specific
fragments, I examined them in recombinant inbred strains derived from
crosses between Balb/c and C3H/He mice (Ta&lor,.lQBl) in collaborgtion
with Dr. N. Ellis. The fragments present in DNAs isolated from a
variety of strains are shown on Table 5.1. The B9 and Bl0 fragments
segregated in these recombinant inbred strains, indicating that they
are alleles., The pattern of segregation 5uggests that they are linked
to the car gene (encoding carbonic anhydrase) which maps to chromosome
3 (2aul and Elliott, 1987). The Bl5 and B2 fragments are not alleles

because they failed to segregate in the recombinant inbred strains.
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Fig. 5.3: Restriction fragment length polymorphisms of the mouse

pgk-related sequences. High-molecular-weight DNA (10 pg

[}

except in lane 5 where 5 pg was loaded) from mouse gpleen
was digested to completion with BamHI, electrophoresed in
0.6%7 agarose, and blotted for hybridization. Probe E was
used for hybridization to C3H/He DNA {lane 1) and to Balb/c
DNA (lane 2). Bl5 and B9 were present in Balb/c DNA,
whereas B10 and B2 were present in C3H/He DNA. Probe A wag

useﬂ for hybridization to lanes 3-5 containing DNA from a
C3H/He female carrying pgk-—la 1b

and pgk- {lane- 3}, a male

carrying pgk—lb (lane 4), and a female carrying pgk—la {lane

5). The B17 fragmenq'co#related with the pgk—lb allele

ooy

while the pgk-—la alleie gave rise to the B2l band.

Polymorphic bands are indicated with an asterisk.
>
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TABLE 5.1: Mapping of pgk~Related Fragments in Recombinant Inbred Mice®

Balb x C3H strain number

/6 7 8 9 10 11 12 14 19 Chromosome

B H 2 3 4
-
g
B15 + - + + + - - - + - 4+ - - 4
B2 - + + - + - + + - - = 4+ o+ o+ ND
B9 + - - + - + - + + + o+ - o+ 4+ 3
BIO - + 4+ - 4+ - 4 - e - - - 3

®DNA from the various recombinant inbred strains derived from Balb/c and'ESH/He
mice were obtained from B.A. Taylor (Jackson Laboratory, Bar Harbor, Méine).

The segregation pattern of each pgk-related DNA sequence was matched to those of
mapped genes in order to establish linkage. B, Balb/c; H, C3H/He. ND, not

determined.
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The pattern of gyb;idization of the B15 fragment is most congistent
with a location on chromosome 4 proximal to‘alkaline phosphatase 2
(Wilcog and Taylor, 1981) and distal to the ornithine decarboxylase
pseudogene marker BRS-4 (Richards-émith and Elliott, 1984). .The B2

fragmeﬁf appears to be linked to plasma cell antigen 1 (B.A. Taylor,

unpublished results), which has not yet been mapped.

I detected one additlonal polymorphism with probe A and it is ,

i3

LY
shown in Fig. 5.3, lanes 3, 4 and 5 (also see Chapter 1I1). The DNA
in these three lanes came from congenie strains of C3H/He dnimals

contaihing different alleles encoding PGK-1. As previously noted by

1b

S. Berger and V.M. Chapman (personal communication) the pgk- allele

v,
appears to segregate with the Bl7 fragment, while a larger fragment,

B21, segregates with the pgk—la allele. Breeding studies by Berger

! i
and Chapman mapped the B17 and B2l fragments to the X chromosome. I
compared the intensities of the pgk-related fragments in DNA isolated ¥
from male and female mice (Adra et al., 1987) and showed thas B17 and
Bl12.5 were twice as intense in female as in male DNA, indicating the
location of these two fragments on the X chromosome. All other

fragments were equally intenée, indicating their presence on autosomal

chromosomes.

5.4 Hybridization at elevated stringency:

The hybridization shown in Figs. 5.2 and 5.3 was performed under
conditions normally described as high stringency. To more closely
examine the degree of homology between the cDNA probe E and the
genomic sequences, hybridization was performed at elevated §

temperatures {Gusella et al., 1982). The results (Fig. 5.4) indicate



i 87.

that specific hybridization to fragments B6, B12.5, Bl3, and B24 was
retained even under very high stringency conditions, whereas
hybridization to the B8 and B10 fragments was elimin;ted. The'
sequences present in B8 and Bl0 are, therefore,\&gss homologous to the
probe than those present in the other four fragments.

-

5.5 Cloning of Mouse pgk sequences:

Probes A and E were used to isolate all pgk-related sequences
from genomic libraries of Balb/c strain mice. The B24 fragment was
isolated by Dr. N. Ellis from a library of partially MboI-digested DNA '
cloned into thé cosmid vector, pHC79 (Hohn and Collins, 1980). The
BG,,BS,‘BIO, BlZ, B12.5, Bl5, and Bl?(fragments were isolated from
libraries that I made from DNA digested to completion with BamHI and

cloned in the bacteriophage lambda vector, EMBL3 (Karm et al., 1980;

v » Frischauf et al,, 1983)., The inserts from recombinant lambda genomes

were characterized based upon fragment size, and a representative of
each was subcloned into the plasmids pSP64 and pSP65 (Melton et al.,

1984) for restriction mapping (see Appendix 2). The restriction maps

are shown in® Fig. 5};\\
A

\\
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Fig. 5.4: Hybridization of Southern blots at elevated temperatures.
Each lane contained 10 mg of DNA from spleen of male C3H/He
mice digested with BamHI and electrophoresed in 1% agarose
gels. The blotted filters were hybridized for 16 h with the
same preparation of radiolabelled probe E at 42°C (lane i),
50°C (lanes 2,3,6,7), and 55°C (lanes &,5,8,9). All filliters
were washed at 60°C in 0:2 x SSC and 0,17 SDS. The X~ray

film was exposed for 32 h” (lanes 1-5) or 10 days (lanes

6-9).
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Fig. 5.5: Restriction maps of the mouse genomic fragments homologous
to pgk-1 c¢DNA probes. The recombinant bacteriophage or
cosmid clone inserts were subcloned into pSP64 ox pSP65
plasmids for restriction mapping. Those restriction
fragments that hybridized to ;;ESe A are indicated as solid
boxes above eéch line; those that hybridized to total
genomic mouse DNA are shown as hatched boxes below each
restriction map. The restriction enzymes used were: B,
BamHI; E, EcoRI, G, BglII, H, HindIII, P, PstI, S, Sall; Sp,

Sphl; Ss, SstI; V, Pvull; X, Xbal.

L

7
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Each cloned fragment had a different restriction map indicating

90.

that each ‘of the nine fragments is unique. Those restriction
fragments that hybridized to probe A are indicated as black boxes
above the line and those restriction fragments that hybridized to

nick-translated total mouse genomic DNA appear as striped boxes below

-
the line. These latter fragments are presumed to contaln repetitive

sequences.

Iﬁ general, restriction fragments that hybridized to probe A did
not hybridize to total nick-translated DNA, indicating that the
repeated sequences are normally not intermingled with unique sequences
homologous to the pgk-l cDNA., The exceptions occur in fragments B1l7
and B12.5, in which many of the restriction fragments hybridized
efficient}y to both total genocmlc DNA and pgk sequences. These two
fragments comprise the pgk-1 gene (Chapter 3), Thus it appears that
many of the introns in the pgk-l gene contain repeated sequences, but
none of the other pgk-related sequences are similarly Interrupted by

such intron-llke regions.

5.6 Hybridization to Regions of pgk—1 cDNA:

Since only two geres encoding PGK proteins are known in mouse,
many of the nine fragments cloned are likely to be pseudogenes derived
from the pgk-1 or pgk-2 genes. In order to further characterize the
genes and pseudogenes, I made use of the seven probes ocutlined in Fig.
5.1 and hybridized eachsto the cloned fragments reported in Fig. 5.5.

The results are summarized in Table 5.2.

The Bl2 fragment hybridized strongly to the pgk-2 cDNA (probe G)
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but nét to probes for the 5' (B) or 3" (E, F) ends of the pgk-1 cDNA.
This fragment contains the pgk-2 gene (see section 5.9). |

The Blf fragment hybridized to all probes except that specific

"for the 3'-untranslated region, while B12.5 hybridized only to probes
containing sequences from the 3' end of the pgk-1 cDNA. These
fragments do, in fact, contain the 53' and 3' ends of the pgk-l gene,
reaspectively {(Chapter 3).

The fragments Bl3 and Bl3 hybrid£z;d to probes A-F, 1ndicating
that they contain seéuences homologéu; to all regions of the pgk-1
cDNA, including coding and noncoding regions. B24, B10, BB, and B6
hybridized to only & subset of those prches spanning the pgk-1 cDNA,
0f these latter four fragments, only B¢ hybridized to probe F and only
B10 hybridized to probe B. Thus, if these four fragments do represent
pseugogenes, eaéh has been truncated at either its 3' end (B1Q), its

5' end (B6), or both ends (B24, B8).

ty
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TABLE 5.2: Hybridization of Genomic Fragments to cDNA Probes
/f

Genomic . \/// Probe

Fragment A B c D £ F
B24 + - - + + -
B17 ( + + + + weak -
B15 + + + + + +
B13 ¥ + + + + +
B12.5 + - - weak + +
B12 + - + weak - -
B10 + weak + weak + -
B8 + - - weak + -
B6 + - - + + +
B2 + ND® ND ND + ND

v .
aND, not determined.
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5.7 Sequence of B24 Pseudogene:

The B24 fragment contained a sequence highly homologous té the
pgk-1 cDNA coding region (Fig. 5.4) but not homologous to elther non-
coding region; The hybridizing region is contained within a 2.5-kb
HindIII.fragment that was subcloned into the bacteriophage M13-mpl9
for sequencing by Dr. N. Ellis using the strategy outlined in Fig.
5.6.

The sequence is also presented in Fig. 5.6. A region of 710 nt
;ligns with a high degree éf homology to the sequence of mouse pgk-l
cDNA (Mori et al., 1986). A number of stop codons are present in the
B24 sequence, indicating that no protéin product could be translated
from this sequence. ] a

The region of homology begins in the coding region corresponding
to codon 263 and extends 230 nt into the 3'-untranslated region but
more than 150 nt upstream of the normal pgk-l polyadenylation site
{Moril et al., 1986). The mouse Aﬁd human pgk-1 genes have 11 exons
(Chapter 3; Michelson et al., 1985). The intron-exon borders for the
mouse gene have not all been determined but, assuming that they
correspond to thoseiﬁ? the human pgk~l gene, the region of homology
between the B24 sequence and pgk-l starts 35 nt into exon 8. Thus the
borders of homology between the B24 pgk reglonm and the mouse pgk-l
cDNA do not correspond to intron-exon borders, and introns 9 and 10
present in the pgk-l gene are absént from the B24 sequence.

The region of B24 homologous to the pgk-1l cDNA ends abruptly at
nt 900 and 1609; however, the sequences flanking the ends of the
pseudogene lack flanking direct repeats and an.A—rich 3' end. A

number of unusual éequences are indicated in Fig. 5.6. The ll-nt
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Fig. 5.6: DNA sequence of the B24 pseudogene. The 2.5-kb HindIII
fragment of B24 was subcloned into M13-mpl9 and serial
déletions constructed to give a sequenc%ng strategy as
outlined in upper panel. Restriction sites are indicated
for: A, Acel:; H, HindIII; P, PstI; R, Rsal, Ss, Sstl; X,
¥bal. The sequence is shown in lower panel. Tﬁe regién
between bases 900 and 1610 was highly homoclogous to the
mouse pgk-1 cDNA sequence of Mori et al. (1986). Base
identity in this region is indicated by a star, base
differences are shown in lower case, and gaps are indicated.
The underlined region from 1965 to 20l4 consists of 30 bases
of alternating (AN) where N is C or G. The underlined
region from 20é6 to 2070 contains nine copies of the
pentamer, AGAGG. There were no direct repeats on eilther
side of‘ﬁhé pgk-related sequence, but the boxed ll-mer at

positions 577 and 1605 have identical sequences.
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AAGCTTCGTCAGAACTATTTTACACKC?TGGATCATTCTGCCACTTTTCTGTTTAATGTGCCCATTTCCTGGCCCTGTTCTAATTCACTAAGGTTTACTCAGAGCAGCCCCTCATTTTAT

CCAATTTTG&CACTTTCTGéTTTTCTCTAiTATATTATG%TCTTGCTCC&AATTATAAT%TGCTCTblL;1lllCGlLL;lllLCTGTG%ATTGTTAAC%ACAACCCCCACC:CTCAAA%
CATCCATTG&ACTGAGCAT&TAATTGCTT&TCTT&CTCAATGCAGGAGA6AAATCTAAG%ACCACAGAA&GAATGCTCT%GTACTCTCC%TTCTAGCAA%TTTCTGTTG%TTTTCA(GT&
GCATCGTGT&ATTTGTAATATTGTCTCTAATATAGTTTT&ATTATCCTT%CTTCTCCCT%TATTTCTTT&ATTTACTTC%TTTTATATG%ACCTATAAT&GAAGTTTAAACATTCTGAA%
GGCATAATG&CACATACTA%TTTAATTTCAGCTTCGTCT&TCCTATTCCAAAATGCACG%CAAAACACT&TTAGTAAACACAATCAAAT%TCCACCg?;????ﬁﬁEEbT%TTTATAAGA%
CAAGTTCACéTTTGAAATC%ATACACCATATCCATATAC&ATATCTGTAAACTATAGAT+GTATAUTATACTTCTGATT%GCTTTACCC%ATATTTTCT%TGTCTGCCTATTTTGTTAG&
GTACACTAT&TCCATCCAT&CAAATTAGG%AAATGTCAAACTAAGATTA%ACGCTTCAT%ACTCATTTT&TTCTTTTTTACCATCACAAAGTATCTCTCAGGATCTTCC&TCCCCCCCC&

CACCCCGTCGACATCTTTATTGTTTAATAGATCATTAACTTCTGCAGACTTATAGCTGGGATCCTCAAGGATCTCATGTCCAAAGCCGAGAAAAATGGTCTCAAGATTACCTTGCCTGCT
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GCCGAGCCCGTGGCTGAGCTAAGCAGATTGTTTCCAATGGTCCTTTTGGGTTATTTCAATGGGAAGCCTTTGAAAGGCGAACCAAGTCACTCATCCATCAGGTGGTGAAACCCTCTTCTA
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AERARAKRANAR KRR AANRRRRANNRR L AANAR ok A ARRANK AR HAR AANKAANARKERRR G NNAR AARRRAKAAR A K ARR RER AN AR AR AARORRNA AR

CCTTAGTCACTAAAACCATTGTGCATTCTAGACACCCTCTATTI5TATTTTCAC&CTCTCAGTCATCTTTCTCCATTCCTAGTTTATGACTTCCTCGATTCCCCAG CAACACTTACGAT
tttttnttlt.a*tttantttnit!ittii*ﬁks*i*ftﬁktnii*niﬁcﬁacttgag’

CTAATATCTCAAACACCAAGAAAGGAAGUGCTCﬂCTTGTACACCCAGCCATACTACACAATACCAAACGTGCTGCAGATTTCGCTAATGTCTTCATGTTTGTACACCATAACTTATATCA
GCTGAAACATCTGCCAAGTACTTATAATTTCTCTTCTTTAATAAACTGAGTGTAGGTTTATATTCGAGGGACAGGATGAGGCATCGAGGCAAGAAGAAAATTAAGGAGATAAAATAAACA

TACACAGATACATGGGCCCAGAGACACAGAAGAGACAGACAGAAAGACAGACACACACACAGAGACACACACACACACACACACAGACAGAGACGCCCGCAGGAGAGAGCACACCACACC

ACAGCAGAGCACACGAGACCAGACCACACCACATTTGTAATCTAAGACCTCGGAACACAAGGAAAGACTTCTTCTAGTCCTTCCAGAGTCCAACCT
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sequence spanning the 3' end of the pseudogene is repeated at nt 582..
This ll-mer is very reminiscent of a direct repeat but for the fact
that the upstream ll-mer is not adjacent to the pgkrlurelaged
sequence., Downstream of the pseudogene are two more unusual‘sequence
"regions. A 50-nt region from positions 1965 to 2014 consists of
(AG/C)ZA’ and from nt 2026 to 2070 there are nine perfect repeats of

the pentamer, AGAGG.

5.8 Mapping of pgk-like Sequences in Somatic Cell Hybrids:

The two fragments B24 and Bl12 were not polymorphic in the two
strains of miqe investigated, but their chromosomal location was
determined in collaboration with Dr. N. Ell;s using a panel of mouse-
hamster hybrids with reduced numbers of mouse chromosomes. Unique
fragments derived from B24 (Appendix 2) and from ﬁlZ (Appendix 2) were
used to probe the DNA from the mouse-hamster hybrids for the presence

N

of the expected BamHI fragment. The results are reported in Table 5.4

and indicate that B24 maps to chromosémg 16 and Bl2 to chromosome 17.
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TABLE 5.3: Chromosomal Assignment of Fragments B24 and B12 Using Somatic Cell

Chromosome 3-16 2-3A 3-13 3-12 1-7B-4 6-25 1-3A-3 1-3A-2 3-23 6-6 ADCT-25 R44-1 R4S

i +) + + +
2 + + + + + (+)
3 + + + + +
4 + + + |
5 + (+)
6 + +
7 + + (+) +
8 + + +
9 + +
10 + +(4)
11 i
12 ) +
13 + + +
14 + +
15 (+) + (+) + + + (+) i
16 + +( +
17 + + (+) +
18 + + (+) + (+)
19 + + +
X + + + o+ + +  +
T[2;16] + +
T[16;2] : +
Fragment
B24 + + + - - + - + - - + ND ND
B12 + + -+ - - - - - ND WD +

8pDNAs isolated from a number of mouse-Chinese hamster somatic cell hybrids were the

gifts of Drs. D.R. Cox {(Joyner et al., 1985) and D. Pravtcheva and P. D'Eustachio

(Smiley et al., 1978). The mouse chromosomes present in each hybrid are indicated,

where (+) indicates that only part of the chromosome was present.

The presence of the

B24 and Bl12 fragments was assessed in each BamHI-digested DNA preparation using as

hybridization probes unique fragments subcloned from B24 (a 1.7-kb HindIII fragment to
the right of the pgk-related sequence) and from Bl2 (a 1,4-kb HindIIT/EcoRI fragment

to the lefr of the pgk-related sequence) (see Fig, 5.5).
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5.9 Cloning the mousegggk-Z cDNA

To isolate the mouse pgk-2 cDNA and the pgK-2 gene I initiated in
1985 a collaboration with Dr. Y.-F. Lau. He constructed a cDNA
library in the ggtll expression vector by purifying RNA from the
testes of BALB/c mice. The library was screened by K. Chan and M.
Elish.with a rabbit antibody specific for PGK-2 protein (Lee et al.,
1980). A clone named pMPGK-2 was ldentified. For fufther analysis, L
transferred the c¢DNA insert into the sequencing plasmid pSP64 (Melton
et al., i98h) and 1into the pSV2 expression vector (Mulligan et al.,
1980). These two constructs were named pCAMPGK-2-64 (Fig. 5.7) and
pCASV2pgk-2 respectively. T determined that the size of the insert
was approximateiy 1.6 kbp (see Fig. S.IBB for its restriction map).
When I used probe G (Fig. 5.1) to probe mouse genomic DNA only the B17
and B12 fragments hybridized (Table 5.2). When the 180-bp Rsal-Bglil
fragment derived from the noncoding 3' end of pgk-2 mRNA was used to
probe Southern blots of mouse genomic DNA (Fig. 5.8A) in collaboration
with P. Boer, a single restriction fragment hybridized in each sample
of digested DNA. My studies have shown that B17 is X-linked and that
At contains the 5" end of the pgk-l gene. Therefore the detection of
B12 with probe G and the detection of a single restriction fragment of
a size expected from the restriction map of Bl2Z indicate that the
pegk-2 gene is present as a single copy in the mouse genome.

Using the RsaI-Bglll fragment (Fig. 5.8B) as a probe, P. Boer
examined the transcription of the pgk-2 gene in different mouse
organs. A hybridization signal was detected in testes. This probe

did not hybridize to RNA purified from several somatic tissues.

:
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Fig. 5.7: The construct pCAMPGK;2—64 contained the pgk-2 cDNA insert
and it was used‘in restrictlon analysis and sequencing. The
pgk~2 cDNA insert was derived ffom ggtll and ligated into an
EcoRl-digested pSP64. Open boxes reﬁresent untranslated

regions; the filled box represents coding region. E,EcoRI.

»



=

pCAMPGK-2-64




99.

r

Fig, 5.8: The pgk-2 gene is unique in the mouse genome and is

expressed only in testes. (A) Southern blot analysis of
mouse DNA hybridized with the subcloned Rsal-BglII fragment
from the 3' noncoding region of the pgk~2 cDNA (Fig. 5.3A)..
The DNAtwas digested with BamHI (lane 1), EcoRI (Lane 2},

and HindIII (lane 3); the indicated sizes are in kilobase
pairs. (B) RNA blot analysis of different adult mouse
tissues: brain (lane 1}, testis (Lane 2), and spleen (lane
3); hybridization was with the same probe‘used\in panel A,
RNA isolated from heart and skeletal muscle also failed to
hybridize the pgk-2-specific probe. (C) The RNA blot in
panel B was stripped and hybridized with a subclone of pgk-1
cDNA corresponding to the 3' npncoding region. The ‘
positions of mouse ribosomal RNAs (4.71 and 1.87 kb,
respectively) 1re shown on the right. The arrows indicate the
positions of the PGK-1 mRNA (top arrow) and the PGK-2 mRNA

{bottom arrow}.
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Fig. 5.9: The recombinant pCA-M—pgk—l-Bi?stI/SstI 100-5?32 used for
RNA blot analysis, It contains an approximately 100-bp
Pstl/SstI fragment homologous to the untranslated 3" end of
the pgk-l mRNA. This construct was prepared by iigating tﬁe
PstI/Sstl fragment (striped box) derived from the mouse
pgk-1 cDNA (see Appendix 2) into a Pstl/SstI-digested pSP64.
Open box represents untranslated region; the filled box

represents cbding region. P,Pstl; Ss,Sstl. *
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A recombinant (Fig. 5.9) containing 100-bp SstI/Pstl fragmént
homologous to the noncoding 3' end of the pgk-1 mﬁNA was also used to
probe the same Noréhern blots. A hybridization signal ‘at about 1.8 kb
was detected in all organs (F%%. 5.8C).

In collaboréﬁion with Dr. M.W. McBurney the expression vector
pCASV2pgk-2 was -transfected into Hela cells. This vector directed the
synthesis of the mouse Balb/c isocenzyme of pgk-2 (Fig. 5.10, lane ).
These results suggest that the 1.6 kbp pMPGK-2 insert contains all the

coding seQuencerfor PGK-2 protein.

5.10 Cloning the pgk-2 gene:

Based on the above results: a) the strong hybrildization of probe
G to B12 and the pattern of hybridization of ElZ to the various
regions of the pgk-1 cDNA (Table 5.2) and b) the mapping of B;Z to
chromosome 17, I concluded that Bl2 is the Snly fragment amongst the
cloned mouse pgk sequences (see Fig. 5.5) likely to contain the pgk-2
gene. To confirm-thagfghe Bl2 fragment (F?g. 5.3A) comprised the
mouse pgk-2 gene, 1 gioned it in pSP64 (Fig. 5.11). This construct
was named pCAB12-SP64. 1In collaboration with Dr. M.W. McBurney, this
construct was cotransfected with pSVneo (Southern and Berg, 1982) into
NIH 3T3 cells.. NIH 3T3 cells were also transfected with pSVneo alone
as a control. The cells were selected in G418. 25 resistant colonies
were pooled, extracts prepared, electrophoresed In cellogel strips,
and stained for PGK enzyme activity (Bucher et al., 1980; Paterno and
McBurney, 1985). The NIH 3T3 cells transfected with the pCABl2
plasmid contained a PGK enzyme activity with mobility‘similar to that ~

/

!
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of enzyme found in testes of C3H/He mice (Fig. 5.10, lanes 3 and 6).
The cells transformed with pSVneo did not contain any PGK-2 activity
(Fig. 5.10, lanes 4 and 7). The expression resulté established
unequivocally that the plasmid pCABl2 does carry the mouse pgk-2 gene.

By using probe A, I have shown that the Bl2 fragment contained a
sequence homologous to the pgk-1 and the pgk-2 cDNAs (Fig. 5.5). By
restriction mapping and hybridization studies I determine&;that the
hybridiZing region is contained within a 2.1—kb§ PstI-Bglll fragment.
I subéloned this fragment into_the plasmids pSP64 and pSP65 for
further restriction mapping and sequencing. These two constructs were
called pCAB12Bgl/P2.1-SP64 and pCABL2Bgl/P2.1-5SP65 respectively (Fig.
5.12). I subjected both the pgK-2cDNA and the genomic fragment to
restriction digestion and electrophoresis. Therfestrictién map of the
pMPGK-2 insert was identical to that OE,f large segment of tﬁe
PstI-Bglll genomic fragment (Fig. 5.13). These results indicated that
the.pgk—Z géne appears to be an intronlesg gene. (In fact these
studies were done before those described in Fig. 5.8.)

I suspected that 312‘carries the pgK-2 gene because of the
hybridization studies (table 5.2). Bl2 was the only fragment that did
not react with probe E.I felt that 1t is unlikely that Bl2 is a

a -
3'-truncated pgK-1l pseudogené. I attributed the lack of hybridization
to sequence divergence at the 3'-end between the pgK-l and the pgK-2
genes. However several sclentists refused to believe that Bl2 is
anything else but a plece of "garbage" DNA. Their argument was: the
region of Bl2 homologous to thie pgK-lcDNA does not seem to be
interrupted by introns therefore it is not a gene! In 1977, the
scientific world discovered that genes are interrupted. How quickly
the concept of split genes ocecame a dogma in some minds! The

restriction map led to a change in thelr attitude.
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Fig. 5.10: PGK-2 actlvity in cells transfected with the pgk-2 gene ané
cDNA. The fu%l-length pgk-2 cDNA\insert of 1.6 kbp was
inserted into the pSV2 vector,' and the resulting plasmid,
pCASV2pgk-2, was transfected into Hela ce;ls. “After 48 h, a
cell extract was prepared and run in lane 1. NIH 3T3 cells
were transfected with_pSV2neo alone {(lanes 4 and 7),
pCASV2pgk-2 (lanes 2 and 5), ana the 10.4-kbp pgk-2 gene
inserted into pSP64 (lanes 3 and 6). Stable trgnsformants
of the NIH 3T3 cells were selected in G418, the cells were
pooled, and extracts Qerg prepared. An extract prepared
from the testis of a strain C3H/He mouse was run in lane 8,
Gel electrophoresis conditions and staining for PGK activiéy
have beeq described (Bucher et al.,Al980; Paterno and
HcBurney; 1985)). Only the portioﬁ of the gel containing
PGK-2 is shown. The more slowly migrating PGK-l human and
mouse enzymes were approximately 10 times more active than
the PGK-2 enzymes identified in lanes !,3, and 6. The arrows
indicate the locatioms of the PGK-2A and PGK-2B allelic variants.
The expression of the pCASVZpgk-2 plasmid was observed in
transiently (lane 1) but not stably (lanes 2 and &)
transfected cells, while ;xpression of the stdbly»integrated
pgk-2 gene (lanes 3 and 6) was higher than in transiently

transfected cells (data not shown).
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Fig. 5.11: The recombinant PCAB12-SP64 used in the transfection
studies. The recombinant lambda genome carrying the B12
fragment was digested with BamHI then the insert was
subeloned into the BamHI site of the plasmid pSP&4 using the
strategy described in section 2.8. Filied be represents
hybridizing region; the striped bores represent fragments
which contained repeaéed sequences. B, BamHI; E, EcoRI, G,

BgliI; H, HindIII; p, PstI, X, Xbal.
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Fig. 5.12: The recombinant pCAB12Bgl/P2.1-SP64 used in restriction map
analysis. tﬁe Bl2 genomic fragment contained a short region
of homology to the pgk-2 cDNA: 2.1-kbp PstI/BglIl fragment.
Bl2 was digested to completion with PstI and BglII. The
2.1-kbp fragment was ligated into a PstI/BgliI digested
pSP64., The 2.1-Kbp fragment is indicated as solid box; the
fragments which contained repeated sequences are indicated
by striped boxes. B, BamHI; E, EcoRI; G, BgllXl; H, HindIII;

7

Fj{ Pstl; X, Xbal. /
.J,\)f
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Fig. 5.13: Restriction maps of the pgk-2 gene and cDNA are colinear.
The coding regions of the pgk-2 gene (A) and cDNA (B; are
shown as open boxes; transcription is from left to right.
Restfiction sites: A, Accl; B, BamHI; Bg, BgllI; E, EcoRI;

H, HindIII; H HincII; P, PstI; R, Rsal; S, Sstl. Shown

2’
below each restriction map is the sequencing strategy. The

arrows f%ﬁicate the direction and extent of sequence

determined.
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5.11 Nucleotide sequence of the pgk-2 cDNA and the pgk-2 gene

{

The gene and the pMPGK-2 insert were sequenced in collaboratien
with Dr. P. Boer according to the strategy outlined in Fig. 5.13. The
sequence is shown in Fig. 5.14. The two sequences are ldentical
except at position +452, at which the strain BALB/c codon is CAA
(glutamine) and the strain C3H/He codon is CGA (arginine)f’ The
difference in the electrophoretic mobility between the two genetic
variants of PGK-2 is the consequence of this mutatiom.

Tﬁe amino acid compositioh of the mouse PGK-2 is highly similar
to thgz\b{‘othér PGKs (Mori et al., 1986). The coding region of the
mousg‘pgk-Z gene and the pgk-1 c¢DNA (Mori- et al., 1986) shows 80Z nt
identity (identical nucleotides are underlined in Fig. 5.14). The 3'~
noncoding fagion is 517 homologous (Fig. 5.15) whereas the 5' control
reglon of pgk-2 shows no homology at ail to that of mouse pgk-1 (Adra
et al., 1987). The sequence of the mouse pgk-2 5' control region
contains a number of sequence motifs. A CCAAT wotif is pfesent at
-160 relative to the translation start site and a putative
transcription start point is present at nt -57 (Corden et al., 1980).
There 1s a GC box at nt -70 which represents a potential binding site
for éhe Spl transcription factor (Dynan and Tjiam, 1985). There is no

TATA box.
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fig. 5.14: Nucleotide sequence of the mouse pgk-2 gene. The
nuecleotides are numbered from the start codon, and the _
deduced amino-acids for PGK-2 are shown below. The entire
sequence could be aligned with the human pgk sequence (Tani
et al., 1985) to which we added G residues at positions 1021
and-1187. A dot over a nucleotide {ndicates identity with
the human sequence, and small insertions qf one to seven
nucleotides in the human sequence aré’indicated by downward-
poinéiﬁg arrowheads. The boxed motifs are the common
regulatory signais and include a CCAAT box at -166, a
putgtive transcription start site at -57, and a polyadenyla-
tion signal at +1494. The poly(A) tail in the cDNA was
added at position +1509 at the site of the large open arrow.
The extent of the pgk-2 cDNA is indicated by large open
arrows at positionms -20 and +1509. A mouse strain polymor-
phism éccurs at position +452 (indicated by a boxs, at which
strain C3H/He codon is CGA and strain BALB/c codon is CAA.
Between nucleotides =23 and +1640, the pgk-2 sequence could
also be alignea with that of mouse pek-1 cDNA (Mori et al.,
1986). Here, identical nucleotides are,underlined, and
insertions of one to seven nucleotidé;/;n the cDNA sequence
are indicated by upward-pointing arrow- heads. The
asterisks at +1642 indicate the adenine-rich regionm, and the
box at +1658 indicates the downstream di ;ct repeat proposed
by Tanl et all (1985). The broken-lire Box at -77 is a GC
box which represents a potential binding site for the Spl

N
transcription factor (Dynan and Tjian, 1985).
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Fig. 5.15: Relgtion}hip between nucleotide sequences of pgk genes.
() Mode%’for the presumed origin of pgk-2. The ancestral
pgk-1 ggné, like the human and mouse genes, is presumed to
conta%; 10 introns. The processed pgk-l mRNA {s thought to
have been copied into a cDNA sequence which was integrated
into an autosome. The new polyadenylation signal evolved
some 130 nucleotides upstream of that used by pgk-l. Coding
regions are showm as solid boxes, and nontfahslated regions
of mRNAs are indicated by open boxes. (B) Nucleotide (nt)
sequence uvamrtarison over four regilons of the pgk-~2 gene, the
upstream, coding, 3' noncoding, and downstream regions. The
human pgk-2 sequence is from Tani et al. (1985) and the
mouse pgk-1 ¢DNA sequence 1s from Mori et al. (198% . The
mouse pgk-1 5' region (Chapter 3), like that of hupan pgk-1,
is a G+C-rich sequence that shows no homology to the 5'

region of pgk-2,
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During the progress of my work on the PGK gene family a study was
reported by Tani et al. (1985) in which they described the cloning and

the characterization of a human processed pseudogene for PGK located

on chromosome 6 near the histocompatibility genes. The validity of

this conclusion was questionable. The mapping of Bl2 to the mouse
chromosome (17, the strong hf%ridizatigg of B1Z to the pMPGK;Z cDNA
insert, the fact that the 2.1.Kbp PstI-BglII fragment of Bl2Z appears
to-be intronless, the linkage of the mouse pgk-2 geAE to the major
histocompatibilicy c¢ﬁblex {Eicher et al,, 1978), and my discussions
of this work with Drs. J.S. Sam,_K. Yoshids, N. Ellis, Y.-F. Lau and
J. McCarry made me tonclude that the seéEFnce of the human clone
contained errors responsible for the gegé%ation of an in-phase
termination codon and that the Qﬁman clone 1is in fact the human pgk-2
3 ~ - A
gene. This infereneg was verified by comparing the sequence of the
so—called_human processed pseudogene for PGK with the mouse pgk-2

sequence, The compariSon revealed an 857 homology at the coding

* ]

nucleotide level. A homology was also found at the 5'- and

w -

3'-flanking regions (Fig. 15). The presumed functional motifs

(Fig.14), the CCAAT box, the transcription start site and the

polyadenylation signal (Birnstiel et al., 1985), are particularly
i

‘conserved. These results suggested that the human pgk-related

sequence actually codes for the'testis-specific PGK. To confirm this

{
suggestion, I cloned the human sequence in callaboration with Dr. R.

Forneluk ‘and this sequence was introduced by Pr. M.W. McBurney into EC

cells. The transfected cells contained a PGK activity with mobilicy

-

similar to that of the mouse PGK-2A isozyme.
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DISCUSSION

5.12 The evolution of the pgk-2 gene

VandeBerg et al. (1973) discovered that there are two PGK
isozymes, the fGK—l and the PGK-2Z, The PGK~2 isozyme is usually
expressed in spermatozoa of metatherians and eﬁtherians and 1is
spéc;f{gd by an‘autosomal gene. On the basig of the high level of
homology, ord the fact that the PGK-2 isoform i1s absent from
prototherians, fish, birds and reptiles (VandeBerg, 1985), 1t can be
concluded that the pgk-2 gene arose by a gene duplication before the
divergencé of metathdrians f;;; eutherians but after the divergence of
birds and prototherians from the therians. Thus, this gene
duplicatjon event must havg occurred between 100 (Coopgr et.al., 1977)
and 200 (Whittaker a;d Thompson, 1974) million years ago (VandeBerg,
1985) .

Further evidence for this conclusion is provided by sequence
analyses. When we compared the sequence of the 3'—flanking region of
the human and mouse pgk-2 genes using the analyses of doares et al.
(198§)ngyguégdabqsafigg/these two genes arose froﬁ a-common gene and
started diverging in the late Cretaceous (Romer, 1966) between 80 and

100 million years ago, at the time when the rodent and human orders

diverged.

5.13 The pgk-2 gene I1s a recruited retroposon

The mouse pgk-Z gene 1s not interrupted by introns whereas the
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human (Michelson et al., 1983) and the mous%ﬁ(Chébt;;vB) pek-1 ,/'/7
genes contain 10 introns. On the basis of ;his observation and the
following observations: a) the high degree of sequence identity
between the mouse pgk-2 gene and the mouse pgk-1 cDNA over the coding
region, b) the pgk-2 gene is located on chromosome 17, while the pgk-1l
gene is X~linked, we may conclude that the pgl-2 gene 1s a trans;ribed'
retroposon derived f;om pgk~1. Some homology between the pgk-2 gene
and the pgk-l cDNA is fodnd‘in the 3'-flanking region downstream of
the pgk-2 polyadenylation signal (TFig. 5.14) indicated by a box. 1In
addition the pgkfﬁ mRNA is about 130 nucleotides shorter than the
pgk-1 mRNA (Fig. 5.8B and C). Thus, a new polyadenylation signal may

have originated in the pgk-2 retroposon.

5.14 The pgk~2 gene lacks some of the hallmarks of a retroposon

The pgk-2 sequence does, however, lack some of the
characteristics of retroposons (Rogers, 1985; banun, 1985). There is
no pbiy(%} region at the 3' end of the pgk-2 gene. In addition, there
are mno flanking direct repeats. Because of the age of the pgk-2 gene,
one would predict that the direct repeats and the A-rich sequence
would have undergone significant divergence that they are no longer

evident. However, an adenine-rich region located at nt +1642 (Fig.

+
5.14) could represent a remnant of the poly(A ) tail.

5.15 The appearance of pgk-2 must have predated the evolution of X

inactivation in spermatogenesis

A large number of retroposons have been cloned and characterized
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(Vanin, 1985; Rogers, 1985). These sequences are generally not
functional genes. Therefore one 1s forced to ask what mechanlsms are
responsible for the conservation of this rare. functional retroposon?
The mammalian X chromosome is subject to X inactivation during
spermatogenesis, and all X-linked genes, including 'pgk-l, are turned
off (Momesi, 1971). Mammalian sperm cells rely on glycolysis mediated
by PGK~2 for ATP generation (VandeBerg, 1985). Therefote the
inactivation of the X chromosome in spermatogenetic cells must have
provided the selective pressure to méintain tﬁe pgk-2 retroposon
active, thereby enabling sperm cells to(fetabolize fructose.

Our observations suggest that retroposition gives rise
occasionally to-functional genes and that ‘the appearance of X

chromosome inactivation postdated the evolution of the pgk-2 gene.

5.16 B6, B8, B9, B10, B13, B15 and B24 are likely to be pgk-l

retroEo SONsS:

The genomes of Balb/c and C3H/He strain mice appear to contain
eight regions or locl homologoﬁs to the pgk-1 cDNA probes. 1 have
discussed previously the cloning qnd\the characterization of both the
pgk-1 and the pgk~2 gene.s.

The other regions of the mouse genome homologous to the pgk-1
cDNA probes are likely to be retroposons derived more recently from
the S%k-l gene. These pgk-1 related sequences are dilspersed onto at
leastL;Ptee different autosomal chromosomes. Studies of band

.

intensities in male and female mouse DNAs indicated that none are
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X-linked 1ike the parental pgk-1 gene (Chapter 5, section 5.3). All
of these presumptive pseudogenes contain the pgk-l-related sequence

within a relatively short stretch of DNA and in no case is this pgk-l
related sequence interspersed with repeated sequence elements. These

results suggest that none of the pgk-related sequences is interrupted

by introns.

5.17 Bl3 and Bl5 seem to be recent classical brocessed pseudogenes:

The two fragments Bl3 and BLlS5 are most likely to contain
classical processed pseudogenes. The Bl3 fragment hybridized to the
pgk-1 cDNA probes even under very high stringency conditions,
indicating a high degree of sequence homology. In addition, the Bl3
and Bl5 sequences hybridized to probes specifiec for all regions of the
pgk-1 c¢DNA. Finally, the region of homology to Ehe pgk-1 cDNAs was
very short, in the case of B13 less than 1.5 kb and for BL5 between
l.4 and 3.6 kb. The recent evolution of Bl5 is also consistent with
the fact that this fragment is found in Balb/c but not C3H/He strain

mice, indicating that it has not become fixed in the Mus musculus

population. The C3H/He-specific fragment, B2, is not allelic to Bl5
and must also have arisen recently. We have relatively little

information concerning the B2 fragment because it was not cloned.

5.18 B6, B8, Bl0 and B24 are truncated pgk-1 pseudogenes:

The other four cloned fragments, B6, B8, Rl0, and B24, carried

truncated coples of the pgk-related sequence since each of these
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regions failed to hybridize to brobes‘specific to elther the 5', the
3', or both ends of the cDNA. Both B6 and B24 contained sequences

highly homologous to the pgk-l cDNA probe, indicating a relatively

recent origin.

5.19 B24 is an unusual retroposed pseudogene:

The sequence of B24 argues strongly that the pgk-related region
is indeed a retroposed pseudogene derived from pgk-l. The degree of
sequence identity is very high, but termination codons in all reading
frames indicate that a protein could not be encoded by this region.
The B24 region is located on chromosome 16, while the pgk-l gene 1is

X-linked and the B24 sequence is not interrupted by introms. This B24

sequence does, however, lack some of the hallmarks of retroposed

pseudogenes. The B24 sequence is truncated at its 3' end, an unusual

but not unlque characteristic of processed pseudogenes (Vanin, 1985;
Nishioka et al, 1980; Ullu and Weiner, 1984). This 3' truncation
means there is no A-rich sequence at the 3' end of the pgk-related
region.  In addition, there are no direct repeats flanking the
pgk-related sequence.

Given the high degree of sequemnce hoﬁology between the pgk-1 cDNA
and B24, which sugéésts relatively recent evolution of this latter
sequence, one would have expected the direct repeats to be evident.
Although other retroposons lacking direct repeats have been reported
(Denison and Weiner, 1982), there are some unusual segquences
downstream of the pgk-related sequence in B24 consistent with the idea

that the B24 fragment might come from an area of the genome active in
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recombination. Thus, the B24 region may have originated as a
nontruncated pgk-1 retroposon from which the 3' and possibly 5' ends
were subsequently lost by recombination. Reglons of the genome
particularly active in recombination have been inferred from the

clustering of retroposons (Rogers, 1985),

5.20 Retroposition occurs in the female or embrvonic germ lines but

not the postmitotic male germ line:

Retroposons are present In the germ-line DNA and are thought to
have originated h§/;;Lerse transcription of mRNA species in germ-line
cells. The pgk—é gene is expressed exclusively inJ%ale germ cells.
When mouse genomic DNA was probed with the full length pgk-2 cDNA
{probe G in Fig. 1}, only the Bl12 and Bl7 fragments hybridized, and
when the same blots were probed with a region comprising the
3'~untranslated rggion of the pgk-2 mRNA, only the Bl2 fragment
hybridized (Boer et al., 1987), indicating the absence of pgk-2
derived pseudogenes. The abundance of pgk-l pseudogeﬁes along with
the absence of pgk-2 pseudogenes may indicate that conditions for
successful retroposition are not present.in those stages of
spermatogenesis during which the pgk-2 gene is normally expressed.
The presence of pseudogenes from the mouse somatic cytochrome c gene
but not from the sperm-specific cytochrome ¢ gene (Limbach and Wu,

1985) is also consistent with this notion.

5.21 Mechanisms at work for removal of unnecessary sequences:

The human genome contains only four sequences related to the
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pgk-1 cDNA (Michelson et al., 1985). The human and mouse pgk-l genes
are X-linked and the human and mouse pgk-2 genes are both linked to
the major histocompatibilicy cbmplex. The two human pseudogenes are
on chromogsomes X and 19 {(Willard et al., 1985; R.G. Korneluk; C.N.
Adra and A.G. Hunter, manuscript -in preparation). No mouse pseudogene
i3 located on the X chromosome, and the mouse genome contains several
more pseudogenes than does the human genome. These species
differences had been noted for other gene_families (Piechéczyk et al.,
1984) and are congistent with the notion that mgst retroposed
pseudogenes have arisen relatively recently in evolutiom, that is
since the divergence of most of the present mammalian species. The
exception to this is the pgh-2 gehe whiqh arose by retropeosition more
than 100 million years ago. Given that\%etroposition has been
possible for at least 100 million years, it seems curilous that most
pseudogenes appear to have evolved s; recemtly (Vanin, 1985). The
trivial explanation for this mighh be that very old retroposed
pseudogenes have diverged so much from the parental gené“that their
reactivity with cDNA probes 1s too low to be detected. An alternative
explanation might be that these nonfunctional pseudcogenes are removed
from the genome. Consistent with this latter notiom are our
observations on the B24 sequence, which suggest that the 3' and
possibly 5' regions of the original retroposed pseudogene may have
been removed following its integration inte the genome.

The family of pgk-l-related sequences in the mouse appears to be
a record of retroposed sequences originating from the pgk-1 gene at
various times during the past 100 million years. Our results suggest
that the genome is evolving continuously with the formation and

perhaps removal of retroposed sequence elements.



/ . 118.

CHAPTER VI

! THE FUTURE

6.1 A model for the control of X chromosome actiﬁity

From our studiles described in the previous chapters (also see
Appendix 1} and from various studies demonstrating that the
transcription of genes is influenced by the binding of regulatory
proteins to some specific DNA sequences (Ptashne, 1986; Echols, 1986;
Schleif, 1987), it is possible to propose the following model as a
molecular explanation for X chromosome inactivation:

It is proposed that an autosomal gene produces an ilnactivation
factor (perhaps several.autosomal genes may interact with X-linked
genes to produce the inmactivation factor(s)) that has the ability to
interact with specific DNA sites present at the Xic and near the
promoter of each X-linked gene. The formation of DNA loops and the
cooperativity (Schleif, 1987) inherent in such a system could allow
the transcriptional regulation of the X chromosome.

Clearly, the availability of the mouse pgk-1l gene in combination
with the EC cell lines should now permit the verification of these

inferences.

Perspectives and experimental approaches

z
6.2 Fitting methylation Into X chromosome inactivation:

A number of experiments should be done before we can develop a
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clear picthre of the role of methylation in X chromosome inactivation
an& in turning on and off genes. My analysis of the mouse pgk-1
upstream-region indicated that the CCGG and GCGC sites assayed for
methylation are unmethylated on both the active and inactive X
chromosomes. However, it is poséible-that these gites are not
critical for the process of dosage compensation. Therefore it 1is
important te look for methylation differences around the pgk-1 gene in
our EC cells and in the developing female mouse embryos.. Using
pulsed-field gradient gel electrophoresis (Schwartz and Cantor, 1984;
Carle et al., 19863 Smith) and single copy probes that I have derived
from the mouse pgk-l gene {(data not shown), Mrs. Molly Bartlett 1ls now
determining the position of C4+G-rich DNA (Brown and Bird, 1986) and
its methylation pattern befo?e,'during and after ¥X chromosome =

inactivation.

6.3 Analysis of the 5' control region of the mouse pgk-1 gene:

1 have initiated the functional characterization of the promoter
region with the assumption that it will allow us to address questlions
concerning not only the regulation of the expression of the pgk-l
gene, but also the mechanism of ¥ chromosome differentiation.

1 have constructed 12 chimeric genes (Appendix 2) by fusing
various fragments of 5'-flanking sequences to the E coli Lac Z gene
(Fig. 6.1). Lac 7 encodes beta—galactosidase. These constructs can
be tested for expressién in vivo by in situ staining or by spectropho-
tometric assays. All these constructs were cransfected into mouse P19
embryonal carcinoma cells. Preliminary results obtained by I and Dr.

M.W. McBurney suggest that all constructs are functional in transient
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Fig. 6.1:

The five constructs 1017, BT, XT, ET and ST contained 5.4
kb, B854, 455, 435 and 135 bp of sequences upstream of the
Taq I site. Construction of- 1014 and 1015 was done by.
inserting the Xbal/Alul fragment in the natural and in the
reverse orientations respectively in front of the ST
recombinant. 1016 and 1015' were constructed by fusing the
4.5 %b BawmHI/Xbal fragment in the natural and in the reverse
orientations respectively into the ST copstruct. 1018 is
identical to 1017 but contains the 4.5 Kb BamﬁI/XbaI
fragment in the reverse orientation. The Alul/Stul fragment
was lipated to the ST chimeric gene to yield two |
recombinants (1022, 1023) containing this sequence in either
orientation. As 2 positive control in the transfection
studies and to measure the activity of these various
c;nstructs I prepared the recombinant 1026 (Appendix 2) in

1
which the Lac Z gene‘is under the control of the gimian

virus 40 promoter and enhancers.
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assays}. In addition, our expression studies indicated the presence of
¥a strong upstream activator element in the Xbal/Stul fragggnt. The ST
conétruct which contains the CAAT motif agd four of the five.GC boxes
has the .same activity ;s the construct cont;ining the SV40 promoter
and enhancer (1026). When the largest construct (1017) was also
introduced into P19 cells, its act&vity was approx}hately 30-fold-
higher than that of the SV40 construct (1026, see ;TEG/;ppendix 2). I
have also made additional constructs to.see if the Xbal/Stul fragment
fulfill the strict c;iterin of én enhancer. They are currently being

tested.

—Ar——

From these chimeric genes it will be possible to generate

additional‘consttucts, by deletion and insertion, to determine the

identity of sequences that may be impqrtant for the regulation éf the
expression of the pgk-1 gene.
| Our female EC cell lines represent different stages of X
chromosome differentiation {(Chapter I). Ig transcription repression
is primarily determined by the interaction of factors with the X
specific sequences one might observe, after transfection of the

R .
various recombinants into these cells, a pattern of activation that is
felated to the state of activity of the X chromosome. Moreover the
study of E;;ﬁggkaLacZ sgriés may reveal which motifs are likéiy to be
recognized by proteins.

[

6.4 Protein-DNA interaction studies:

In both prokaryotes and eukaryotes transcription seems to be

influenced by proteins binding at a specific DNA site (Dynan and
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Tjian, 1985; Ptashne, 1986; Richmond, 1987). As described pr;viously,
the transfectlon studies are already revealing the presence of
upstreamvsequences regulating the pgk-l expression.’ Proteins that
bind tofthese cis—acting DNA séquenceslgan'he ideﬁtified and
eventually purified. I have subcloned short fragments (see Appendix

2) of the upstream region of pgk-l, in the vectdrs Gemini 3 and 4, to

be use%fin the identification, purification and characterization of *

these proteins. By using gel retardation assays (Burke et al., 1987)

LS ' . ) .
_on nuclear extracts prepared from retimoic acid-treated ‘and untreated

EC-Fells, it will be possible to detect Dgé;binding proteins which
interact with these subcloned fragménts./'Preliﬁinary results obtained
by Dr. P. Boer suggest the presence of factors that ?nteract
specifically with upstream elements. In addition, these studies will
determine ﬁhether binding of these faétors in EEEEQ will corrgz;fe
with transcriptionaf Feg;lation of the transfected constructs.

B

Niclear extracts, prepared from the four EC cell lines may not contain

.the‘same amount of pgk-1-binding activiﬁy_relative.to total nuclear

4

protein. Purificatipn of the 3dentified'}egulatory proteins could be

achieved by constructing a sequence-specific DNA affinity column

(Kadonaga and Tjian, 198%) . o - .

L3

] C .
6.5 Identification of X-linked sequences required for ¥ chromosome

L

inactivation:

Pial

The ability of'X—linked gene to undergo X chromosome inactivation

v

may be due to the presence of cfs—acting regulatory sequences.
Therefore, it will be of interest to introduce the pghk-LacZ constructs

described in section 6.3 in, P10 sflls, to.select clones with X-linked

-

pgk-LacZ, and to study the behaviour of the chimeric gene om the

-

‘inactive X chromosome. If differentiation leads to the inactivation

Y
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of pgk-LacZ chimeric gene then‘we can conclude that this gene has an
element important in the control of its expression., Dele analysis
will be necessary to identify the sequences required for inacgtivation.

A

6.6 Isolation of the X inactivation center:

The central problem in X chromosome inactivation 1s to understand
. the event of the initiation of this process. Studies on X-autosome
tfaﬁslocations in mice has mapped theJXic to the same site as tﬁe Xce,
It appears that these two locl are identical. The Xic has been
leocated near the pgk-l locus. - " '.
There are techniques, now available, that will allow the detalled
mapping of the mouse X~-chromosome pgk-l region. The combination.pf.
these techniques with cloning methods (foustka et'all, 1987)3§}i1 have’
great potentiai for the isolation of long stretches of the ﬁ;use X
» chromosome, I ;as capable of cloning 45 Kb fragments in péPG&. I am”’
currently trying thevcircularization of 100 Kb DNA fragments for the
transformation of DH5 cells. Also, it is possible to construct linear
DNA molecules thét can be maintained_in veast as linear artificial
chromosomes (Burke et al., 1987). Thus the Xic may‘be:ident{fied by
fusing the cloned DNA segment to gpe pgk—lb gene and introducing the:
vector I1nto PLO cells carrying the pgk—la gene. Xce Jresence on tﬁe
vector gould be revealed by measuring tﬁg level of expression of
pgk~1b before and after differentiation. Our preliminary results do .

suggest that the Xic is not present in the pgk—lb allele. Once \

~

vy

isolated, the Xic will B;)extremely useful in DNA-binding protein
studies;'_These studies wyll be the crucial test for the ideas
f/,\\ discussed above. - ' e

, ) —— . =
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APPENDIX 1

X chromosome reactivation in mouse embryonal carcinoma cells

The embryonal carcinoma cell line CB6S1 has two X chromosomes,
bne of which is genetically inactive. C86S1A1(XX) is an hypoxanthine
pﬁﬁsphoribosyl transferase (HPRT) deficient mutant which carries the
hprt allele on the active X chromosome and the hprt+ allele on the
inactive X chromosome. 1In tbese cells, DNA demethylating agents such
as S-azacytidine (S5AC) induce the transient expression of tﬁHthrt+
allele \present on the inactive X chromosome‘in almost all cells:and
the stable expression of HPRT in up to 107Z7 of surviving cells f?aternp
et al., 1985). The RNA from stabie clones of CB6SIAL(XX) wep;B f
analyzed by Northern blotting and probing with cé%As to three X-linked
genes: hpr;, phosphoglycerate kinase (pgk-1) and ornmithine carbamoyl
transferase {oct). All staﬁle clones had elevated levels of HPRT
(Fig. A.l) and PGK-1 mRNA (Fig. A.2) co;sistent with their transcrip-
tion from both X chromosomes, but the liver—spec%fic X-linked gene oct

- (Fig. A.3Y was not transcribed indicating tﬁat only apprdpriate
X-linked geneglwere activated on the:reactivated X chromosome. These
results suggest that the 5AC treatmént inducedhexpressioﬁ of genes on
the reactivated X chromosoite and that DNA methylation is involved in X
chromosome inactivation. No such react%&ation occurred In C8651Al

Flcélls if they had differentﬂéted prior to treétmenF q}th 54C. Thus,
Jthe process of X chromosome inactivation-may be a séqéﬁntial one

involving, as a first step, methylation of certain DNA sequences and,

. . s
)- as a setond step, some other mechanism of transcriptional repression.

(4
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Fig. A.l:

Level of hprt RNA in various EC cell lines and in HATR
clones of C86S1Al. Total RNA was purified, fractionated on
a 17 formaldehyde gel, blotted on nylon membrane, then

hybridized to pHPT5 (Konecki et al., 1982). 50 ug were

Joaded in each lane. Lanes l, C86Sl: 2, C8651A12(X0); 3,

CBES1AL; 4, spontaneous HATR clone; 5, HATR clone ACl; 6 and
8, HATR clone OA; 7 and 9, HATR clone 1B; 10, RJIK88pl8
(Chinese hamster cell line with a deleted hprt, TFuscoe et

al., 1983). The filter was washed at 50°C in 1 x SSC + 0.1%

SDS for 1 hour.
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Fig. A.2: Level of pgk~1 RNA in various EC cell lines and in
reactivants of C8681A1. Total RNA was purified,
fractionated on,a 1% formaldehyde gel, bletted on nylon
membrane, then hybridized to the mouse pgk—lchNA insert
(Adfa et al., 1987). 50 ug were loaded in each lane,

Lanks, 1, C8651; 2, CSGSlAlz(XO); 3: CB6S1A1; 4, spontaneous
HATR clone; 5, HATR clone ACl; 6 and 8, HATR clone QA; 7 and

9, BAT® clome 1B; 10, RJK&8pl8. The blot was washed at 50°C

in 1 x SSC + 0.1% SDS.
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Fig. A.3: Level of oct RNA in varlous EC cell lines before and after
exposure to 5-AC. Total RNA from EC cell lines was
isolated, dotted onto nylon membrane, then hybridized at
42°C in the presence of 50% formamide with OCT nick-
translated cDNA, Lanes, 1 and 9, CB6S1l; 2 and 1;,
'C86SlA12(XO) and C8651513(X0) respectively; 3 and 11,
CB6S1ALl; 4 and 5, C86S1ALAZACA and C86S1ALAZALB
respectively; 6, RIJK88pl8; 7, liver; 8, spleeng 10 and 12,
RNA purified from C86S1A1 cells which were treated wi£h 5-AC
for 24 hours; CS6SIA132(X0), RN¥NA puriiied from cells which
weré treated with 5-AC for 24 hours; 15, TGla; 16, RNA
purified from TGla cells which were treated with 5-AC for 24
hours. Rows: A and E, 1.25 ug; B and F{ 1.25 pg; C and G, 5

vg; D and H, 10 ug. The blot was washed at room temperature

in 1 x SSC + 0.1% SDS for 1 hour.
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APPENDIX 2

List of Plasmids

The recombinant pCAM-pgk-1-3'-5P64 contained the 3' end of the

mouse pgk—l‘cDNA. This cDNA was sequenced in collaboration with Dr.
, _
P. Boer. Its sequence 1s identical to nucleotides 918-1639 of the

cDNA reported by Mori et al, (1986). This construct was prepared by

ligating the Pstl fragment derived from pMPGK5-b (Adra et al., 1988)

iﬁto a PstI-digested pSP64. Open box reﬁresents untranslated region;

the filled box represents coding region. P, PstI; Ss, 8Sst I.



A

/

i

-pgK-1-3'-SP64

pCAM
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List of plasmids

L)

The recombinant pCA2P-64. It contains exons 9, 10 and ll‘of the
mouse pgk—lb allele and approximately 7 Kbp of 3'-flanking sequences -
{(Adra et al.,, 1987). The recombinant lambda genome carrving the B12.5
fragment was digested with BamHI thgn the insert was subcloned into
the BamHI site of the plasmid pSP64 using the strategy described in
section 2.8. Filled box represents hybridizing r;gion; the striped
boxes represent restrictioh fragments which contained repeated
sequences. B, BamHI; E, EcoRI; G, BglIT; H, FindIII; P, Pstl; G,

Pvull; X, XbaT.



pCA2p-64

BY GE HX Cvonw GG v E _.-_ .ﬁm..xvamﬂzh*_u v
m_m.m_ __“__-_ ¢: :,:_:_:_: I L :__ 11881 ERRNEARRREREN

E =T -_m A

2-3828Eo%.y Multiple Cloning
= FTEATTIx B 6 oul Site

~ -

u
By
<
=

MCs

promotar
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' The recombinant pCABl2.5BamHI-EcoRI4.5-64. fhis construct
contained the last three:exons of the pgkﬂlb allele and approximately
3Kb of 3'—flankiﬁg sequence. It was very useful in the reconstruction
of the pgk—la.and the pgk—lb genés (Adra et al., 1987; also see |
Appeﬁdix 6). It was constructed by digest;ng pCA2p-64 (Appendix 3) to
completion with BamHI and partially with Eggsf. The Q.S;Kb |
BamHI-EcoRI was excised from low melting,agarose gel and liggted to

‘ BamHI—EcoRI—clégved pSP64. TFilled box reﬁgggz;ts hybridizing region;

[4
o

the striped boxes repfhsent'restriction fragments which contained
" . a . !

repeated sequences {Adra et al., 1988). .B, BamHI; 'E, EcoRI; G, BglII;

H, HindIII; P, PstI; V, PvuII, X,Xbal. . \ .
. kS B .
r - P
4 : S

L



y .
v v -

Q

PCA BI2.5 Bam Hl-Eco R 4.5- 64

\

=

BV GE HX VPGH GG vV E

EHGV;‘ v X8 _

7 : insert

i

- Bam HI + Eco RI (partial)
.

BY GE HX VPGH GG V E

»

+ T4 DNA ligase

E:‘:“

Sal |
Acc |
Han I
a
Ecmhl
~JEco Ri
A
*

. THind 1
Pst |

pSP 64 digesied to
completion with
Bam HIl + Eco Ri then
treated with calf

intestinal phosphatase
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. 1
s The recombinant pCAlpa-64. It contains exons 1 to 8 of the mouse

pgk—lb allele (Adra et al., 1987). This construct was used to

subelone the 5'-flanking tegion and first exon of the mouse pEk—l_gene

-

- for nucleotide sequence analysis and expression’studies. It was also

used in the reconstruction of the pgk—lb gene (see pCAl). The

y

recombinant lambda genome carrying the B1l7 fragméht (Adra et al.,
1988) was digested to completion with BamHI then the insert was
subcloned into the BamHI site of pSP64. TFilled boxes represent exéns;

the striped boxes represent restriction fragments which contained

repeated sequences. The meaning of the letters is as described in

\,

pCA2P-64 legend. . 5



| - pCAl pa-64
| 2 3 4 - 7 8
B E ‘H P P EGEH GE HP H G G HPB
BI7 | . 1] n_._ | |s » - | =]
IR e nesLnin|i 11361 J 122200511

IM...RO Multiple Cloning

(=] L3 .

s3] o
’

N

, . | PSP64

(2.9 Kb)
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The- recombinant pCAli 1t contalned the entire pgk—lb gene (Adra
et al., 1987) as well as 0.9 Kb of 5'-flanking sequence and 2.8 Kb of
3'-flanking s;é;énce. It was constructed by digesting pCAlpa-64
(Appendix 2) with BamHI then the Bl7 insert was subcloned into the
BamHI site of pCAB12.5BamBTI-EcoRI4,5-64 (Appendix 2). Filled boxes °
represent exons; the striped boxes represeﬁ& restriction fragments

which contained repeated sequences. The meaning of the letters is as

described in pCA2ZP-64,



Sas

pCA | -

Bi7
_ Bi2.5 )
AY
pCA 1 Kb
4 5 6 7 8 9 101 v
B P EGEH GE HP H 6 6 H PBVGE HX VPGH 66V E  H PGXPEHG/P v X8
HUell Llsl x| wl wlblleldal ]l 1 ___:EL ]
| 311 1111 U [ 301} T IR Al e iael T AT TETRRTNg
/

‘... ml _=_T =
ExgoEsE a|  Multiple Cloning »
I To(I<ITXDm w Site
! ~ ’
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~

The recombinant pCAB6-64. 1t contains the 26 ifragment (&dra'et
al., 1988%ﬁ The recombin;nt lambda ‘renome carryinglﬁhe B6 fragment
was digested with BamHI then the insert was subcloned into the BamHI
site of pSP64. The meaning Bf the symbols is as described in pCAZP-64

legend.™



B6 ﬂ:u.mu_,ll

Pvu |l

Ori
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The recombinant pCABB-64, It contains the BB fragment {(Adra et
al., 1988). The recombinant lambda genome carrying the B8 fragment
was cleaved with BamHI then the Insert was ligated to the
BamHI-cleaved pSP64. The meaning of the symbols is as described in

the pCA2P-64 legend.

T



1 -

pCA BB-SP64

, B HX HVEH PEV YV G‘ . |
B8 Mmm WL I —
\
»Z N
2 o ~a
%, 38828 28 "
% 9 &
o g
E Pvu Il
Seh | ®
Xmn | 0‘.'
Rru |
Pvu

Mst |
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The recombinant pCAB9-64. It contains the B10 fragment (Adra et
al., 1988). The recombinant lambda genome carrying the B10 fragment
was digested with BamHI then the insert was subcloned into the BamHI

-site of pSP64. The meaning of the symbols is as described in pCA2P-64

legend.



pCA B9 -SP64

B PG EG P X HX E HPE X se

B9 l “ [Hl[lll~ Ill[lTI-TH IIIILL ”
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?he recombinant pCABiB—GA. It contains the B13 fragment (Adra et
al., 1988). The recombinant lambda genomé carrying the B13 fragment
was digested with HaﬁHI then the insert was subcloned-into the BamHIT
site of pSP64. The meaning oﬁ the symbols is as described in pCA2P-64

legend.

Lt

-4



pCABI3-SP64  °

BHEFX 6 EH 6 E GGXE P P HXG H
A | . T
7~

Ay
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N

The recombinant pCABL5-64. It contains the B15 fragment (Adra et

~
al., 1988). The recombinant lambda genome cargving the §15 fragment
was digested with BamHI then the insert was subcloned intéqghe BamHI
site of pSP64. The meaning of the symbols is as described in pCA2P-64

legend.

——

o A



BIS

B P G

E

\

pCA BI5S-SP64,

HE

e

HG

LNOTHTUIN
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The recombinant pCAB21~GEM-4. Tt contains the first 8 exons of
pgk—la (see Chapter III)., The recombinant lambda genome carrying the
fragment B21 (Adra et al., 1988) was digésted with BamHI then the
insert was subcloned into the BamHI site of GEM-4. The meaning of the

i
letters is as described in pCA2P-64 legend.

o,

s
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SP6
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The recombinant pB24H1.7-SP64 contains a unique "fragment derived
from B24, It was used to determine the chf;mosomal location ;f B24
(Adra et al., 1988). A 1.7-Kb HindITI fragment to the right of the
pgk-related sequence was subcloned in the HindIIY site of pSP64. The

meaning of the various symbols is as described in pCA2P-64 legend.



pB24 H 1.7-SP64

I

EGH

I

PE
I

B PH SsPG Sp

824"'/14 T -

&I‘;'}

,_\—/

Xmn i

Pvu

Pvu i

Mst |

Bgl |
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The construct pCABL2H/ELl.4-SP64 contains a unique fragﬁent

derived from B12: (Adra et al., 1988). It was used to map Bl2 in .
N A

somatic cell hybrids. A 1.4-Kb HilndIII/EcoRI frapgment to the left of

the pgk-2 gene was subcloned in the HindIII/EcoRI-cleaved pSP64. The

meaning of the various svmbols is as described in pCA2P-64 lepend.
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Buiuc)d eldilny
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The construct pCABI7prRamHI-Taqi91%9LacZ. It con-ains the
BamHI/Taql fragment derived from the 5'-end of the pgk—lb allele (Adra |
et al,, 1987). This construct was prepared by digesting
pCAB17prBamHI/Taql 919~GEM~4 with BamHI/HindIII (Appendix 2), the
BamHI/HindITI fragment was then subcloned into pCH126A2 which waélu

digested to completion with HindIII and partially with BamHI.



pCA BI7 pr Bam HI-Taq | 919 Lac Z

Bam Hi

Eco RI

Stu |
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The recombinant pCAB17prEcoRI-Taql500LacZ. It contains the
EcoRI/Taql fragment (indicated by a filled box) derived from the 5'
end of the pgk-lb allele (Adra et al., 1987). This construct was
prepared by di%esting pCABl7prl1100-CEM-4 with Bame/HindIII. The
BamHI/HindII1 fragment was then subcloned into HindIII (partial)/

BamHY-cleaved pCH126A2, .



oCA BI7 pr Ecs Ri-Taq i 500 Lac Z

Bam HI Eco RI

Pst |

Hind lll

o\\ o  P3tl
'\'-Qv;," Taq 1/Acc-]
Q" Eco R .

O Stul
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The recombinant pCABl7prXbal-TaqlS5S20LacZ, It comtains a
520-bpXbal-Taql, fragment (indicated by a filled box) derived from the
5' end of the pgk—[b allele (Adra et al., 1987). This construct was
prepared by digesting pCABl7prXbal/Taql520-GEM-4 (Appendix 2) with

“BamHI + HindIII. The BamHI/HindIII fragment which carries the

XbaI~Taql fragment was then subcloned into HindIII (partial)/BamHI-
4

cleaved pCHL126A2.



- pCA BI7 pr Xba |I-Taq | 520 Lac Z

Bam Hi Eco RI

Pst |

Bam HI Hind 1l

' Pat |
Xba | .
Eco RI

Stu i
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The recombinant pCABL7prStul/Taql200LacZ. It contalns a 200-bp
Stul/Taql fragment (indicated by a filled box) derived from the
5'-flanking region of the pgk-lb allele (Adra et al., 1987). This
construct was constructed by digesting pCABI7prStuI/Taq1200—GﬁM—4
(Appendix 2) with BamHT + ﬁindIII. The BamHI/WindIII fragment which

carries the Stul/Taql insert was then subcloned into HindIII

(partial) /BamHI-cleaved pCH126A2.



pCA BI7 pr Stu I-Tag | 200 Lac Z

Bam H! ‘Eco /1

Pst |

Bam HI

Stut/Hinc 1l Taq !
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The recombinant pCAlOl4. It was constructed by ligating the Xbal,
7
fragment derived from pCALQO!0 (Appendix 2) directly into "~

pCABL7prStul-Taql200LacZ (Appendix 2) digested with Xbal and treated

with calf intestinal phosphatase., The orientation of the DNA inserts

was determined by restriction analysis.



pCA 1014

pCA BI7 Xba 1-Alu I BI

Taq 1 Lac Z 5'—3

7 Stul

Xba I
AluI/Hinc I

N Eco RI

“Xba 1
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The recombinant pCA1015. It contains the same insert as pCAlOld

" ]
except that it is in the reverse orientation (see pCAlOl4 legend).

-~



pCA 1015

-~

pCA BI7 Xba I-Alu I BI7 Stul-TaqI Lac Z 3—5
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The recombinant pCAlQl6. It was constructed by ligating the
4.5-Kb Xbal fragment derived from pCAlO0l (Appendix 2) into
pCAB17prStul-Taql200LacZ (Appendix 2) digested with Xbal and treated

with calf intestinal phosphatase. The orientation of the DNA inserts

was determined by restriction analysis.

+1



pCA 1016

pCA B2l Bam Hi-Xba 1 45BI7 Stul-TaqI Lac Z 5—=3'
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The recombinant pCAl016'. It contains the same insert as pCAlOl6

except that it is in the reverse orientation (see pCAlOl6 legend).



1016

pCA

pCA B2l Bam HI-Xba I 4.5 BI7 Stul-Taq I Lac Z 5'—3'

IH wog

[ pgX
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The recombinant pCAl0l7. It was constructed by ligating the Xbal
. i
fragment derived from pCAl00! (Appendix 2} into pCABLl7prXbal-TaqI5Z0
LacZ (Appendix 2) digested with Xbal andﬁtreated with calf intestinal
phosphatase. The orientation of the insert was determined by

restriction analysis.



~T
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The recombinant pCAl018, Tt contains the same insert as pCAlOQLl7
(Appendix 2) except that it is in the reverse orientation (see pCAlOl7

legend).



-
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Lo

The recombinant pCAl02Z. This construct was prepared by ligating

the Xbal fragment derived from pCAl019 (Appendix 2) into
pCAB17prStul-TaqIl200LacZ (Appendix 2) digested with Xbal and treated

with calf intestinal phosphatase. The orientation of the insert was

.-
determined by restriction analysis.

ts
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The recombinant pCA1023. It contains the same insert as pCAl022
(Appendix 2) except that it is In the reverse orientation (see pCA1022

legend)-



@ "
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pCA 1023 |
pCA BI7 Alu I-Stu 192 BI7 Stul-TaqI Lac Z 3—5

0
o
3
=

&
S
Iy

|/

s EEE o2 ™~
> < @ =X
= . T
a -y .
(=) [ —
E >
@ <



153.

APPENDIX 2 Cont'd

The recombinant pCAl026. It carries the Lac7 gene under the
control of the SV40 promoter and its enhancers. This construct was
prepared by ligating the 440-bp HindIII fragment derived from
pSV1BSS81l into pCHI26A2 digested with HindIIT and treated with calf

intestinal phosphatase.



Hind ilf
co

Ri

Pvu ll

Sph

Sph

pCA 1026
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The recombinant pCA100l or pCA B21 E 4.5 pr; G4. It ;ontains the
5'-flanking sequence of the pgk—la gene (Chapter IIX). It was
prepa;ed by digesting the recombinant pCAB21-GEM-4 (Appendix 2) with
EcoRI then the 4.5-Kb EcoRL fragment carrving the BamHI-EcoRI fragment
(indicated by a filled box) was subcloned into the EcoRT site of

Gemini 4.



oCA 100l
pCA B2l E 45 pr; G4

N3
&
o
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The recombinant pCABl7prRBamHI/TaqI919-GEM-4, It contains a
919-bp BamHI/Taql fragment derived from the 5'-flanking sequence of
pgk—lb gene (Adra et al., 1987). This construct was‘prepared by
subcloning the BamHI/Taql fragngt (indicated by a £illed bex) into a

BamHI/AccI-cleaved Gemini 4.



pCA BI7 pr Bam HI/ Taq | 919-GEM™-4
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The recombinant pCAB17prXbal/TaqI520-GEM-4. This consE;EFt
contains a 520-bp Xbal/Taql fragment derived from the 53'-flanking
sequence of the mouse pgk—lb allele (Adra et al., 1987). Tt was
constructed by subeloning this Xbal/Taql fragment (indicated by a

Fl

filled box) into a X¥bal/AccI-cleaved Gemini 4.

156,



| ™
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-

These graphs display the genedal strategy that I have used to
1

—_.

subclone the 240-bp Xbal/Alul fragment (pCALl00QS, ECA DLO}Kﬁppendix 23

and thd& 117-bp Alul fréhment (pCAl00Q7, pCAIpIZ; Appendix 2) in Gemini
- &

3 or Gemini 4. Both fragments are derived from the 5'-flanking region

s
i

/(indicated by a filled box) of the mouse pgk—lb gene (Adra et al.,

1987) . .
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DX 33>

T 52 S
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pCA BIT pr Xba I/Taq I
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pCA 1012
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The récombinant pCAB17prSeul/TaaTI200-GEM-4. 1t contains a 200-bp
Stul/Alul fragment derived.%rom the 5'-flanking region of the mouse
pgknlb allele (Adra et al., 1987). The construct pCABl7prBamHI/
TaqI919.GEM-4 (Appendix 2) was digested with Stul and HindIII. The
gragment carrving the 200-bp Stul/Alul fragﬁént (indicated by a filled

box) was then inserted inte a HindIT/HindIII-~digested Gemini 4.

3.
‘s



pCA BI7 pr Stu |/Taq | 200-GEM™ -4

promoter

T .

Orj

MSf‘l
Bgl |
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The recombinant pCAl1007.. It contains a 117-bp Alul fragment T
derived from the 5'-flanking sequence of the mouse pgk—lh allele (Adra
et al., 1987). This éonstruct was prepared by digesting pCAB17prXbal/
anISZd;GA (Appendix 2) with Alul. The 117-bp Alul fragment was

. excised from low melting agarose gel and subcloned into a
¢1HindII—dige$ted Gemini 4 according to the strategy described in

i
section 2.8.



pCA 1007
pCA BI7 Alu 1 lI7 G4 5H—3'E
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The recombinant pCAlbI2. Tt contains a 117-bp Alul fragment
derived from the 5'-flanking sequence of the pgk~1b allele. This
construct was constructed by digesting pCAB17prXbal/Taql520:C4 with
AluT (Appendgx 2). The L17-bp fragment (indicated by a filled box)

was then subcloned into a HindIl-dipested Gemini 3.

Es)



pCA 10I12
pCA BI7 Alu1 1I7 G3 5'E—3'H

=y
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The recombinant pCAl009. It contains a 240-bp Xbal/Alul fragment
derived from the 5'-flanking sequence of the. mouse pgk—lb allele.
This construct wég prepared by digestinpg pCARL7prXbal/TaqI5320;Gr
(Appendix 2) with Alul. An Alul fragment containing the XbaI/Alul
fragment (indicated by a f£illed box) and a part of the multiple
cloning site (indicated by a thick line) was_then subcloned into a

Hind1I-digested Gemini 4.



PCA 1009
pCA BI7 Alu I 240 G4 S5E—3'H
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The recombinant pCAl010. It contains the same insert as pCA1009

except that it is inserted in the reverse orientation.



_ pCA 10i0
pCA BI7 Alu I 240 G4 5'H—3'E
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The recombinant pCA1019. A 92-bp Alul-Stul fragment (indicated
by a filled box) derived from the 5'—Elahking region of the mouse
pgk—lb allele {Adra et al., 1987) was subcloned into the Gemini 3

vector. ‘

£h

s



pCA 1019
pCA BI7 AluI-Stu I 92 G3 5'E—>3'H
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The recombinant pCAlO21. It contains the same insert (indicated .as

by a filled box) as pCAlOl9 except that it is inserted in the reverse

orientation.
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T have attempted‘to clone the mouse pgk-1 cDNA In collaboeration
with Dr. André Royalé and Mrs. Jane Créig through the use of synthetic
oligonucleotides. We.have isolated a single clone which 1
characterized using the M13 cloning and sequencing systea. Here T

describe our work toward the cloning of the pgk-l cDNA.

The use of oligodeoxynucleotides (l4-mer) to isclate the pgk-1 cDNA

- i

. Two cDMA libraries have been constructed, by Dr. André Rovale
A
(Institut du Cancer 3 Montréal), in pBR322 from mRNA isolated from
mouse salivarv glands and mouse liver. Based on the known amino acid

sequence, a mixture of 4 oligodeoxynucleotides (lé-mer) (Fig. 1) was
L]

synthesized (Blologicals) so as to be complementary to a region of
Egk—l mRN¥A. The probing of rhe ¢cDNA libraries was carried out in
collaboration with Mrs. Jane Craig. The oligodeoxvnucleotide was

n
labelled at the 5' end with 3"? by pe. nucleotide kinase and
o : .
gamma—B“P—ATP. The radicactive probe was used to screen the cDNA

-

libraries. We isolated one clone, called pM-1, which specifically

reacts with the oligodeoxynucleotide. The c¢DNA insert which is about
600 base pairs was excised from the vector by digestion with Pst-1,

purified from other nucleic Eggds by agarose gel electrophoresis and

-
’

by electroelution then ciqned-into the Pst-1 site of M13mp8. The

-

b
ligated DNA was then mix?é with the competent E. coli host cells and

the cells were plated onumedia with IPTG and X gal. White plaques,
&
that is, MI3 infected cells that are lac”, were isolated. To identify
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phage clones containing the insert, labelled olignnucleotides were

used as in situ hybridization probes against replica filters N
containing white and blue plaques. Several white plaques hybridized

»

to the probes (Fig. 2): To know the orientation of the templates to
be sequenced, Southern blotting of the dougle—stranded (RF) DNA (Fig, .
3) and of the single-stranted DNA was ;erFormed (Fig. 4). The RF DNA
of the two white plaques 14 and 40 hybridized to the‘labelled

oligonucleotides whereas onlvy the single-stranded viral form of white

plaque 40 hyhridized to the probes. Therefore the insert in the viral

—_—

strand of the recombinant phage 40 is complementani‘eﬁ the insert in
-

the viral strand of phage 14, . ﬁ:ﬁ

I prepared ;he two sﬁngle—stranded D templates and 1 have done
‘he sequencing (Sanger et al., 1977) of the téﬁﬁi&tes using a
"universalﬁ primer (Heidecker et al., 1980; Messing et al., 1981).
The sequencing (Fig.'é) of the cDNA established that the clone which
reacted with thellb—mer was not made from pgk mRNA (Fig. 6, 7). To éJ'
examine whetlier this cDNA insert is homologous to sequences located on
tﬂe X chromosome, human TINA samples containing diiferent copv numbers
of the X chromosome we;e digested with EcoRl §nﬁ analvzed by Southern
glot hybridization. None of the band; exhibitéd dosage of the
hybridization'signal with the number cf ¥ chromosomes.

: L :
The sequences of this ¢DNA insert and of the protein that can be

- -

translated from it are not homologous to those available in the DNA

and protein data banks.
e
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R :
. pgk-1 oligonucleotide mixture
. protein N——phe—gln;trp—gln—ala———C
amino acid 343 344 345 346 347
) ¥
mRNA 5’ -UUPYGAPuUGGGAPUGC-3"
oligo mixture 5' ~chy€cc0Apy/m@M-3‘
[‘ ] I
4
Fig. 1: pek oligonucleotide sequence. This mixture consisted of 4

sequences. Pv means an equal mivture of T and C. Pu means

an equal mixture of two deoxypurines A.and G.
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e \\
\\-_ \\

i)



L

168.

Fig. 2: In situ hybridization of white and blue plaques with the pgk

oligonucleotides. 46 plaques were chosen., A replica filter
b
was prepared with the plaques arranged in the grid pattern

’ “ 2
in A. B, the filter was hybridized with the 3':P-labelled

oligonucleotddes.
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Fig. 3:

Identification of recombilnants by Southern blottinglof RF
D¥A. The 600 bp insert was purified by electroelution and
cloned into the Pstl site of H13 mp8. Two blue plaques (hp)
and 5 white plaques (wp) were selected for analysis. The
DNA was probed with the 32P—labelled oligonucleotides.
Lanes: 1, wp #16; 2, wp #15; 3, wp #l4; A,pr #4635 5, wp
#40; 6, bp #46, 7, wp #45; 8, bp #21: 9, pM-1 DNA digested

with PstI.



\L/



170.

Fig., 4:

Tdentification of recombinants by Southern blotting of the

single-stranded viral form. Plasmid DNA was isolated from
the clone which displaye?f?he most stringent hybridization
with the PGK oligonucleékides. Digestion with Pstl revealed
a 600 bp insert. The insert was purified by electroelutigﬁ
and cloned into the Pstl site of M13 mpB. Three white
plaques {(wp) and one blue plaque (bp) were selected for
analysis. The DNA was probed with 32P—labelled
oligonucleotides. Lanes: 1, wp #40; 2, bp #30: 3, wp #15;

4, wp #Ll4.
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Fig. 5: Séquencing gel showing part of the sequence of the inserts
in the viral strands of phage 14 (lanes 1-4) and of phage 40
{lanes 5-8). The sequence was determined by the chain-
termination technique (Sanger et al., 1977} using 8% urea-
acrylamide gel (18 x 85 cm, 0.4 mm thick) in 1 x TBE. The
oligo (G) tails flanking the inserts are shown. Lanes: 1
and 5 contained reaction A; 2 and 6 contained reaction T; 3

and 7 contained reaction G: &4 and 8 contained reaction C.
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Fig. 6:

The clone which reacted with the l4-mer was not made from
pgk mRNA. Nucleotide sequences of the 5" end of the insgrt
in the viral strand of phage 40. The top line represents
the insert sequence and the bottom line represents the human
EEE cDNA sequence, where nucleotidés ident{cal to those in

the insert are indicated bv asterisks. Dashes represent

gaps. The dashes were used to emphasize regions of sequence

homology.

-
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Fig. 7:

(
\

The clone which reacted wﬁth the l4-mer was not made from

- 4
pgk mRNA. ©Nucleotide sequences of the 3' end of the insert

.

in the viral stradd of phage 40. The top line represents
the insert sequence and the bottom line represents the human
pgk cDNA sequence, where nucleotides identical to those in

the insert are indicated by asterisks. Dashes represent

gaps. The dashes were used to emphasirze regions of sequence

pomolog§.
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