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To all the ones | love,

Some people are trying to reproduce life in vitro
While others are trying to kill themselves

Some people are trying to find meaning to things
While others cannot find any meaning to their lives

Some days the scientists say "! found it"
Some days the others say “l found myself*
And there is a great feeling that moves you
Should we never forget it.

Claire, 1991.



ABSTRACT

A 1797 bp human EcqRI satellite Il DNA sequence was cloned in
vectors containing the thymidine kinase gene (HSV-1 tk) and the neomycin re-
sistance gene, and introduced in a cell line deficient for these genes. We have
observed that the electroporation efficiency of these plasmids depends on the
location and/or the orientation of the satellite sequences within the transfected
plasmid. Only one plasmid, pCFD1 containing one satellite fragment close to the
neg gene, inhibited the formation of TK+ /NEO+ transfectants. We have also
shown that the instability of the TK* phenotype which was observed did not
correlate with the presence of adjacent satellite DNA. In contrast, satellite DNA
sequences within the transfected plasmid somehow interfered with the genera-
tion of stable TK* transfectants.

Moreover, we have detected (both in nuclear and partially purified
" HeLa whole cell extracts) the presence of proteins that specifically bind the
human 1797 bp sateliite Il DNA sequence. Four proteins with molecular weignts
of 100, 93, 77 and 34 kDa were identified and named Satellite DNA-binding pro-
tein, &bp-1, -2. -3 and -4, respectively. The function of these proteins is, as yet,

unknown.
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RESUME

L'ADN satellite II humain EcoRI de 1797 pb a été
cloné dans des vecteurs contenant les génes de la thymidine
kinase (HSV-1 tk) et de la résistance a la néomycine qui ont
été introduits dans une lignée cellulaire déficiente pour
ces deux geénes. Nous avons observé que l'efficacitée a4
électroporation de ces plasmides dépend de la position et/ou
de l'orientation des séquences satellites a l'intérieur du
plasmide électroporé. Un seul plasmide, pCFD1l contenant un
fragment satellite prés du géne neo, inhibe la formation de
transtectants TK+/NEO+. Le plus, la preésence d'ADN satel-
lite, adjacent au géne tk, n'est pas responsable de
l'instabilité du phénotype TKt que nous avons observé. Par
contre, en utilisant différentes procédures de sélection,
nous avons démontre que les séquences satellites influencent
de certaine fagon la formation de transfectants TK*.

D'autre part, nous avons détecté la présence, dans
des extraits protéiques nucléaires et totaux cellulaires
partiellement purifiés de cellules Hela, de protéines s~
liant spécifiquement au fragment satellite humain de 1797
pb. Quatre protéines de poids moléculaire de 100, 93, 77 et
34 kDa ont été identifiées et appelées Sbp-1, -2, -3 et -4
("Satellite DNA-binding protein") respectivement. La fonc-

tion des ces protéines demeure inconnue pour 1l'instant.
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LITERATURE REVIEW

Eukaryotic genomes are known to contain far more DNA than that
which is assumed to be required for its function. The DNA content of eukaryotic
organisms can be classified as 1- unique, 2- moderately repetitive (104-105
copies per haploid genome), and 3- highly repetitive (1 o6 copies per haploid
genome) (Britten and Khone, 1968). The repetitive nature of these sequences
was initially shown by two different methods. When total DNA is sheared to
fragments of approximately 1 kb in length, then denatured and renatured under
appropriate conditions, the speed with which the mixture of single-stranded
fragments will renature (Cot4 /2) depends on how many complementary strands
each fragment finds. For most fragments the reaction rate will be slow because
the DNA strands must find their complementary strand from the millions generat-
ed by cleavage. When eukaryotic DNA was subjected to this process, 70% of
the DNA renatured very slowly as expected, but 30% reannealed very quickly,
presumably because these sequences were highly repeated in the genome
(Britten and Kohne, 1968).

The repetitive nature of this DNA can also be observed, in
agarose gels, when total DNA is cleaved with a restriction endonuclease.
Somewhat darker bands can be seen over the smeary background of DNA,
suggesting that some specific DNA fragments are present in a very large
nurnber of copies. Since the discovery of these repetitive DNAs, their structure
and organization have been extensively studied. Repetitive DNAs are divided into
moderately and highly repetitive classes based on their respective copy number

within the genome.

The moderately repetitive sequences (104-105 copies per haploid
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genome) can be divided into two categories, long and short. The short inter- |
spersed repeated sequences (SINES) are typically less then 500 bp in length and
are present in approximately 10° copies per genome. Based on their sequence,
different classes composing the SINEs (e.g.: Alu in primates, B1 in mice) have
been defined. They are similar in length and their sequences are related. They
are found between genes, within introns, and within satellite DNA (see below for
satellite DNA definition). They have a 3' end rich in A residues, are often flanked
by direct repeats, are transcribed (Jelinek et al., 1980; Slagel and Deininger,
1989) and are thought to have been mabile (Singer, 1982a).

The long interspersed repetitive sequences (LINES) are over 5 kb in
length and are repeated approximately 104 times in the genome. LINEs have
been reported to exist in different genera (e.g.:Kpnl or L1 in primates, MIF-1 in
mice). Subfamilies can be distinguished by their restriction pattern polymor-
phisms. The abundance of different subfamilies varies from one species to
another. LINEs have been reported to be transcribed in humans (Shafit-Zagardo
et al., 1983) and in lower primates (Lerman et al., 1983).

Both categories of moderately repetitive sequences reside in the
parts of the chromosomes that do not decondense during interphase, namely the
heterochromatin. However, the Alu family is 50 fold under-represented in the
centromeric heterochromatin (Moyzis et al., 1989). High resolution in situ hybnidi-
zation and quantitative solid state imaging have shown that, iIn metaphase
chromosomes stained with fluorescent dyes, SINEs and LINEs are inversely dis-
tributed suggesting an inverse functional relationship for these sequences and
that they may also be involved in chromosome structure (Korenberg and Rykow-
ski, 1988). Many functions can be envisaged for these moderately repeated
sequences. They could serve as origins of replication, signals for RNA process-

ing, be regulatory sequences for transcription, be structural elements of chromo-
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somes or even be a molecular parasite of the genome (Orgel and Crick, 1980;
Doolittle and Sapienza, 1980).

Highly repetitive DNA was first called satellite DNA (stDNA) by Kit
(1961). At that time StDNA was defined as a minor fraction revealed as a separate
band of total cellular DNA i an equilibrium centrifugation cesium chloride density
gradient. Satellite DNA has a base composition distinct from the average of the
genome which allows it to form a separate fraction by virtue of its different
buoyant density.

In the past thirty years, partial sequence data, renaturation kinetics,
hybridization experiments, and restriction endonuclease cleavage and Southern
biot analyses have allowed extensive investigation of the structure and organiza-
tion of stDNAs. It becaime clear that stDNAs were observed as distinct compo-
nents of nuclear DNA due to their differential organization and base composition
(Prosser et a/, 1981). This highly repetitive DNA is thought not to be heavily inter-
spersed with other sequence types, but are instead tandem repeats of very short
nucleotide sequences, or of longer and more complex repeat units (Gall and
Atherton, 1974, Southern, 1970, 1975a; Botchan, 1974; Cooke, 1975; Manuelidis,
1976, Skinner, 1977, Maio et al., 1977; Carlson and Brutlag, 1979; Hsiech and
Brutlag, 1979a; Frommer ef al., 1982). StDNA was found to be present in ali
higher eukaryotic organisms. it has been found in protozoans (e.g.:trypanosoma
[Sloof, 1983]), arthropods (e.g.:crab [Beattie and Skinner, 1972], Droscphila
[Brutlag, 1980]), echinoderms (e.g.:sea cucumber [Sainz and Cornudelia,
1980]), amphibians (e.g.:xenopus [Lam and Caroll, 1983], newt [Epstein et a/.,
1986]), fish (e.g.:pollock [Denovan and Wright, 1990]), avians (e.qg.:crane [Chen
et al., 1989}, chicken [Kodama et al., 1987], pheasant [Saitoh et al., 1989]),
mammals (e.g.:rodent [Kit, 1961, Hatch and Mazrimas, 1974], bovine [Taparow-
ski and Gerbi, 1982], primate [monkey and human, Singer, 1982]). This short
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enumeration gives an idea of the broad range distribution of these sequences.

1. HIGHLY REPEATED DNA.

1.1 Drosophila Satellite DNAs

As separation techniques were refined, the number of stDNAs
detectable in individual specias of the Drosophila genus increased. In some
species one stDNA is revealed (D. montana), whereas others contain up to four
StDNAs comprising 40-60% of the genome (D. virilis) and sometimes an even
greater percentage (>60%) of sStDNA was present (D. melanogaster) (Beridze,
1986 b).

The Drosophila stDNAs are named after their buoyant densities. It
should be noted that the same buoyant density of stDNAs of different species
does not mean that they are identical. According to Lohe and Brutlag (1986) and
to John and Miklos (1979), the D. melanogaster stDNAs fall into four buoyant
density classes: 1.672, 1.686, 1.688 and 1.705 g/ml. However, Beridze (1986)
reported a different classification. The major components are 1.698, 1.700, 1.701,
1.703 and 1.715 g/ml, which are divided, based on the buoyant density of the
class, into light and moderate stDNA subclasses. Most of the D. melanogaster
stDNAs are simple satellite DNAs of 5-10 bp organized in extremely homogene-
ous tandem arrays that can be as long as 109 bp (Fry and Brutlag, 1979).

The 1.672 stDNA (AATAT, AATATAT), 1.705 stDNA (AAGAG,
AAGAGAG) and the 1.686 stDNA (AATAACATAG and variants) can be repre-
sented by the (AAN)y, (AN), consensus sequence (Endow et al., 1975).

On the other hand, the 1.688 stDNA is a complex satellite, and
considerable variation is found within it. The 1.688 stDNA is mainly compuosed of

tandem repeats of 359 bp (Hsieh and Brutlag, 1979a). Most of the 359 bp units
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contain a single cleavage site for Haelll and Hinfl. However some units lack one
or both sites due to sequence variation. In addition, some 254 bp units are found
within this satellite. The shorter repeat is 80% identical in sequence to the 359 bp
monomer unit, but has a 98 bp internal deletion (Carison and Brutiag, 1979).
These characteristics make it quite distinct from the other major satellite DNAs
present in D. melanogaster, and also distinct from the satellites found in other
Drosophila species.

It is interesting to note that the amount of each satellite DNA within
the Drosophila genome can vary from 0.2% to 5.6% (Lohe and Brutlag, 1986). In
situ hybridization techniques have revealed that the locations of stDNAs are limit-
ed to the pericentric heterochromatin of the three autosomes, the proximal
heterochromatin of the X chromosome and to the entirely heterochromatic Y
chromosome. Each stDNA is therefore localized in specific regions of the
chromosome, namely the heterochromatic regions. Individual stDNAs are not
restricted to any particular chromosome, but each chromosome is characterized
by a distinct amount and localization of each stDNA. For example, 98% of the
1.688 stDNA is found in the X and Y chromosomes, whereas oniy 5% of the
1.705 stDNA is found in the X chromosome (Peacock et al., 1978).

1.2. Mouse Satellite DNAs

Mouse satellite DNAs can be qualified as both less and more
complex than the Drosophila stDNAs. They are less complex because there are
only two stDNAs in the mouse genome, but are more complex due to their organ-
ization.

The mouse major stDNA was first characterized by Southern
(1975a). The structure and sequence of the mouse major stDNA was studied in
great detail by Horz and Aitenburger (1981). The basic repeat, obtained by
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cleavage with Sau96l, is 234 bp in length. In addition, small amounts of fragments
of2,3,4;,1/2,11/2,21/2, etc.; and 1/4, 1 1/4, 2 1/4 etc. times the length of
the unit size fragment wers detected suggesting that the 234 bp repeat consists
of four internal subrepeats of 58 and 60 bp in length. Sequencing data has shown
that each subrepeat could also be divided into two homologous fragments.
Therefore, the mouse major stDNA encompasses 8 shorter tandem repeats.
Horz and Aitenburger (1981) have proposed that these 8 repeats have originat-
ed from three similar nonanucleotide sequences (GA5TGA, GAgTGA, GA5CGT)
by mutation and amiplification. Some variations are found within the major stDNA.
For exampie, only 5-10% of the 234 bp repeat contain a unique Taql cleavage
site; variation in the EcoRl and Sau96l restriction pattern was also reported (Horz
and Altenburger, 1981).

Pietras et al. (1983) reported the presence of a minor stDNA in
mouse. The minor stDNA sequence has a repeat length of 130 bp and is 10-20
times less abundant than the major stDNA in M. domesticus. but is 5-10 fold
more abundant in the genome of M. spretus. The total abundance of sStDNA in M.
spetrus is only 2% of the genome, compared to 10% iri M. domesticus. Only one
third of the minor stDNA sequence shares homology with the major stDNA
sequence.

The mouse stDNA is extensively methylated at the internal cytosine
of CpG dinucleotides. Comparisons were made between the methylation pattern
of mouse major satellite sequen=es in DNA isolated from germinal and somatic
tissues. It was shown that sStDNA sequences are more methylated than non-satel-
lite DNA sequences (Gama-Soza et al., 1983). However, satellite DNA isolated
from testis or mature sperm are markedly undermethylated when compared to
somatic DNA (Ponzetto-Zimmerman and Wolgermuth, 19€4). Enzymatic hydroly-

sis and base analysis by high performance liquid chromatography showed that




mouse stDNA had 30-50% less 5-methyicytosine in sperm than in somatic tissues
(Feinstein et al., 1985). It is not yet known if hypomethylation of satellite DNA
sequences in the germ line is functianally relevant. Under-methylation of mouse
StDNA is a clear case of an opposite condition to the germ line genes, since
tissue-specific genes are almost fully methylated in sperm and probably in the
female germ line and remain methylated throughout early development and in all
non-expressing somatic tissues (Cedar, 1988).

In situ hybridization experiments (Jones, 1970; Pardue and Gall,
1970) have shown that the major stDNA is localized in the centromeric hetero-
chromatin of the 20 mouse chromosomes. However, no stDNA was detected in
the Y chromosome. The mouse minor stDNA is specific for *he kinetochore

region of all chromosomes (Wong and Rattner, 1988).



1.3 Primate Satellite DNAs

1.3.1 African Green Monkey Satellite DNAs

The African green monkey genome contains three stDNAs. The
main satellite, the a-stDNA, overwheims the two other satellites: 8 and . The
hidden aStDNA (it cannot be isolated on classical CsCl density gradients) repre-
sents 20-25% of the monkey genome, whereas the other satellites comprise less
then 3% altogether (Kurnit and Maio, 1974). For this reason, the "minor” satellites
were ignored in the characterization studies.

Typically, digestion of total DNA with the restriction endonuclease
Hindlii produces a 172 bp fragment and its multiple oligomers. A unique nucleo-
tide sequence, representing the most abundant residue at each of the 172 posi-
tions, has been determined and was reported in: "Highly Reiterated Sequences
of SIMIANSIMIANSIMIANSIMIANSIMIAN" (Rosenberg et al.,1978), a title which
well depicts the tandem organization of this DNA. The sequence is not internally
repetitive, thus making it a complex satellite. There is some level of divergence
among the population of fragments, although a single nucleotide residue pre-
dominates at each position. Other restriction endonucleases (EcoRI, Haelll) also
cleave the «-satellite DNA, yielding typical ladder patterns indicating clustering of
units in defined sStDNA segments. Sequences similar to the African green monkey
a-StDNA occur in other monkeys (Old and New World) (Singer, 1982b; Beridze,
1986). The a-stDNA is localized at the centromere ot all the 60 monkey chromo-
somes.

The extraordinary fluidity of these DNA sequences led Maresca et
al. (1983, 1984) to the following question: does genomic DNA flanking the stDNA
play a role in the generation of tandem arrays. When studying the junction

between the non-satellite and a-stDNA, they found a new satellite DNA which
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they called deca-satellite (Maresca et al., 1987). The deca-satellite is 10 bp in
length and forms arrays of 1-20 kb long. Even if this satellite DNA is highly
polymorphic within an individual, a consensus sequence, 5’ AAACCGGNTC 3',
was definable. The abundance of different deca-satellite fragments varies be-
tween individuals and represents less then 1% of the monkey genome. The
deca-satellite is present near the centromere of only 11 to 31 of the 60 monkey

chromosomes.

1.3.2 Human Satellite DNAs

The human genome also contains a hidden (cannot be isolated
as a separate band on CsCl density gradients) satellite DNA termed the alphoid
(or alpha) stDNA owing to its similarities with the African green monkey a-stDNA.
The complex alpha-satellite has a monomeric repeat unit of 171 bp (Waye and
Willard, 1987). These monomeric units are organized into different tandem arrays
that constitute higher-order repeating structures. Alphoid stDNAs make up to 3-
5% of the human genome and are distributed at the centromeric regions of each
human chromosome (Manuelidis, 1978b; Willard, 1985). To date, at least 33 dif-
ferent alphoid subfamilies have been identified. A new consensus sequence for
the human alpha stDNA was derived from 293 individually cloned 171 bp
monomers, representing 28 distinct alphoid subfamilies (Choo et al., 1991).
From this new consensus sequence it can be seen that a specific nucleotide
residue predominates at 156 of 171 bp positions. Choo et al. (1991) have sur-
veyed the 33 subfamilies for their chromosomal specificities and ubiquity. Some
alpha stDNAs are specific for one chromosome, whereas others are present on
more then one but never on more than three chromosomes. For example, the
alpha-st pBS4D subfamily is present only on chromosome 2, which also does not

contain any other subfamily. However, chromosome 21 has 5 different subfami-
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lies that are not specific for chromosome 21, but are also present on chromo-
somes 13 and 14.

The classical stDNAs isolated from the human genome have
been classfied as satellite I, Il, 1ll, and IV. Although the picture is
complex, some authors have made an effort to clarify the confusion in
the classification of these satellites.

Sateliite | has been little investigated. It is an A+T rich
satellite (>68%), which when cleaved by Hinfl yields three fragments of
775, 820, and 875 bp. The 775 bp fragment contains restriction sites for
Aval, Say96l, EcoRIl, Eny4HI, Hinfi, and Mbgl, whereas the two other
fragments are resistant to restriction endonuclease cleavage (Frommer et
al., 1982). Howaver, Rsal generates a ladder of tandemly repeated arrays
of ABABABA etc., the A and B units being 17 and 25 bp long respectively.
The arrangement of the repeats may be extremely complex, so specific
domains of this satellite DNA could not be elucidated and the length of
the higher-order structure repeats was not determined (Prosser et al.,
1986).

Satellite DNAs Il and Ill are both made of simple repeated
components, related in sequence but organized differently. Hinfl diges-
tion of these satellites generates a ladder of fragments in an agarose
gel formed from the 5 bp repeat §' TTCCA 3'. The 5 bp simple repeat is
degenerate in satellite |l and is organized into larger repeats irregu-
larly spaced by frequent Hinfl and Tagl restriction sites. Satellite Il
consists of repeating units with the consensus sequence 5'
(TTCCA),ATTCGGGTTG 3', is also cleaved by Hinfl, but is resistant to
Jagl. The canonical sequence 5° TTCCA 3' is more conserved in satel-

lite lil than in satellite 1l, suggesting that satellite 11l might have
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evolved from satellite I, which have accumulated more point mutations
and therefore would be older (Frommer et al., 1982; Prosser et al.,
1986). We could depict the relationship between satellite 1ll and Il
DNAs as follows: from pure satellite Ill DNA containing no Tagql sites,
to those with a high proportion of pure pentamer plus some Taq! sites,
to satellite Il DNA which contains a low proportion of the 5° TTCCA 3’
pentamer and many Tagl sites. The satellite Ii-lll polymorphism seen in
individual genomes is therefore attributable to the generation of Tagil
sites caused by point mutational events (Fowler et al., 1988). Both
satellite DNAs are cleaved with EcoRl and Haelll to yield fragments of
170 bp and its multiple oligomers, but there is variation in the con-
centration of each fragment. A 1770 bp satellite Il ECORI fragment has
been reported to hybridize to satellite Il and iIl DNAs (Cooke and
Hindley, 1979), proving the close relationship of these two satellites.
The 1.8 kb fragment seen in EcoRI digests of satellite il DNA (Frommer
et al., 1982) and the 1.8 kb fragment generated by Kpnl digests of sateliite Il
DNA (Higgins et al., 1985) testify to the higher-order structure organization of the
sateilite DNAs and to the presence of distinct domains within the satellites. Fur-
thermore, these fragments may be segments of a still longer repeating unit.

The methylation level of at least one family of satellite
DNA il1-1lIl (EcORI) has been studied. It is 66% less methylated in pla-
cental than in brain tissues (Gama-Sosa et al., 1983).

Satellite IV can be isolated from the shoulder of the main
band in a satellite Il DNA preparative gradient. Autoradiograph of gels
containing labeled fragments from digests of stDNAs Ill and IV suggested
that these two stDNAs could be identical (Frommer et al., 1982).

Altogether, these four satellite DNAs comprise 5% of the human
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genome. Attempts have been made to determine the chromosomal specificity of
these DNAs by in situ hybridization of stDNAs to metaphase chromosome
spreads. Unfortunately, low chromosome specificity in the distribution of stDNAs
could be detected except for chromosomes 9 and Y (Jones et al., 1973; Godsen
stal., 1975). The lack of specificity could be ascribed to cross hybridization
between these satellite DNAs and/or lack of hybridization specificity. To over-
come this problem, Beauchamp et al. (1979) and Choo et al. (1990) used ro-
dent-human somatic cell hybrids to investigate the chromosomal location of the
stDNAs. Moyzis et al. (1987) used fluorescent probes for in situ hybridization to
metaphase chromosomes. Frommer et al. (1988) used bromodeoxyuridine-
labeled single-stranded satellite DNA probes, and monoclonal antibodies to
BrdUrd, followed by an immunoperoxidase assay to examine the chromosomal
location of the satellite DNAs. A probe containing satellite lil DNA sequences
hybridized to chromeosomes 1, 7, 11, 15, 22 and X (Beauchamp et a/.,1979). A
cloned satellite Il DNA (pHUR98) specifically hybridized to chromosome 9, and a
cloned satellite Il DNA (pHuR195) specifically hybridized to chromosome 16
(Moyzis et al., 1987). Choo et al. (1990) reported the hybridization of a sateliite il
DNA variant to chromosomes 14 and 22. Finally, the 100 bp Hinfl fragment of
satellite Il DNA hybridizes to a large number of chromosomes: subcentromeric
heterochromatin of chromosome 9, the centromere and short arm of acrocentric
chromosomes, the centromere and long arm of the Y chromosome, and the
centromeric heterochromatin of chromosomes 1, 16, 17, 20 (Frommer et al.,
1988). From these studies, it appears that the different families of satellite DNAs
are somewhat chromosome-specific, but widesspread among the chromosome
complement. Some chromosomes contain very little sStDNA or have not yet been
reported to contain any. These studies do not conclude anything about their

relative abundance. The long-range organization of these sequences has not
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been extensively studied. in one case (Choo et al., 1990), using pulsc field gel
electrophoresis, an EcoRI satellite Il DNA was found in large arrays of 150 kb on
chromosome 14 and in 20-150 kb arrays on chromosome 22. The long-range
organization and the relative abundance of each satellite family may (or may not)
be relevant to their function.

A new class of human repetitive DNA, called g-satellite, was recent-
ly isolated and characterized (Waye and Willard, 1989). It is unrelated in structure
or sequence to previously described satellite DNAs. It is comprised of divergent
68 bp monomer repeat units organized in tandem arrays of 50-300 kb and is
localized on chromosomes 9, 13, 14, 15, 21, and 22.

The minisatellite DNAs described by Jeffreys et a/. (1985)
are 9-64 bp in length, usually G+C rich, and orgaized in 0.1-20 kb
arrays that tend to be near the ends of chromosomes. They are also known
as VNTRs (variable number tandem repeats) owing to their alielic varia-
tion which can be detected by Southern blotting techniques. The very
high heterozygosities shown by VNTRs make them valuable genetic markers
(Dover, 1990). Jeffreys et al. (1985) proposed a common core sequence
that is similar to the recombination signal, CHl, of E. ¢oli. According
to Jeffreys et al.(1985) and Wahis et al. (1990), the minisatellites
possibly serve as recombination signals and promote their formation.
However, a number of other examples allow this hypothesis to be recon-
sidered. It is not clear if the minisatellites are "hot spots" of recom-
bination cr merely subjected to recombination and/or misreplication
(Jarman and Wells, 1989; Dover, 1989).

Finally, GATA-GACA repetitive sequences, first isolated in a female
snake (BKm sequences), are also present in man (Singh et al., 1986). The

accumulation of these repeats has been postulated to be an early step in sex-
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chromosome differentiation. This hypothesis was tested in trout and no evidence
of a sex-associated pattern could be detected (Lioyds et al., 1989). This finding
does not allow one to reject this hypothesis and more studies are needed to
speculate on their function in other species. This type of sequence has been
shown to mediate a conformational change from right-hnanded B-DNA to left-
handed Z-DNA that could then be recognized by specific proteins, thereby

having a biological role (Thomas et al., 1985).
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2. SATELLITE DNAs: SIMILARITIES AND DIFFERENCES.

From this brief review, it is clear that the highly repeated
DNA sequences share some common characteristics but, at the same time,
have peculiar features that differentiate each one.

No specific conformation has been shown for stDNAs, though
A-, B-, and Z-DNA conformations have been reported. They are chromosome-
specific, or widely distributed on every chromosome. The monomer unit
sequences vary a great deal and can be A-T or G-C rich. StDNAs can be
simple or complex, the length of each repeat fluctuating from a few base
pairs to hundreds of base pairs. In addition, the length of the arrays
is also heterogeneous. Furthermore, variation in the amount and kind of
SstDNA between individuals, species and genera are observed.

However, stDNAs always coincide with the C-bands, predomi-
nantly at centromeres, corresponding to constitutive heterochromatin
which remains condensed during interphase. Satellite DNAs are more
methylated than non-satellite DNAs, but the methylation level is lower
in germ line stDNA than in somatic stDNA. In addition, stDNA is repli-
cated late in the cell cycle and is usually not transcribed (see below).
Their structure, always repetitive, appears to evoive rapidly and
continuously.

These differences and similarities are the landmarks of
satellite DNAs. The highly repeated DNAs have been studied for 30 years,
yet no function can be assigned to them. The complexity of these se-
quences may reflect their intricate functions or evolutionary history.
Nonetheless, a number of putative functions for these sequences have
been put forward to explain their ubiquitous presence in eukaryotic

genomes.
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3. PROPOSED FUNCTIONS FOR SATELLITE DNA.

3.1 The Selfish DNA Hypothesis.

According to Orgel and Crick (1980) and to Doolittle and
Sapienza (1980), repetitive DNA is excess DNA or "junk” DNA that does
not confer any selective advantage to the organism that contains it. It
was called selfish DNA because its only function would be its survival
within the genome. The spread of selfish DNA was compared to the spread

of a parasite within its host.

3.2 Satellite DNA Serves an Evolutionary Purpose.

The predominant feature of satellite DNA is its rapid turn-
over. This variation could provide rapid perturbation at the cellular,
individual and population level, thus making it a molecular drive for
evolution that would otherwise be very slow or impossible to achieve
through selection of appropriate genes (Mazrimas and Hatch, 1972).

Because some kinds of heterochromatin are known to contain
stDNA, and because these sequences are found at the centromere, satel-
lite DNA function could be related to heterochromatin function and/or

centromere function.

3.3 Satel'ite DNA and Higher-Order Chromatin Structure.

StDNAs have been reported to be involved in nucleosome phasing
(Musich et al., 1977). Zhang and Horz (1984) studied nucleosomal phasing in
mouse. Sixteen nucleosomal frames were detected, but no strict correlation
between the stDNA repeats and the nucleosome periodicity could be made. In

African green monkey, the specific arrangement of nucleosomal core particles
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was reported to be related to the nucleotide sequence of an alpha-sateliite DNA
subfamily (Wu et al., 1983). Strauss and Varshavsky (1984) have identified a
protein (x-protein or HMG-1) that interacts with alphoid-stDNA at specific sites.
They propose that a-protein is a phasing protein helping histone octamers to
bind. It was aiso shown that this protein preferentially binds runs of A-T base
pairs that are conserved among mammalian species. This suggests that, rather
than binding to a few specific DNA sequences, a-protein recognizes a configura-
tion of the minor groove characteristic of short runs of A-T base pairs (Solomom
et al., 1986). In vitro reconstitution experiments have shown that histones from
mouse liver or chicken erythrocytes bind to the DNA in multiple precisely-defined
frames in phase with a divergent 9 bp subrepeat of the satellite DNA (Linxweiler
and Horz, 198%). However, this sequence dependance could not account for the
different situation seen in vivo, where two of the frames found in vitro either do
not exist in vivo, or are much less frequent. Therefore, other factors must play a
role in nucleosome phasing. Moreaver, in the reconstitution experiment, a
pBR322 DNA fragment was used, instead of the mouse stDNA fragment, and
similar results were obtained. This finding indicated that the association of hi-
stone octamers with DNA in specific frames is not unique to mouse stDNA. Final-
ly, this group argued that the histone octamer does not need a phasing protein to
know where to bind, as proposed by Strauss and Varsharvky (1984), since only
histone proteins were used in the reconstitution experiment (Linxweiler and Horz,
1985).

One of the most thoroughly characterized satellite DNA-
associated proteins is the chromosomal protein D1 of D. melanogaster, as
it has properties resembling those of the HMG-1 proteins. Protein D1 is preferen-
tially associated with the A-T rich 1.672 and 1.688 g/ml satellite DNAs. In con-
trast, it is not associated with the 1.705 g/ml satellite DNA which is also A-T rich
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(Levinger and Varshavsky, 1982; Ashley et al., 1989). The biological role of D1
remains to be clarified.

An additional report (Radic et al., 1987) shows that the
sequence of mouse satellite DNA exhibits a stable curvature. When the
bend is alleviated by drug treatment, the condensation of centromeric
heterochromatin is reduced. Other sateilite DNAs have also been shown to
be bent (e.g. meal worm stDNA [Plohl et a/.,1990]). This bending may be
helpful for specific positioning of DNA in nucleosomes.

These findings strongly suggest that the structure of the
satellite DNA is more important than its actual sequence to achieve
compaction (and transcriptional inactivity) of these heterochromatic
sequerices and may explain their presence with concomitant large sequence

divergence.

3.4 Satellite DNA and Anchorage to the Nuclear Matrix.

Eukaryotic DNA is organized into supercoiled loops of 30-100
kb in interphase nuclei. it has been shown that these loops are attached
to the nuclear matrix via protein-DNA interactions mediated by StDNA in
mouse. Nuclear matrices were isolated from Friend cells, treated with
lysis buffer and the DNA deproteinated by phenol leaving on the DNA only
the proteins that were tightly bound to it. The :onstituents of the
complexes were analyzed. Seven proteins (5 non-histcne and 2 core hi-
stone proteins) were found to be associated to mouse stDNA and are
mainly localized at the base of the loops (Patriotis and Djondjurov,
1989).
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3.5 Satellite DNA and Centromere Structure.

The centromere, composed of three structural domains: the
three laminar kinetochores, the central domain and the pairing domain,
interacts with spindle microtubules and chromatin fibers (Rattner,
1991). It has been difficult to identify specific DNA sequences that map
to the kinetochore domain. In one case, the mouse minor stDNA was shown
to be localized to the outer lateral surface of the centromere (Wang and
Rattner, 1988) and might be involved in centromere-kinetochore interac-
tions.

Several specific centromere proteins (CENP-A [17 kDa], -B
[80 kDa], -C [140 kDa], -D [SO kDa]) have been identified by autoimmune
sera from patients with the CREST syndrome (Earnshaw and Cooke, 1989).
Of these proteins, CENP-B was shown to bind specifically to the rmonomer unit of
a-StDNA in human cells (Masumoto et al., 1989). Moreover, a correlation be-
tween the amount of a-sStDNA and CENP-B antigens, present at the centromere
central domain, could be made using a deleted chromosome that was shown to
contain only 20-30% of the normal «-stDNA sequences (Werick et al., 1990). This
mini-chromosome behaved normally in both mitosis and meiosis. Thus, it may
be premature to conciude that satellite DNAs-CENP-B interactions have a role

to play in centromere structure and/or function.

3.6 Satellite DNA and Centromere Function.

D. melanogaster has specific arrangements of different
stDNAs in the centromeric heterochromatin of each chromosome. Yamamoto
and Miklos (1977, 1978) proposed that stDNAs are involved in chromosome
(homologs) pairing. This hypothesis proved to be wrong. Most of the

heterochromatin can be deleted without affecting pairing and segregation
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of the two X homologs. This hypothesis is also incorrect in males which
have two different sex chromosomes. Moreover, heterochromatin was ex-
changed between different autosomes, by illegitimate recombination, yet
pairing and segregation of these autosomes was still normal (Yamamoto
and Miklos, 1977).

When mouse metaphase chromosomes were digested with restric-
tion endonucleases that degrade the bulk of stDNA, contact between sister
chromatids appeared to be disrupted and the inter-kinetochore distances were
increased. Therefore, it was suggested that satellite DNA, in the centromeric
region, was necessary to maintain sister chromatids together during mitosis (Lica
et al., 1986). However, the function of the centromere was not assessed. Fur-
thermore, this treatment can alter other factors such as centromere-binding
proteins.

A human minichromosome, comprised of the centromere of
chromosome 1 that had lost centromeric heterochromatin (st-lll DNA, a-st DNA,
ECcoR1 dimer), when present in human-hamster hybrid ceils was found to segre-
gate normally in mitosis (Carine et al., 1989). Furthermore, some human chro-
mosoines apparently lack stDNA sequences (besides a-st), yet these chromo-
somas pair and segregate normally. On the other hand, the tendency of acrocen-
tric chromosomes to associate with other acrocentrics in meiosis was correlated
with the amount of satellite DNA carried by these chromosomes (Guichaoua et
al.,1986; Dumont et al., 1989). Thus, it cannot be concluded that chromosome

pairing and segregation depend only on satellite sequences.

3.7 Satellite DNA Transcription.

The stDNAs were at first thought not to be transcribed due

to their localization in heterochromatin. In support of this concept,
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several studies have failed to detect cellular RNA complementary to

satellite sequences (Hsu, 1962; Flamm et al., 1969, Reeder, 1973). However,

there is controversial evidence reporting repetitive DNA transcription in mouse
(Gaubatz and Cutler, 1990; Cohen et al., 1973, Harel et al., 1968), in primates
(Lerman et al., 1983; Shafit-Zagardo et al., 1983), and in non-mammalian species
(Stephenson et al., 1981; Diaz et al., 1981; Epstein et al., 1986,1987; Bonaccorsi
et al., 1990). It is not clear if satellite DNA transcription is merely an accidental
phenomenon due to failure of transcription termination of upstream genes, or
whether it has some biological function (Epstein et al., 1986). In one case, StDNA
transcription was reported to be tissue and age-specific. The mechanisms that
allow transcription to occur are not known, but it appears that these transcripts
represent a gene regulatory dysfunction possibly leading to the aging process in
mouse cardiac muscle (Gaubatz and Cutler, 1990). As changes in the methyla-
tion pattern of cytosine residues in specific DNA sequences have been correlated
with transcriptional activity during cellular differentiation and development, it is
possible thatthe extent of stDNA methylation affects interaction with specific
proteins which in turn affect transcription of these sequences. In Drosophila,
satellite DNA is transcribed on Y chromosome loops during spermatogenesis.
The transcripts could serve a protein-binding function rather than a coding func-
tion (Bonaccorsi et al., 1990). The gamete-associated hypomethylation of specif-
ic StDNA sequences (discussed earlier) suggests a differential role for stDNA
sequences in germ line as compared to somatic tissues. These roles, whatever

they are, remain to be demonstrated.

3.8 Satellite DNA and Recombination.
Owing to its homology and multiple sites of location, stDNA

can increase recombination in adjacent DNA sequences through unequal
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sister chromatid exhange, DNA amplification, and slip-strand mispairing,
to name but afew examples.

In Drosophila, it has been observed that recombination of
meiotic X chromosomes is reduced when the heterochromatin, and therefore
satellite DNA content, is systematically deleted. Thus, heterochromatin
length, and not its composition, would affect recombination (Yamamoto
and Miklos, 1978).

Chromosome rearrangements and breakage appears to be due to
adjacent satellite sequences. An increase in sister chromatid exchange
and chromosome rearrangement was seen in hamster cells after amplification,
via the use of the dhfr gene, of human a-stDNA transfected into these cells. Even
if the increase in chromosome length and in the population doubling time could
account (at least in part) for these effects, and if the methotrexate treatment is by
itself perturbing the DNA, the authors conclude that the alphoid DNA is implicated
in an active process of chromosome breakage and is a "hot spot” for DNA rear-
rangements (Heartlein et a/., 1988).

Along the same line, Butner and Lo (1986b) report the rear-
rangement of a transfected plasmid integrated in mouse centromeric
heterochromatin. Upon further investigation (Chaterjee and Lo, 1989),
the DNA rearrangements were shown to be intrachromosomal recombination
and chromosome breakage. The authors conclude that stDNA was responsible
for these effects. It should be pointed out here that people tend to confound
satellite DNA and heterochromatic DNA. StDNA is found in heterochromatin but
heterochromatic DNA is not comprised solely of satellite DNA. Therefore it is not
clear if the effect on recombination is merely due to satellite sequences, or if itis a
more general effect of heterochromatic DNA.

The X chromosome inactivation in female mammals might be an
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example of a more general effect of heterochromatin. in females, one of
the X chromosomes remains condensed throughout interphase. The inactiva-
tion of one X chromosome ensures equal dosage of gene products encoded
by the X chromosome in male and female. The mechanism by which thousands
of genes on only one pair of identical chromosomes are turned off is
poorly understood. Both in man and mouse, genes exclusively expressed
from the inactive X chromosome (XIST and Xist) have been identified. In
man this gene contains an open reading frame encoding a putative protein
that could be membrane bound. A 24 bp motif repeated 8 times is present
at the 5’ end of the gene. However, screening of sequence data banks did
not reveal homology to any other sequence (Borsani et al., 1991).

As mentioned before, minisatellite (VNTRs) core DNA se-
quences can possibly serve as a recombination signal (Jeffreys et al.,
1985). Wahls et al., (1990) showed that hypervariable minisatellite DNAs
stimulate intermolecular recombination up to 13 fold in human cells. A
minisatellite DNA-binding protein (Msbp-1) was detected in mouse tissue.
This protein was shown to interact tightly and specifically with a
repeat sequence related to the minisatellite core sequence. Recently, 2
novel minisatellite DNA-binding proteins, Msbp-2 and -3, were purified
from Hela cell nuclear extracts and shown to specifically bind tandem
repeats of the minisatellite core sequence. it is possible that these
proteins are involved in recombination near minisatellite DNAs (Wahis et
al., 1991). However, the diological role of minisatellite DNA-binding
proteins are not known (Collick and Jeffreys, 1990; Wahls et al., 1991).
If the recombination signal hypothesis is true, it could have implica-
tions in the generation of genetic disorders. In steroid sulfatase

deficiency, it has been shown that the deletion involves recombination
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between low copy repetitive elements located 1.9 megabase pairs apart on
the X chromosome. it is not known if the recombination between these
elements is only due to the homology of these sequences, or if it is
specifically promoted by VNTR sequences (Yen et al/., 1990). Similarly,
recombination between Alu sequences is responsible for the duplication
observed in the low density lipoprotein (LDL) receptor gene (Lerhman et
al., 1987).

It is clear that repetitive DNA sequences can be involved in
the generation of genetic disorders. What is not clear i1s if it is a
consequence of the fluidity of the repetitive DNAs, or if these se-

quences actually promote these effects.

3.9 Satellite DNA and Position Effect Variegation.

Position effect variegation (P.E.V.) results from chromosome
rearrangements where normal genes, having been rearranged next to hete-
rochromatin, are inactivated in some cells but not in others, thereby
producing a variegated phenotype. P.E.V. demonstrate that unusual struc-
tural and functional properties can be propagated over considerable
distances along the chromosome by the formation of new heterochromatic-
euchromatic junctions (Henikoff, 1990). This phenomenon was explained by
propagation of the compact heterochromatin structure into the neighboring
euchromatic sequences, thereby inactivating some genetic loci (Tartof et al.,
1989). Genetic elements can modify, by enhancing or suppressing, P.E.V.. For
example, the Suvar (3)7 gene encodes a protein with 5 zinc fingers that would
serve for the packaging of the chromatin fiber into heterochrornatin, therefore
controlling the expression from DNA domains (Reuter et al., 1990). However, the

interaction of this protein with DNA has not been demonstrated. The question
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that arises here is the involvement of stDNA in P.E.V. since it is located in the
heterochromatin. For example, for the white locus in Drosophila, the euchromatic
breakpoints have been shown not to invoive stDNA sequences, but sequences
(called 1.688h) that share 70% homology with the 1.688 g/mi stDNA of Drosophi-
Ja. The authors speculate that the X chromosome is folded in such a way that the
1.688 (located in heterochromatin) and 1.688h (located in euchromatin) se-
quences are in close proximity to each other (Tartof et al., 1984). Interaction
between the two related sequences may be at the nucleotide level or mediated
by a protein shown to bind to the 1.688 stDNA (Hsieh and Brutlag, 1979b).
StDNA would serve to bring the white locus into the heterochromatin since these
sequences are not part of the new euchromatic-heterochromatic junction (Tartof
et al., 1989). However, stDNA may be involved in the formation of heterochroma-
tic domains that would control variegation.

P.E.V.-like effects have been studied in mammalian systems.
Reversion from a thymidine kinase* (TK*) to TK" phenotype was associated
with changes in DNA methylation (Ostrander et al., 1982; Christy and
Scangos, 1984). A mouse transformant cell line, containing a tk gene
integrated in the pericentromeric heterochromatin, snowed unstable ex-
pression of the tk gene. The derepression of the tk gene was accompanied
by rearrangements in the flanking mouse stDNA suggesting that the flan-
king stDNA may exert cis effects on ik gene expression (Butner and Lo,
1986 a, b). The authors suggest that the instability of the cell line
may refiect the instability of the flanking stDNA.

This question was more directly addressed by Talarico et
al. (1988) by cotransfecting mouse stDNA and the tk gene. The modulation
of the tk gene, cointegrated with mouse stDNA in heterochromatin, was

shown not to be due to DNA rearrangements or a change in DNA methyla-
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l tion. They proposed that phenotypic switching is the resuit of two

effects: 1- the tendency of the tk promoter to maintain a transcriptio-

LA B I S

nally active chromatin state and 2- the satellite DNA favoring a con-
densed chromatin structure, possibly by binding some specific proteins.
The combination of these two effects resuits in an unstable chromatin

: conformation giving rise to phenotypic switching.

Despite all the studies on satellite DNA function, our
; understanding of the molecular function of satellite DNA is still vague.
This is mainly due to the lack of experimental systems that would allow
Z direct examination of the properties of satellite DNAs in situ. The repetitive nature
f: of this DNA hinders the tracking of one subset of satellite repeats among all simi-
lar sequences. To circumvent this pro-blem, one could introduce satellite DNA
i sequences, along with a target gene, in a mammalian cell system. The ability to
% transfer genes provides an opportunity to study the function and physical state of
% exogenous DNA in the transformed host.
: To elucidate some of the stODNA functions, we have transfec-
% ted a shuttle vector, containing the tk gene (target gene), the neg gene
(selectable marker gene) and a cloned human satellite Il DNA, into a
human thymidine deficient cell line and studied the effect of the adjacent StDNA
| ‘ on plasmid integration and on the phenotype stability. In addition, we searched

4 for the presence of satellite DNA-binding proteins, in human cell extracts, that
’ could mediate satelite DNA function.
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4. The Mammailian Cell 3ystem.

4.1. The Shuttle Vector.

Shuttle vectors were developed to introduce genes in mamma-
lian systems (Mulligan and Berg, 1980; Southern and Berg,1982). These
vectors are capable of replicating and expressing genes in both bacte-
rial and mammalian cells. Shuttle vectors, containing an SV40 origin of
replication and transformed into mammalian cells that do not express
large T antigen, do not replicate autonomously. Hence, cells that have
integrated the foreign DNA into their chromosomes can be seiected for
(Robins et al., 1981; Pelicer et al.,1978). The shuttle vector used in this study
(PSVaneoKT, Goring et al., 1985) contains the thymidine kinase gene (ti), the

neomycin resistance gene (neg), and human satellite | DNA sequences.

4.2 The Viral Thymidine Kinase Gene.

The viral thymidine kinase gene from herpes simplex virus
type 1 (HSV-1) was chosen as a target gene for a variety of reasons.
This gene is well characterized and has been completely sequenced
(McKnight, 1980). A number of thymidine kinase deficient cell lines are
available as a recipient cell line. Either the TK* or TK™ phenotype can
be selected under appropriate growth conditions, making it a good target
gene to study the stability of gene expression. The TK* phenotype is
selected by using HAT (hypoxanthine, aminopterin, thymidine) medium in
which the pyrimidine salvage pathway enzyme, thymidine kinase, is neces-
sary for survival. The TK™ phenotype is selected with the nucleoside
analogue trifluorothymidine (TFT) that is phosphorylated by the viral TK

enzyme and leads to TK* cell death by blocking chain elongation after

28




)

incorporation into the cellular DNA.

4.3 The Neomycin Resistance Gene.

The neomycin resistance gene, encoding resistance for the
aminoglycosides G418 and kanamycin, was isolated from the Tn§ transposa-
ble element (Berg et al.,1978; Jorgensen et al.,1979). The neg gene,
adjacent to the tk gene, under the control of the SV40 early promoter,
is used to screen out gross chromosomal rearrangements by maintaining
selective pressure with G418 for a functional neQ gene, while the selec-

tion for the tk gene is removed.

4.4 The Human EcoRI Satellite DNA.
A human 1797 bp EcoR1 satellite || DNA fragment was pre-

viously isolated from the genome of Hela cells, cloned and sequenced. It

contains 35% pure pentamer §' TTCCA 3' repeats and closely related
sequences. The 1.8 kb EcoR1 DNA fragment also contains a 49 bp segment
devoid of satellite-like sequences. This satellite DNA fragment repre-
sents less than 1% of the Hel.a genome and is mainly orgarized as 1.65,
1.95, and 3.6 kb EcoR1 fragments. In Hela cells, this satellite DNA is
clustered in 150 to 500 kb arrays residing mainly on chromosomes 7, 12, 14, 15,
16, and 22 (Sol et al., 1986; Sol, 1991).

5. Gene Expression in Mammalian Cells.

The expression of foreign genes introduced into mammalian
cells can be influenced by the site of DNA integration and DNA methyla-
tion.
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5.1 Integration Site of Foreign DNA.

As mentioned before, satellite DNA could be involved in the
regulation of gene expression. Therefore, the integration of foreign DNA
into host repetitive DNA sequences could have an impact on gene expres-
sion. The isolation of the junction site between the host and foreign
DNA is a direct method to characterize these sequences. Few of these
junctions have been characterized, and the significance of these results
have to be interpreted with circumspection. Nevertheless, analysis of
integrated DNA containing viral sequences, by polymerase chain reaction,
showed that it is not a site-specific process and is not chromosome- specific
(Murnane et al., 1990). Integration of non-viral DNA sequences (no SV40 se-
quences involved) was reported to occur preferentially at repetitive DNA se-
quences of the host (Kato et a/., 1986). Junctions between host DNA and foreign
DNA containing rat repetitive DNA were shown not to be repetitive DNA or to
involve specific host sequences (Wallenburg et al., 1987).

In situ hybridization experiments reporting integration in
centromeric heterochromatin (Butner and Lo, 1986a; Talarico et
al.,1988) are only circumstantial evidence of integration into repeti-
tive DNA. On the other hand, alterations in the chromatin structure have
been correlated with changes in gene expression. Unstable tk expression was
correlated with differential DNAsel sensitivity reflecting changes in the chromatin
structure (Sweet et al.,1982; Davies et al., 1982). It is possible that the foreign

DNA acquires properties of the host sequences surrounding them.
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5.2 DNA Methyiation.

There is a tendency to believe that there is an inverse
correlation between the transcriptional activity of a DNA sequence and
the presence of CpG dinucleotide methylation. Housekeeping genes (e.g.:
aprt and dhfr) are undermethylated in hamster and mouse tissue (Stein et
al., 1983). On the other hand, the vitellogenin gene in Xenopus (Gerber-Huber et
al., 1983), the a2(1)-collagen gene in chicken (McKeon et a/.,1982) and the
chicken lysozyme gene (Wolft et al., 1990) were found to be actively transcribed
when methylated.

Several studies of unstable TK* cell lines have shown that
phenotypic switching is correlated with methylation (Ostrander et al.,
1982; Christy and Scangos, 1982). In contrast, it has been shown that
methylated tk promoters can be active and inactivation of the gene
occur via methylation of a specific DNA sequence (at the EcoRI site) in
the promoter (Tasseron-de Jong et al., 1989). Therefore, one has to keep
in mind that gene inactivation requires methylation of specific DNA

sequences.
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OUTLINE OF THE THESIS

Though different functions have been ascribed to stDNAs,
clear evidence of their function within the genome was never obtained.
This is mainly due to the fact that stDNA is found in the heterochroma-
tin. Therefore, when studying stDNA function, one could in fact be
looking at the heterochromatin function. it is possible that these two
entities are the same but, they could aiso be different and have dis-
tinct functions.

In order to investigate stDNA function outside its native
location, we have devised an experimental system in which some of the
putative stDNA functions can be assessed. We have also sought to deter-
mine whether a cloned stDNA contain specific recognition signals for
DNA-binding proteins that could mediate their function.

This thesis reports the results obtained while conducting
this research.

Chapter Il describes the effect of an adjacent stDNA on the modula-
tion of gene expression and its effect on stDNA-containing plasmid electropora-
tion efficiency.

Chapter 1l reports the detection of specific stDNA-binding
proteins in Hela cell extracts.

The experimental procedures utilized throughout these two
analyses are reported in their respective chapters.

Chapter IV summarizes the results obtained. Concluding remarks

and directions for future research are also included in this chapter.
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EFFECT OF ADJACENT SATELLITE DNA ON THE ELECTROPORATION
EFFICIENCY AND ON THE STABILITY OF THE TK* PHENOTYPE,
OF neo and HSV-1 TK CONTAINING PLASMID.

A modified version of this chapiter has been submitted for publication to

Molecular and Cellular Biology

(Claire Fouquet and Michael S. DuBow)
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ABSTRACT

Satellite DNAs are tandem repeats of simple sequences (5 bp)
organized in long arrays which constitute 5% of the human genome and have
not, yet been associated with any phenotypic function. To study the effect of
satellite DNA on the expression of adjacent genes, plasmids containing a 1797
bp EcoRl satellite DNA, plus the herpesvirus type 1 thymidine kinase gene (HSV-
1 k) and the neomycin resistance gene (neqg), were electroporated into TK"
/NEO" cell line. The presence of the satellite DNA within the plasmid was found to
affect the eloctroporation efficiency in a location and/or orientation-dependent
manner. Selection for either stable tk or neg integration and expression showed
that the satellite DNA-containing plasmids integrated in a manner that led to inac-
tivation of the tk gene sequences or interfered with its expression more frequently
than the neo gene. The TK* phenotype was found to be highly unstable and
could not be correlated with the electroporated satellite DNA sequences. Addi-
tional studies with this system may provide insights into satellite DNA function

within the human genome.

INTRODUCTION

Eukaryotic genomes contain a large amount of repetitive DNA
(Singer, 1982; Miklos, 1985) which, in humans, accounts for 20-30% of the
genomic sequences (Marx et al., 1976). Among these repetitive DNAs is a class
of short, simple repeat units called satellite DNAs (stDNAs) which are organized
in long tandem arrays and are generally found in the constitutive heterochroma-
tin, predominantly at the centromeres (Kurnit, 1979; Brutiag, 1980). Satellite DNA
sequences are replicated late in the cell cycle (Selig et al., 1988) and are usually
not transcribed (Redder et al., 1973). StDNAs have been studied for many years

and, while various functions have been proposed for these enigmatic sequences
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(Mazrimas and Hatch, 1972; Yamamoto and Miklos, 1978; Orgel and Crick, 1980;
Radic et al., 1987; Heartlein et al., 1988; Chaterjee and Lo, 1989; Werick et al.,
1990; Gaubatz and Cutler, 1990; Wahis st al., 1990), their precise role in the
genome remains unknown. Sequence divergence among the three human
simple StDNAs (ll, Iil and IV) can be quite extensive (Fowler et al., 1988; Prosser
et al., 1986) and might reflect their evolution and/or function.

Modulation of gene expression was reported to occur in a variety
of ways (Pelicer et al., 1978; Sweet et al., 1981; Christy and Scangos, 1982,
1984; Davies et al., 1982; Ostrander et al., 1982; Hardies et al., 1983; Gebara et
al., 1987; Gelbert et al., 1990). For example, in Drosophila, position effect varie-
gation results from chromosome rearrangements where cellular genes, having
been moved next to heterochromatin, are inactivated in some cells but not in
others. This produces a variegated phenotype (Tartof et al., 1989) and implies a
cis-acting effect of heterochromatin and possibly stDNA sequences. Since trans-
fected DNA integrates almost randomly intc the host genome (Wallenburg et al.,
1987; Murnane et al., 1990), integration of foreign DNA can occur in the host
heterochromatin, hence in stDNA sequences, where expression of the transfect-
ed genes may be affected (Butner and Lo, 1986a; Kato et al., 1986; Talarico et
al., 1988).

The ability to transfect exogenous genes into mammalian cells has
greatly aided the study of the stability of gene expression in mammalian cell
systems (Wigler et al., 1977, Pelicer et al., 1978; Robins et al., 1981; Scangos et
al., 1981). To study the cis-effect of stDNA sequences on plasmid DNA elac-
troporation efficiency and stability of gene expression, we constructed a series of
human fibroblast cell lines by electroporating plasmids containing a cloned and
sequenced 1.8 kb human satellite Il DNA (Sol et a/., 1986) adjacent to the neg
and HSV-1 tk genes on the plasmid pSVaneoKT (Goring and DuBow, 1985).
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Following electroporation, the tk and/or neg genes were selected for and the
number of transfectants was counted. We report here that sStDNA sequences can
affect the electroporation efficiency depending on the location and/or orientation
of the stDNA relative to the two plasmid genes (tk and neg) selected for. Howev-

er, the high instability of the TK pt enotype could not be ascribed to the electrop-
orated stDNA sequences.

MATERIALS AND METHODS
Cell Lines:

All cell lines used in this study are derived from the thymidine kinase
deficient human transformed fibroblastic cell line 143B (ATCC CRL 8303). The
KT cell line, used as a positive control, was derived from the 143B cell line and
contains a single copy integrated pSV,neQKT plasmid as described elsewhere
(Goring and DuBow, 1985). All cell lines were grown in Dulbecco’s Modified
Eagle’'s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS,
Gibco), 2.5 ug/mi amphotericin B (Fungizone, Squibb), 10 U/mi penicillin and
100 ug/mi streptomycin (Pen-Strep, Gibco) at 37°C with a 5% CO, atmosphere.
Electroporated cell lines were maintained in DMEM plus HAT (0.1 mM hypoxan-
thine, 0.4 x M aminopterin, 16 u M thymidine [Sigma]) and/or G418 (400 ug/ml,
Sigma). The TK" cell lines were selected and maintained in DMEM supplemented
with trifluorothymidine (TFT) (0.75 ug/ml, Sigma) plus G418. Cell lines were
found to be mycoplasma-free using the MycoTect detection kit (Gibco) and the
Mycoplasma detection kit (Boerhinger-Mannheim).

DNA Manipulations and Cloning:
All restriction endonucleases were purchased from Bethesda

Research Laboratories Inc.(BRL), New England Biolabs (NEB), Pharmacia
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Canada, or Boehringer-Mannheim Canada and DNA was hydrolyzed according
to the manufacturer’s instructions. The 5' phosphate groups were removed with
calf intestinal alkaline phosphatase (CIAP, DuPont Canada) and the recessed 3’
termini were filled in with Klenow enzyme (BRL) (Sambrook et al., 19839). DNA
fragments were purified from agarose gels using the Gene Clean kit (Bio101)
according to the manufacturer’s instructions. Ligations were performed in LRB
buffer with T4 DNA ligase (Pharmacia) (King and Blakesly, 1986).

The pSVL plasmid was obtained by disruption of the BamHI site 3’
to the tk gene in the pSVaneoKT plasmid (Goring and DuBow, 1985) via partial
BamHI cleavage, backfiling of the 3' recessed ends and religation of the plasmid.
Plasmids pCFU1 and pCFU2 were obtained by cloning a blunt 1797 bp EcoRI
satellite Il DNA fragment (Sol et al., 1986) into the unique, backfiled, BamHI site
of pSVL. Plasmid pCFD1 was obtained by cloning the blunt EcoRI satellite DNA
fragment into pSVL previously linearized at the unique blunt Sty1 site. Plasmids
pCF1.8 and pCF3.8 were constructed by cloning a 1.8 or 3.8 kb bacteriophage A
Ndel fragments into the Ndel restriction site of pSVL. The ligation mixtures were
transformed into Escherichia coli strain DH1 [(F", gyrA1, endA1, thi, hsdR17,
SupE44, recA1) (Hanahan, 1983)] via the calcium chloride method of Mandel and
Higa (1970).

Large scale preparations of plasmid DNA were obtained by the
alkaline lysis method (Sambrook et al., 1989) and purified by centrifugation on
cesium chloride/ethidium bromide density gradients (Maniatis et al., 1982). High
molecular weight cellular DNA was prepared according to Blin and Stafford
(1976).
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Electroporation of Plasmid DNA into the 143B Cell Line:

Transtections were performed by electroporation according to Chu
et al. (1987) using a Bio-Rad Gene Pulser apparatus set at 250 volts and 860
uFarads, except that the 10 minute incubations were performed at room temper-
ature. Cells (3 x 106) were electroporated with 1.5 picomoles (pmole) of circular
DNA, or plasmid DNA linearized at the Ndel site (pSVL, pCFU1, pCFU2, pCFD1)
or at the Hindiil site (pCF1.8, pCF3.8), then plated in DMEM. Two days after
electroporation, selection for the neg and/or tk genes was applied by changing
the medium for DMEM plus HAT and/or G418. After 14 days, the colonies were
stained with Giemsa (Merchant et al., 1964) and counted. Clones were randomly
chosen and expanded. The new cell lines were named according to the form of
the DNA (circular or linear), the plasmid electroporated, and the clone number
(e.g.: CSV-6, LD1-5).

Reversion Analysis:

The TK*/NEQ™ cell lines were grown in DMEM medium for 3 or 7
days. Cells (103) were then plated in (1) DMEM/HAT/G418, (2)
DMEM/TFT/G418 or (3) DMEM medium. After 2 weeks, the colonies obtained
from each selection were stained (Merchant et al., 1964) and counted. The plat-
ing efficiencies were obtained by calculating the ratio of colony numbers in
TFT/G4113 or HAT/G418 to that in DMEM.

RESULTS
Plasmid Characterization:

The satellite DNA-containing plasmids (pCFU1, pCFU2, and
pCFD1) used in this study were derived from the plasmid pSVL (Fig. 1A). Plasmid
pCFU1 (11.1 kb) contains a single 1.8 kb stDNA insert. The 5’ end (bave pair 1)
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of the stDNA (Sol et al., 1986) is linked to the 5’ end (base pair 1) of the tk gene
(McKnight, 1980) (Fig. 1B). Plasmid pCFU2 (12.9 kb) contains two of these
stDNA segments both of which are in the same relative orientation, with respect
to the tk gene, as in pCFU1 (Fig. 1C). Plasmid pCFD1 (11.1 kb) contains one
stDNA fragment. Compared to pCFU1 and pCFU2, the stDNA segment in pCFD1
is in the reverse orientation (Fig. 1D). Control plasmids of approximately the
same sizes, but which do not contain stONA sequences (pCF1.8 and pCF3.8),
were obtained by cloning bacteriophage A DNA fragments intc. pSVL as de-
scribed in Materials and Methods. Plasmid pCF1.8 is the same size as plasmids
pCFU1 and pCFD1, while pCF3.8 is 0.2 kb larger than pCFU2 (Fig. 1E and F).

Effect of Satellite DNA on Electroporation Efticiencies:

Human TK cells were electroporated with plasmid DNAs containing
or lacking stDNA sequences, and were selected for the presence of the tk and
neQ genes. The averaged transfection efficiencies (from 3 transfections) obtained
with pSVL, pCFU1, pCFU2, and pCFD1 are reported in Table 1. As expected
(Toneguzzo et al., 1986), the efficiencies were 2.6 to 13.4 fold higher for linear
plasmids as compared to their circular forms. The presence of stDNA se-
quences within the transfected plasmids pCFU1 and pCFU2 decreased the elec-
troporation efficiencies to 56% and 11% (circular forms), and to 70% and 54%
(inear forms) to that observed for the parent plasmid (Table 1).

To determine if the decrease in the number of transfectants ob-
tained was specific for sStDNA or if it was due to a plasmid size effect, plasmids
pCF1.8 and pCF3.8, which are the same size as the stDNA-containing plasmids
but do not contain stDNA, were aiso electroporated (Table 1, A). These plas-
mids show a decrease in electroporation efficiency of 2.7 fold (pCF1.8) and 11

fold (pCF3.8) which is comparable to that observed with the stDNA-containing
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plasmids. Therefore, the decrease in electroporating ability of pCFU1 and pCFU2
i can be correlated with an increase in plasmid size, even when the same molar
ratios were used.

Plasmid pCFD1, which contains one stDNA close to the neg gene,
behaved differently from the other stDNA-containing plasmids. The circular form
of pCFD1 always failed to give stable transfectants when both genes were se-
lected for (Table 1). The electroporation efficiency obtained with linear pCFD1

was markedly decreased compared to that observed for the stDNA-deficient
plasmid pSVL.

Effect of Satellite DNA on Plasmid Gene Expression:
To determine if the satellite DNA within the electroporated plasmid
could affect the stable expression of plasmid genes, both single and stepwise
: selections were performed. Plasmid DNA was electroporated, and the cells were
selected for a functional tk (HATR) or neg (G418R) gene, or for the presence of
a functional neo gene followed by selection for both a functional tk and neg gene
(HATR and G41 SR). The number of transfectants obtained in the stepwise (G418,

then G418 plus HAT) selection represents transfectants in which at least one tk
and one neg gene is functional. The electroporation efficiencies obtained in HAT
only (single selection) represent the number of transfectants in which at least one

tk gene is functional, whereas the electroporation efficiencies in G418 (single

N e g R S

selection) correspond to cells in which at least one neg gene is functional (Table
2). The electroporation efficiencies obtained, in both single selections, after elec-
troporation of circular and linear pSVL plasmids were similar. However, the
presence of StDNA, in cis, in the electroporated circular plasmids interfered with
the generation of TK* cells, irrespective of the StDNA copy number or location,

I since the efficiencies in HAT are much lower than in G418 medium. When plas-
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mids were linearized at the Ndel site close to the neg gene in all cases and close
to the stDNA in the case of pCFD1, similar electroporation efficiencies, in either
HAT or G418 selections, were obtained (Table 2). The effect of stDNA on elec-
troporation efficiencies seen in the single and the stepwise selections (selecting
for neg, then for neg and tk) (Table 2) were different from those observed in the
double selection (selecting for neo plus tk at the same time)(Table 1). First, circu-
lar and linear pCFU1 plasmids had increased or equal efficiencies, compared to
those observed for pSVL, in 5 out of 6 selection experiments. Second, electropo-
ration of circular pCFD1 and subsequent G418 single selection gave rise to a
large number of transfectants. Finally, the stepwise selection applied after the
electroporation of circular pCFD1 yielded NEO* /TK* transfectants that could
never be obtained when the selection for both genes was applied at the same

time.

Stability of TK* phenotype:

To evaluate the effect of adjacent satellite DNA on the stability of the
TK* phenotype, reversion to the TK™ phenotype was studied in randomly chosen
transfectants. TK* cells were grown in non-selective medium (DMEM) for 3 or 7
days, allowing reversion to occur, and subsequently plated in DMEM, DMEM with
HAT, and DMEM with TFT. The cells were continuously selected for the presence
of the neo gene to maintain selection for an integrated plasmid. The plating effi-
ciencies in each selective medium (HAT or TFT) were obtained by calculating the
ratios of colony numbers in selective medium to that in non-selective medium
(Table 3). The control KT cell line and cell lines obtained from the electroporation
of circular plasmids always displayed lower plating efficiencies in TFT medium
after 3 days of non-selection. However, after 7 days of non-selection, the plating

efficiencies of these cell lines in TFT medium were higher compared to the plating
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efficiencies in HAT medium. All the cell lines generated from the electroporation
with linear plasmids, displayed very high plating efficiencies in both HAT and
TFT media and no specific pattern of instability could be observed.

DISCUSSION

We have constructed a series of plasmids containing a 1797 bp
EcoRI satellite Il DNA previously isolated from the genome of Hela cells (Sol et
al., 1986). These plasmids also contain two genes, tk and neg, that can be se-
lected for after electroporation into a TK'/NEO™ human cell line. All the plasmids
used in this study are similar except that the length, the location and the orienta-
tion of the stDNA vary. Plasmids pCFU1 and pCFD1 are comprised of 16% satel-
lite sequences located upstream and dowstream of the tk gene, respectively.
Twenty eight percent of pCFU2 is composed of satellite DNA sequences, which
are located upstream of the tk gene. The plasmids were introduced into a thymi-
dine kinase deficient and neomycin sensitive cell line by the electroporation
method to avoid DNA damage and multiple copy insertions reported for the
calcium phosphate method (Lebkowski et al., 1984; Kucherlapati and Skoultchi,
1984). The plasmid DNAs were electroporated either in their circular or linear
form. The linear form of the plasmids gave rise to more transfectants than their
respective supercoiled form (Table 1) presumably due to facilitation of integration
of exogenous DNA via the double-stranded ends generated by cleavage
(Toneguzzo et al., 1986; Chu et al., 1987; Folger et al.,1982). The ratio of effi-
ciency obtained with linear DNA to that of circular DNA cannot be compared to
other reported results since it seems to be cell type specific (Potter et al., 1984;
Gusew et al., 1987; Chu et al., 1987).

The presence of one or two satellite DNA, next to the tk gene in the
plasmid constructs pCFU1 and pCFU2, did not affect the electroporation effi-
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ciency of these plasmids compared to that of the stDNA-lacking plasmid (pSVL)
as the same level of decrease in electroporation efficiency wa observed with the
size control plasmids pCF1.8 and pCF3.8. This result is in contrast with the re-
sults reported by Talarico et al. (1988). They showed that mouse stDNA reduced
the transfection efficiency, by 4-8 fold, when cotransfected with a plasmid con-
taining the tk gene. However, the stDNA was initially located in trans to the tk
gene. On the other hand, when the stDNA was moved close to the neg gene and
its orientation reversed, the resulting plasmid (pCFD1) almost completely lost its
electroporation efficiency. it is unlikely that the integration site within the host
genome is solely responsible for this effect since electroporation with circular
pCFD1 was repeated 11 times and always failed to give HATR/G41BR colonies.
The possibility that a component in the DNA preparation, DNA degradation, or
that stDNA sequences are inhibiting plasmid integration could be rejected, since
the pCFD1 electroporation efficiency was very high when selected for the neg
gene only, and clones could be isolated from the stepwise selection using G418
selection followed by G418 plus HAT selection. The observed decrease in effi-
ciency is not size dependent since the similarily sized plasmid pCF3.8 showed a
higher efficiency. In addition, it is interesting to note that the pCFD1 stDNA is
not in the same orientation as in pCFU1 and pCFU2 with respect to the tk gene.
Thus it appears that the stDNA located near the neg gene is somehow interfering
with the generation of TK* /NEO* transfectants in a location and/or orientation-
dependent manner. To determine if the observed decrease in electroporation
efficiency is orientation-dependent, the stDNA would have to be cloned at the
same position but in the opposite orientation (StDNA bp 1797 adjacent to the 5’
end of the tk gene). If the inhibitory effect is orientation-independent, the same
results should be obtained.

By using different selection procedures, we were able to determine
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if the stDNA-containing plasmids were preferentially interfering with the genera-
tion of TK* or NEO* stable transfectants (Table 2). Plasmid pSVL, lacking
StDNA, had similar electroporation efficiencies in both HAT and G418 single
selections implying that the tk and neg genes are equally functional in these
transfectants. The presence of sStDNA sequences within the electroporated
plasmids decreased the efficiencies of the circular plasmids by one order of
magnitude when the tk gene was selected for alone (HATR), compared to those
observed when the neg gene was selected for alone (G418“). From these re-
sults, it can be seen that the adjacent stDNA, in circular plasmids, is either
promoting plasmid integration via the tk gene or is interfering with its expression.
This effect is dramatically illustrated in the case of pCFD1. However, this effect
was not seen with the linear plasmids suggesting that linearized plasmids were
not subjected to the same effects as the circular plasmids. In another set of
stepwise selection experiments, where the presence of the tk gene was first
selected for (HAT) and the transfectants then subjected to selection for the tk and
neg genes (HAT then, HAT plus G418), similar results were obtained (data not
shown). Highly repeated DNA sequences were reported to be involved in recom-
bination (Wahis et al., 1990; Yen et al., 1990), DNA rearrangement (Heartlein et
al., 1988; Butner and Lo, 1986b) and chromosome breakage (Chaterjee and Lo,
1989). However, it is not clear if the repetitive sequences actually promote these
effects. Since stDNA sequences within the plasmids might be involved in such
processes, they could potentially serve as a "hot spot" for plasmid integration
(Wallenberg et al., 1984) by illegitimate recombination between the plasmid
stDNA sequences and unigue (Wallenberg et al., 1987) or repetitive (Kato et al.,
1986) host sequences. it is possible that the different behaviors displayed by the
cell lines obtained from the electroporation of circular plasmids, and those dis-

played by the cell lines obtained from electroporation of linear plasmids represent
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the manner in which the electroporated plasmids integrated into the host ge-
nome. Further analyses at the molecular level will be required to rule out this
issue.

Integration of plasmid sequences within the heterochromatic re-
gions of the chromosomes, which contain stDNA, has been reported (Butner and
Lo, 1986a; Talarico et al., 1988). These two groups correlated unstable expres-
sion of the transfected tk gene with the presence and/or rearrangement of the
flanking stDNA. To directly assess the involvement of adjacent stDNA on tk gene
expression, cell lines were chosen and the stability of the TK* phenotype was
studied (Table 3). Besides the lower plating efficiencies in TFT medium, of cell
lines isolated from electroporation of circular plasmids, after 3 days of non-selec-
tion, no other significant differences were detected. it seems that the instability of
the TK* phenotype, in these cases, is time dependent. The cell lines, electropo-
rated with plasmids containing either O, 1 or 2 stDNA inserts, were highly unsta-
ble. The plating efficiency mean was calculated for the cell lines obtained with
each plasmid and Student t tests were performed. In no case could significant
differences be detected between the KT cell line, cell lines electroporated with the
control plasmid (pSVL) and those electroporated with plasmids containing stDNA
adjacent to the tk gene, nor could differences be detected between the stDNA-
containing cell lines suggesting that these cell lines are highly unstable, and that
the observed phenotypic instabilities could not be ascribed to the transfected
stDNA. The stability of the TK™ pnenotype was studied, using 21 randomly
chosen clones, and ulso appeared to be unstable (data not shown). Sweet et al.
(1981) reported highly unstable tk gene expression resulting from heritable but
unstable alterations in the tk gene. The reversion frequencies that we obtained
exceeded the observed rate of mutation (10'6) for a hemizygous gene (DeMars,

1974). Moreover, the reversion rates in TFT medium are much higher (10-100
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fold) than those reported for the tk (Talarico et al., 1988; Ostrander et al., 1982;
Sweet et al., 1981) or the gpt gene (Gebara et al., 1987). It is unlikely that rever-
sion to the TK" phenotype is due to of the loss of the tk gene because very few
colonies would have been expected in HAT medium. Several TK™ clones were
isolated and their DNA analyzed for the presence of the tk gene by the polymer-
ase chain reaction technique. The primers used encompassed the entire tk gene
coding region (base-pair 561 to 1358 [McKnight, 1980]) and yielded a 1.4 kb
amplified product. The TK" clones were found to be amplifiable and no changes
in the amplified product size were detected (data not shown). Ostrander et a/.
(1982) observed that TK* cells could continue to synthesize tk mMRNA when
maintained in medium that selects for TK™ cells, leading to high TK* phenotype
instability. DNA methylation was also shown to be involved in repression-reex-
pression of the tk gene (Christy and Scangos, 1984; Nstrander et al., 1982;
Butner and Lo, 1986a). As well, unstable expression of transfected genes was
reported to be due to amplification of the exogenous genes (Gelbert et al., 1990).
Moduilation of tk gene expression can also be correlated with differential DNAsel
sensitivity, reflecting changes in the chromatin structure (Sweet et al., 1982;
Davies et al., 1982).

The experiments described here have shown that the presence of a
human EcoRI satellite Il DNA within an electroporated plasmid can affect the
plasmid electroporation efficiency in a location and/or orientation-dependent
manner. Moreover, this sateliite DNA interfered with the generation of TK* trans-
fectants. The instability of the TK* phenotype does not appear to be related to
the exogenously added satellite DNA. Characterization of the cell lines, at the
molecular level, will allow the elucidation of the mechanisms by which satellite
DNA mediates its effects and will provide insights into satellite DNA tunction

within the human genome.
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FIGURE 1: Maps of Plasmids pSVL, pCFU1, PCFU2, pCFD1, pCF1.8, -

and pCF3.8. Sequences derived from pBR322 and SV40: ——; bla: ampicillin
resistance gene; neo’: Tn5 neomycin resistance gene; TK: HSV-1 thymidine
kinase gene; SAT: 1.8 kb EcoR1 satellite Il DNA; 1.8kb: 1.8 kb Ndel
Lambda DNA fragment; 3.8kb: 3.8 kb Lambda DNA fragment. B= BamHl, H=
Hindiil, N= Ndel, S=Stul. The arrows indicate the orientation of the DNA seg-
ments from bp 1 to the end of the segments. Sizes are indicated in kilobase pairs

(kb). Plasmids are not drawn to scale.

49




blq

by Q

pSVL
9.3 kb

pCFU2
129 kb

pCFl.8
1.1 kb

«—

«-—

43

1)

13

blq

Sy

p

1



TABLE 1: Electroporation Efficiencies of Plasmid Constructs

Efficiency
. a b
Plasmid Form Plasmid # of Transfectants Percentage
A. Circular pSVL 1.2 X 10 S 100 %
4
pCFU1 6.8 X 10 56 %
4

pCFU2 1.3 X 10 1%
F pCFD1 (o] 0%
. 4
: pCF1.8 4.5 X 10 37%
pCF3.8 1.1x10 4 9%
b
i 5
: B. Linear pSVL 3.2 X 10 100 %
‘ 5
3 PCFU1 2.2X 10 70 %
3 5
3 pCFU2 1.7 X 10 54 %
3 3
: pCFD1 3.7 X 10 1%

a: number of transfectants obtained in HAT plus G418 medium

per nmole of DNA electroporated

b: The # of transfectants obtained with pSVL was equaled to 100%.
The % that represents the # of transfectants obtained with the
other plasmids were calculated.
I ( # transfectants /# of pSVL transfectants) X 100




TABLE 2: Effect of Satellite DNA on ElectropcrationEfficiency‘*l

PLASMID

A. Circular psvp

pCFU1

pCFU2

pCFD1

B. Linear psvi

pCFU1

pCFU2

pCFD1

Selection
b e e e d “ e
HAT % G418 % G418/HAT
5 s 4
2.6 X 10 100% 6.6 x 10 100% 3.3 x 10 100%
§ 8 4
1,6 x 10 g% 1.1x10 166% 4.1 x 10 124%
4 ] 4
6.9 x 10 26% 4.3 x 10 é5% 1.6 x 10 48%
5 3
Q 0% §1x 10 77% 1.2 x 10 3.6%
& 5 4 jo00%
8.1 x 10 100% 7.4x 10 100% 8.1 x 10
5 6 4 98%
8.0 x 10 98% 1.3 x 10 176% 8.0 x 10
] s 4
4.6 x 10 5% 2.7x10 36% 3.9 x 10 48%
[ 3
1.6 x 10 26% 1.8 x 10 24% 2.0 x 10 2.4%

a: number of transfectants per nmole of DNA electroporated

b: represents the electroporation efficiency in HAT
c: represents the electroporation efficiency in G418

d: represents the electroporation efficiency in the stepwise
selection using G418 first, then G418 plus HAT

e: % was calculated as in Table 1
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TABLE 3: Reversion Analysis on TK*Cells

Relative plating efficiencies? after 3 and 7 days
of culture in non-selective medium

3 DAYS 7 DAYS

CELL LINE ¢ HAT TFT HAT TFT

A. Control KT 1.00 0.59 0.52 0.92
B. Circular Sv-6 0.73 0.17 0.50 0.93
SV-10 0.78 0.47 0.62 0.54

Sv-12 0.42 0.33 0.50 0.98

Ut-2 0.556 0.27 0.47 0.89

U1-12 0.40 0.00 0.68 0.82

u2-6 0.59 0.20 0.98 0.72

Uz-7 0.92 0.00 0.57 0.77

U2-13 0.70 0.13 0.97 0.86

C. Linear Sv-6 0.81 0.89 0.68 0.75
Sv-21 0.60 0.12 0.83 0.51
sv-23 0.81 1.00 0.97 0.32
uU1-2 1.00 0.43 0.69 1.10
U1-4 0.64 0.52 0.89 0.79

u1-6 0.77 0.99 0.61 0.65

u2-1 0.50 0.88 0.756 0.85

uz-2 0.86 0.39 0.687 0.99

v2-4 0.41 0.33 0.54 0.94

D1-4 0.25 0.94 0.32 0.45

D1-5 0.51 0.48 0.56 0.78

D1-8 0.18 0.04 0.20 0.20

a: TK * clones were obtained in HAT plus G418 medium

b: ratio of colony numbers in HAT plus G418 and TFT plus G418 to that in DMEM

c: see Materiais and Methods for explanations
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Some of the proposed satellite DNA functions are thought to be
mediated through protein-DNA interactions. In addition, highly repetitive DNA-
binding proteins have been isolated and characterized. However, these proteins
are binding to alpha or complex satellite DNAs. In order to further elucidate the
function of simple satellite DNAs we sought to determine whether proteins exist
that can specifically bind to the cloned 1979 bp ECORI satellite Il DNA.

A student in our laboratory, Jerry Zaharatos, first attempted to
screen a HeLa Agt11 cDNA expression library with a double-stranded satellite
DNA probe, under conditions that should allow detection of protein possesing
satellite DNA-binding activity. However, after screening a very large number of
plaques, he was never able to detect such activity.

To circumvert this problem, | used the southwestern biotting
technique utilizing the double-stranded EcoRI satellite I DNA to detect
satellite DNA-binding proteins in HelLa cells. This chapter reports the

results obtained while conducting these experiments.
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ABSTRACT

Using the southwestern blotting technique, we have detected
specific satellite DNA-binding proteins in protein extracts (both
total cellular and nuclear) prepared from HelLa cells. These polypeptides
bind to a human 1797 bp EcoRIl satellite || DNA, which consists of tan-
demly repeated pentamer (5’ TTCCA 3') units, but not to a control probe
from plasmid pBR322. These proteins have apparent molecular weights of
100, 93, 77 and 34 kDa and were termed satellite binding protein (Sbp)-
1, -2, -3, and -4, respectively. The identification of polypeptides that
bind to these tandemly arranged, simple-sequence satellite DNAs may
provide clues to the function and evolution of this abundant fraction of

the human genome.

INTRODUCTION

Eukaryotic genomes contain a large amaount of repetitive DNA
(Singer, 1982b; Miklos,1985) which, in humans, accounts for 20-30% of the
genomic sequences (Marx et al., 1976). Some of these repetitive sequences are
known as satellite DNAs due to their characteristic banding pattern in cesium salt
density gradients. StDNAs are found in constitutive heterochromatin, predomi-
nantly at the centromeres (Brutlag, 1980; Lica et al.,1986; Chen and
Hodgetts,1989), a location that is replicated late in the cell cycle (Selig et
al.,1988) and usually not transcribed (Reeder, 1973; Gaubatz and Cutler, 1890).
Two types of stDNAs have been defined, based on whether or not they are inter-
nally repetitive. Simple stDNAs are tandem repeats of very short nuclaotide

sequences (5-10 bp), whereas complex StDNAs are comprised of longer and
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more complex repeat units (> 100 bp). The tandem organization of stDNAs, and
their association with constitutive heterochromatin, may be important to obtain an
understanding of any functional or evolutionary role that they may play.

Towards this goal, a number of proteins that specifically
interact with different classes of complex stDNA have been identified. A
nuclear protein from African green monkey cells was found to bind to a
172 bp repeat of alpha stDNA, and it was suggested that functions for
this protein are mediated through its nucleosome positioning activity
(Strauss and Varshavsky, 1984). StDNA has been shown to modulate tran-
scriptional activity in mouse cells, possibly through changes in chroma-
tin structure induced by stDNA-binding proteins (Talarico et al., 1988).
CENP-B, a centromere-specific protein (80 kDa), binds to alpha stDNA
monomers in human cells (Masumoto et al., 1989; Wewrick et al., 1990),
implying that these sequences may play a role in centromere structure
and/or function. Recently, minisatellite DNA binding-proteins, Msbp-1
(40 kDa), -2 (77 kDa) and -3 (115 kDa), have been identified (Collick and Jeffreys,
1990; Wahls et al., 1991). To our knowledge, only one group has previously
reported binding of a protein (10 kDa), from phytohemagglutinin stimulated
lymphocytes (Tomilin et al., 1988), to a cloned human simple satellite (lil).

In an attempt to gain further insights into the function and
heterochromatic organization of simple stDNA sequences, we sought to
determine whether proteins exist that can specifically bind to a cloned
and sequenced 1797 bp human EcoRI fragment of stDNA Il from Hela cells
(Sol et al., 1986). This sequence contains 35% of the pure pentamer
stDNA |l consensus sequence (5' TTCCA 3') plus variations of this simple
repeat, as well as a 49 bp region devoid of satellite-like sequences. We

report here the use of this cloned DNA to detect stDNA-binding proteins
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in HeLa cell extracts.

MATERIALS AND METHODS
DNA Manipulations:

All restriction endonucleases were purchased from Bethesda
Research Laboratories Inc. (BRL) or Pharmacia. The DNA was hydrolysed,
extracted and precipitated according to Maniatis et a/. (1982).

The isolation, cloning (pKS36), and sequencing of the 1797
bp EcoRI satellite Il DNA is reported elsewhere (Sol et al., 1986). The
pKS36 plasmid was cleaved with EcoRl and the 1.8 kb fragment was puri-
fied using the Gene Clean kit (BIO101) according to the manufacturer's
instructions. Plasmid pBR322 was cleaved with Rsal, and a 1.5 kb frag-

ment was isolated as a non-satellite DNA control (Fig. 1).

Probes and Southwestern Blot Analysis:

HelLa whole cell extracts, purified on heparin-agarose
(Imagawa et al., 1987), were purchased from Stratagene. HelLa cell nu-
clear extracts, prepared according to Dignam et al. (1983), were
kindly provided by Dr. N. Sonenberg. The proteins were separated by
electrophoresis through a 12.5% SDS-polyacrylamide denaturing gel
(Laemmli, 1970) in 25 mM Tris-base, 192 mM giycine, 0.1% (w/v) SDS (pH
8.3). Following electrophoresis, the gel was soaked for 30 minutes in
25 mM Tris-base, 192 mM glycine, 20% (v/v) methanol (pH 8.3) and then
the proteins were electroblotted (Towbin et a/., 1979) onto polyvinyl-
idenedifluoride membranes (Immobilon, Millipore) for 2 hours at 0.5 A.
The membrane was incubated for 1 hour at 37°C in 1X Denhardt (1966), 150
mM NaCl, 10 mM Tris-HCI (pH 7.6), 0.1 mM EDTA, 20 mg/ml yaast RNA
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(Boehringer Mannheim Canada) and 50 ug/mi sonicated, double stranded E.
coli genomic DNA. 107cpm of [32P] labeled DNA (see below) were added
and incubation was allowed to occur overnight at 37°C. The filters were
washed 3 times for 30 minutes in 1X TNE (Tris-HC! (pH 7.6), 150 mM NaCl,
2 mM EDTA [Collick and Jeffreys, 1990]) at 37°C. The membranes were air-
dried and exposed to XAR-5 film (Kodak) with a Dupont Cronex intensi-
fying screen at -70° C. The protein gels were stained with Coomassie blue
dye according to de Moreno et al. (1985).

The probes were labeled to specific activities of 108.109
cpm/ug of DNA by the random priming extension method (Feinberg and
Vogelstein, 1983) with the following modifications. DNA (0.1-0.2 ug) was
mixed with 4.8 ug of hexanucleotide primer (Regional Synthesis Laborato-
ry, University of Calgary). The DNA was denatured by boiling for 5
minutes and then quickly cooled on ice for 5§ minutes. The reaction was
carried out in a total volume of 50 ul in 40 mM KPO4 (pH 7.0), 4 mM
MgCl,, 8 mM DTT, 40 uM dCTP and dGTP, 30 uCi a-[32P)dATP and -dTTP (ICN,
3000 Ci/mmole), and 5 units of Klenow enzyme (BRL). The reaction was
allowed to proceed at room temperature for 3 hours. The reaction was
stopped by adding EDTA to a final concentration of 20 mM and the unin-
corporated nucleotides were removed by passing the mixture through a

Sephadex G-50 spin column (Ausubel et a/, 1989).
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RESULTS
Detection of Satellite Il DNA-Binding Proteins in HeLa Cell Extracts.

The pKS36 plasmid was cleaved with ECORI and the satellite
DNA fragment was purified (Fig. 1A) and used to detect satellite DNA-

binding proteins in HelLa cell nuclear extracts. The proteins were separated by

SDS-polyacrylamide gel electrophoresis (Fig. 2) at four different concentrations
and then transferred to an Immobilon membrane. The proteins were then incu-
bated with radiolabeled satellite Il DNA, and four nuclear polypeptides, with
apparent molecular weights of 100, 93, 77 and 34 kDa, were detected (Fig. 2B) at
the highest protein concentration. These proteins were called Satellite binding
protein (Sbp) -1, -2, -3, and -4, respectively. Protein Sbp-3 was detectable at the
lowest protein concentration, while higher concentrations were necessary to
detect Sbp-1 and then Sbp-2 and Sbp-4. In contrast, the pBR322 non-specific
fragment only bound to a 97 kDa protein, but the signal was very weak even a!
the highest protein concentration tested (Fig. 2C). In addition, non-specific
binding to a polypeptide of 14 kDa was detected with both the satellite DNA and
pBR322 probes (arrows in Fig. 2). In order to confirm these results, partially puri-
fied total HelLa cellular extracts (Fig. 3A) were also separated on denaturing SDS
polyacrylamide gels and assayed for satellite DNA-binding proteins. Polypeptides
of 77 and 34 kDa were found to bind to the 1.8 kb stDNA fragment (Fig. 3B). No
polypeptides were detected that could bind to the control pBR322 DNA fragment

under these assay conditions (Fig. 3C).
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DISCUSSION

Using the southwestern blotting technique, we have detected
satellite DNA-binding proteins in Hela cells. We have showed that the
nuclear satellite DNA-binding proteins-1, -2, -3, and -4 (Sbp-1, -2, -3,
-4) specifically bind to the cloned 1797 bp EcoRI satellite || DNA.
These proteins have observed molecular weights of 100, 93, 77 and 34
kDa, respectively (Fig 2B, 3B). Only Sbp-3 and Sbp-4 were present in a
partially purified whole cell extract (Fig. 3B). Nuclear proteins are
expected to be present in a lower concentration in a whole cell extract
when the same amount of proteins is analyzed. This could, in part,
explain the non-detection of Sbp-1 and Sbp-2 in the whole cell extract.
On the other hand, chromatography of the whole cell extract on a hepa-
rin-agarose column selected for basic proteins, while acidic proteins
did not bind to this type of column. If Sbp-1 and Sbp-2 are acidic
proteins, it would be impossible to detect them when the extracts are
purified by this method. Nonetheless, Sbp-3 had the highest apparent
affinity for satellite I DNA (Fig. 2B), and this may explain its detec-
tion in both assays.

it is interesting to note that the Spb-3 protein detected by
us has the same molecular weight as the Msbp-2 protein reported by Wahis
et al. (1991). This group used tandem repeats (32 repeats [512 bp]) of
the minisatellite consensus sequence (5 GGAGGTGGGCAGGARC 3’) as a
probe to detect minisatellite DNA-binding proteins in HeLa nuclear
extracts. The satellite 1| DNA pentamer repeat (5' TTCCA 3’) is not
present in the minisatellite core sequence. Furthermore, the minisatel-
lite core sequence contains 62.5% G residues, whereas the 1797 bp satel-

lite Il fragment is comprised of only 3.8% G nucleotides. We do not know
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at the present time if these two proteins are identical.

The tandem repeat organization was shown to be a prerequi-
site of minisatellite DNAs for protein binding (Collick and Jeffreys,
1990; Wahls et al., 1991). Tomilin et al. (1988) reported that a stDNA
I@inding protein of 10 kDa does not bind to stDNA fragments of 80 bp,
but could bind to fragments of 2.2 kb. This contrasts with most other
DNA-binding proteins which generally require less than 20 bp for se-
quence-specific binding (Ptashne, 1988). It appears that the stDNA
tandem organization may be a general requirement for protein binding and
heterochromatization. We found that smaller fragments of the satellite
Il DNA yielded greatly reduced binding in our assay (data not shown).

The functions of Sbp-1, -2, -3 and -4 are not currently
known. However, the satellite DNA-binding proteins reported here can now
be purified, using southwestern blotting as an assay, for the study of
the protein-DNA interactions on satellite 1| DNA and ultimate cloning

and characterization of the genes which encode them.
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Figure 1.

A. Partial restriction map of the 1.8 kb EcQRI satellite I| DNA. The box represents
the 49 bp segment devoid of satellite-like sequences (Sol et al., 1986).

B. Partial restriction map of pBR322 (Maniatis et al., 1982). The bracket below the
map represents the 1.5 kb Rsal fragment used as a control probe.

E= EcoRI, A =Avall, R=Rsal, C=Clal.

The location of each restriction site is indicated in base pairs.
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Figure 2. Detection of satellite Il DNA-binding proteins by southwestern analysis
(see Materials and Methods) of Hel.a nuclear extracts.

Panel A: Coomassie stain of the protein gel (lanes 1-4 represent de-
creasing protein concentrations).

Panel B: autoradiogram of the proteins bound by the 1797 bp satellite 1|
DNA probe.

Panel C: autoradiogram of the proteins bound by the non-specific 1.5 kb
pBR322 probe.

M= molecular weight markers (97, 68, 42, 25, 18, and 15) in kDa.

Arrows indicate presumed non-specific DNA-binding proteins.
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Figure 3. Detection of satellite l DNA-binding proteins by southwestern analysis
(see Materials and Methods) of a partially purified Hel.a whole cell extract.

Panel A: Coomassie stain of the protein gel.

Panel B: autoradiogram of the proteins bound by the 1797 bp satellite Il
DNA probe.

Panel C: autoradiogram of the proteins bound by the 1.5 kb pBR322 probe.

M = Molecular weight markers in kDa (as in Fig. 2).
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CHAPTER IV
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CONCLUSIONS AND DIRECTIONS FOR FUTURE RESEARCH

The amount of DNA in eukaryotic genomes by far exceeds what is
necessary for its function. This excess DNA is highly repeated and is comprised,
among other repetitive sequences, of simple satellite DNA sequences. They are
characterized by their tandemly repeated patterns organized in long arrays, their
sequence divergence and their persistence through evolution within the human
genome. Satellite DNA sequences are found mostly within the highly condensed
parts of the chromosomes, the heterochromatin. Thirty years after their discov-
ery, their function within the genome remains to be identified. Their possible role,
among other proposed functions, in heterochromatization, to specify higher-
order chromosome structures and thereby the regulation of gene expression,
seems extremely attractive. If this was the case, entire blocks of genes would be
expressed or repressed depending on the state of the neighboring chromosomal
region. Unstable expression of euchromatic genes has been shown to be related
to DNA rearrangements and/or the presence of adjacent satelite DNA se-
quences. These effects could possibly be mediated by satellite DNA-binding
proteins.

The major aim of this research was to determine the role
that satellite DNA sequences may play, either directly or indirectly, on gene stabil-
ity and expression, and identify proteins that may mediate their function.

In order to study the effect of satellite DNA sequences on the
expression of genes adjacent to these sequences, a series of plasmids, contain-
ing a cloned and sequenced 1797 bp human EcoRI satellite Il DNA, and select-
able marker genes (tk and neo), were constructed Following electroporation of
these plasmids (satellite DNA-containing plasmids [pCFU1, pCFU2, pCFD1} and
the satellite DNA-lacking plasmids [pSVL, pCF1.8, pCF3.8]) into human
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TK/NEO" cells (143B), the electroporation efficiencies obtained were recorded.
We observed that the decrease in electroporation efficiency obtained with plas-
mid pCFU1, containing one 1.8 kb stDNA sequences next to the tk gene, and
with pCFU2, comprising two of these satellite DNA sequences also located next
to the tk gene, was due to an increase in plasmid size. However, plasmid pCFD1,
which contains only one stDNA sequence next to the neo gene, had a decreased
electroporation efficiency when compared to that of the size control plasmid
pCF1.8. From these results, we suggest that the presence of the satellite DNA
affects the electroporation efficiency in a location-dependent manner. In addition,
this effect could aiso be stDNA orientation-dependent since, in pCFD1 the satel-
lite sequences are oriented differently with respect to their orientation in pCFU1
and pCFU2. However, this hypothesis remains to be confirmed.

We next investigated the stability of the TK* phenotype in TK*
cells generated by the electroporation of pSVL, pCFU1, pCFU2 and pCFD1
plasmids in TK™ cells. Stable TK* transfectants were isolated, the selection
pressure was removed for several days, the ceils were plated in media selecting
for the TK* or TK™ phenotype and the relative plating efficiencies were calculat-
ed. We found that satellite DNA sequences w *"in the transfected plasmids, were
not involved in the instability of the TK* ph s.~'yr . The cell lines isolated from
electroporations with the control plasmid (pS\ ) and the satellite DNA-containing
plasmids (pCFU1, pCFU2, pCFD1) were highly unstable. Preliminary studies on
TK" cells, isolated from the parental TK* cell lines, showed that the TK™ pheno-
type is also unstable. The reasons for this instability are, as yet, unknown.

By using different selection procedures we examined the cis effect
of satellite DNA on plasmid gene expression. We have shown that electropora-
tion with satellite DNA-containing plasmids generates more NEO* than TK*

transfectants.
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To verify that satellite DNA sequences decrease electroporation
efficiency in a location and/or orientation dependent manner, satellite sequences
should be cloned at different places within the pSVL plasmid and in both orienta-
tions, between the tk and neg genes for example, and the electroporation effi-
ciency of these plasmids assayed. Control plasmids containing non-satellite DNA
(N fragments cloned at the same positions as the stDNAs) should also be tested.

The high instability of the TK* phenotype could be ascribed to the
exogenous DNA chromosomal location. To test this hypothesis, plasmid se-
quences could be rescued from the cell lines, or genomic libraries could be
constructed, and the isolated DNA electroporated back into a thymidine kinase
deficient cell line. If the tk gene, contained in the rescued DNA is aiso highly
unstable, it could suggest that the instability is caused by intrinsic properties of
that DNA rather than a chromosomal location effect. At the same token, junction
regions between the plasmid and host sequences could be studied. It would be
interesting to determine if the non-satellite and satellite-containing plasmids have
integrated into host repetitive sequences or if the integration occurred randomly
in both cases. Correlation (or lack of correlation) between phenotypic instability
and chromosomal location could be made. Moreover, analysis of the rescued
DNA, by restriction endonuclease cleavage and Southern blotting, should allow
the determination of the integration site on the plasmid. These analyses will dis-
criminate between the more frequent integration of satellite DNA-containing
plasmid via tk sequences and inactivation cf this gene, as the possible cause of
the generation of less TK* than NEO* transfectants.

in the second part of this study we wanted to determine whether or
not proteins exist that can specifically bind to the cloned 1797 bp EcoRI satellite If
DNA. These poplypeptides may weil prove to play a crucial role in the structure

and function of these repetitive sequences.
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Proteins from HelLa nuclear and partially purified whole cell extracts
were separated by electrophoresis on SDS-polyacrylamide gels, transferred to
membranes and assayed for DNA-binding activity using the labeled 1.8 kb stDNA
as a probe. Utilizing this assay, proteins that were specifically bound to the satel-
lite DNA were detected and termed satellite DNA-binding proteins (Sbp). Four
Sbp's, Sbp-1, -2, -3 and -4, were detected in the nuclear extract, whereas only
two of these proteins, Sbp-3 and -4, were detected in the partially purified whole
cell extract. The absence of Sbp-1 and Sbp-2 in the whole cell extract could be
explained by the purification procedure used, in which only the basic proteins
were isolated and in which nuclear proteins were present in lower concentrations.
The Sbp-1, -2, -3, and -4 have respective molecular weights of 100, 93, 77 and 34
kDa. At the present time, the function of these proteins is not known.

The southwestern blotting technique could be used as an assay to
purify these proteins. Once purified, the interactions of these proteins with the
satellite DNA can be directly assessed by using the 1.8 kb satellite DNA, or inter-
nal fragments, in band retardation assays and DNAsel footprinting experiments.
These studies would allow the precise nucleotide sequences to which these
proteins bind to be identified.

Antibodies to the satellite DNA-binding proteins could be raised and
used to screen Hela cell cDNA expression libraries to identify clones which con
tain expressed mRNAs. These clones could then be used to clone the genes
wich encode these polypeptides and ultimately the role of the sateliite DNA bind-
ing proteins and their effect on the function of satellite DNA could be determined.

The results reported here open up several avenues of investigation
that will lead to the elucidation of the role of these enigmatic satellite DNA se-

quences.
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