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ABSTRACT

We have sought efficient methods for introducing dominant selectable markers
into targeted regions of human chromosomes. Introduced markers provide opportunities
to selectively mobilize large fragments surrounding the marker for transfer into
heterologous genetic/cellular environments. The isolation of such a limited chromosome
region may be the first step toward cloning a gene of interest located in the region, or it
may be an enriched source of random genomic clones from that region. For some very
large genes, such transfer of chromosome fragments may be the only method of gene
transfer which will permit expression of the gene. Finally, transferring a chromosome
region into heterologous qells which contains a gene known only by its chromosome
locaticn and phenotype may permit in vitro studies on the biochemical and physiological
effects of its gene product.

We chose the region of human chromosome 4 which contains the putative
Huntington's disease (HD) gene as a model system for demonstrating the feasibility of
introducing a dominant selectable marker into a particular chromosome region. Our goal
was to introduce a marker near enough to the HD locus (at 4p14-16) that would enable
the transfer of disease gene into heterologous cells.

In a stepwise process, we first derived a monochromosomal hybrid retaining
human chromosome 4 and a dominant selectable marker carried on a retroviral vector
(neo). We then transfered the selectable marker into heterologous cells and the
resulting limited somatic cell hybrids were found to contain a small region (1-5,000
kb) of human DNA which had been co-transfered with the neo marker. By three methods
we established that the neo marker was integrated in 4p14-16; therefore, these

hybrids contain a terminal portion of chromosome 4, although they do not contain the



two markers most closely linked to HD. Such hybrids will be useful for isolating new
markers near the HD locus and may even contain the HD gene itself.

We -also explored the utility of a monochromosomal hybrid for conventional
mapping of a unique gene and for mapping low and mid-order repetetive human
sequences.

The construction and use of a new retroviral vector, SP-1, is also described. The
vector carries a new dominant selectabie marker and is easily cioned from integration
sites in host DNA. SP-1 introduces recognition sequences for rarely-cutting restriction
sites and we provide preliminary evidence that the degree of methylation of these sites in
proviral SP-1 is reflective of the tendency of this retrovirus to integrate preferentially
in hypomethylated host sites.

Finally, we describe initial experiments directed at applying this same
methodology to mouse chtomosome 5; specifically to the region containing the ecotropic
murine leukemia virus receptor gene. To facilitate the somatic cell genetics, we develop
two assays which easily distinguish receptor-bearing cells from non-receptor-bearing

cells. These are described here.
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INTRODUCTION

In a basic sense, all scientific disiplines endeavor to achieve the same
fundamental goal; to break down a complex system into unit parts which can be studied
in controlled experiments which test only a limited number of variables. The
assumption is that, by isolating and manipulating the unit parts, the original system
may be reconstructed with a clearer understanding of how it functions. Thus the
biochemist purifies and crystalizes individual‘polypeptide chains to study how one
interacts with another in a cascade of biochemical reactions; the physicist strives to
identify fundamental particles as a basis for understanding the nature of mass and
energy reactions; the organic chemist tracks individual electrons as they are passed
between the atoms of simple organic molecules in the hope of being able to explain
intramolecular energy bonds; and the molecular biologist purifies the unit of life -
genes. .

Since 1865 when Mendel demonstrated that some traits of plants and animals are
transmitted from parent to offspring in a predictable and mathematically stable fashion,
geneticists have striven to characterize and understand the organization of the
transmitting genetic material. In this nearly century old discipline, which is currently
in an exponential phase of growth, how can a few experiments such as those represented
in this thesis find their significance or relevence? This thesis demonstrates the
technical feasibility of new tools for somatic cell genetics; the relevence for such types
of experiments (more technical than functional) is elevated by T.C. Hsu in his historical
review of cytogenetics (Hsu, 1979). In his preface, Dr Hsu notes a change of attitude in

the scientific community about the importance of technique. The historical attitude was



that "methodological and technological achievements were subordinate to fact-finding
missions and conceptual advancements”, whereas, in the face of a burgeoning arena of
technique-based disciplines such as molecular biology, the modern community
recognizes that a "new technique may beget new sets of pertinent facts, which in turn
may beget new concepts and new theories.”

A few examples of technical advances which have provided the tools for whole new
fields of research make the point most directly:

> Cytogenetics grew quickly after the accidental discovery by Hsu (1953) that
pretreatment of mitotic cells with hypotonic buffer enhances spreading and morphology
of metaphase chromosomes. For example, this simple improvement on technique
combined with air-drying of the microscope slides (Rothfels and Siminovich, 1958)
made it possible to establish for the first time the correct number of human
chromosomes as 46 (Tjio‘and Levan, 1956; Ford and Hamerton, 1956).

> The development by Puck(1956) of a protocol for culturing true clones of
eukaryotic cells was the foundation for the ascension of modern mammalian cell biology
to a level of experimental sophistication which had previously only been achieved in
microbiology.

> The simple observat_ion by Harris and Watkins (1965) that inactivated Sendai
virus promotes efficient fusing of co-cultivated cells triggered the rapid development of
all of subsequent somatic cell genetics using interspecies cell hybrids.

> The desire to apply experimental designs which had been used in microbiclogy
to eukaryotic systems led Graham and Van der Eb (1973)to develop a modification of the
CaPOg4-mediated gene transfer technique for eukaryotic celis. This technique, plus the
astute usage of species-specific repetitive DNA sequences (Gusella et al 1982), were the
critical tools necessary for identifying and cloning dozens of eukaryotic genes which
were previosly known only by their cellular function (Murray et al 1981).

> The Southern (1975)method for transferring DNA via capillary action from



electrophoresis gels onto stable membranes using paper hand towels as blotting wicks is
perhaps one of the least elegant, yet fundamentai techniques of molecular biology. This
method, which incorporated a technique for molecular hybridization to these
membranes, replaced liquid hybridization. and revealed for the first time the physical

structure of eukaryotic genes.

> The power of dominant, selectable markers such as antibiotic resistance to
select for rare transformation events in bacteria, led Muiligan and Berg (1980) to
design plasmid vectors which conferred drug resistance to eukaryotic cells. The
subsequent engineering of retrovirus vectors also carrying dominant selectable markers
which can efficiently infect cells from a wide variety of species and tissue types, placed
the cornerstone for the current fields of transgenic animal models and experimental gene
therapy .

> Most recently, C:antor and Schwartz, developed a unique electrophoresis system
which can separate DNA fragments in the 100 kb to 100 megabase size range (Schwartz
and Cantor 1984). Applying this technology, yeast geneticists could visualize and
measure for the first time the size of yeast chromosomes (Carle and Olson 1984),
bacterial geneticists could physically map the entire E. Coli genome (Smith et al 1987),
and human geneticists can make the first correlations between the physical and genetic
maps of the human genome (Kenwich et al 1987; Burmeister and Lehrach, 1887;
Lawrance et al 1987; Estivill et al 1987).

Most of these examples of technical advances have heavily influenced the field of
somatic cell genetics where the goal has been to systematically categorize, map and
isolate smaller and smaller pieces of mammalian chromosomes. A chronology of the
hallmark achievements in this field reads like an experimental protocol which endeavors
to stepwise purify any given region of the genome; the scheme starts with isolating one
or a few intact chromosomes, followed by identifying a linear genetic map in order to

locate a locus of interest and ends by isolating a limited region that contains that locus.



To be able to carry -out such a scheme in a directed manner for any region of interest in
the human genome and in a contemporary, rather than historical, time scale has been the
goal of the entire field of human somatic cell genetics. In particular, it has been one of
the focuses of work in David Housman'’s laboratory since 1970 and this thesis was built
on that laboratory history.

Single cell cloning (Puck 1956) was the requisite first step in deveioping a
system for isolating single chromosomes from one species in the genetic background of
another. Somatic cell genetics was truly born, however, after the discovery by Okada
(1958) that HVJ (heamagglutinating virus of Japan) caused two clones of infected
tumor cells to spontaneously fuse in culture.  Barskie et al also observed spontaneous
cell fusion at a very low frequency (1960) and Ephrussi recognized the value of these
heterokaryons and their resulting stable cell hybrids (Ephrussi and Weiss, 1965), but
it was not until Harris and Watkins noted the highly efficient fusion of two cell clones in
the presence of inactivated Sendai virus (1965) that this technique became widely
applicable and somatic cell genetics got underway.

Capitalizing on the culture technique of Puck, several groups began to isolate
mutants in cultured mouse and hamster cells. The first and still widely used mutants,
developed by Szybalska and Szybalski (1962), were HPRT- mouse cells (deficient in
hypoxanthine phosphoribosyl transferase activity required in the purine salvage
pathway) . This marker can be selected both for and against; HPRT- mutants are
resistant to 6-thioguanine in the culture media and therefore survive selection. On the
other hand, HPRT* revertants are sensitive to 6-thioguanine and resistant to the HAT
selective media containing hypoxanthine, aminopterin and thymidine (thtlefield,
1964). TK™ and APRT" mutants are also selectable markers in this pathway
(Littlefield, 1964 and Chasin, 1974, respectively).

After the spontaneous transformation of a Chinese hamster ovary cell culture in

1958 and the isolation of the first auxotrophic mutant (CHO pro-) in 1963, it was



soon demonstrated that this cell line could be easily mutagenized by a variety of agents
providing many useful markers. for somatic cell genetics. Dozens of other auxotrophic
CHO mutants have since been derived (Puck and Kao 1982) and used for gene mapping as
discussed below. The CHO cell line has, in general, proven to be an extremely valuable
reagent. It has relatively few chromosomes which can be easily identified and are stably
maintained. Its short generation time and high plating efficiency make growing and
relatively easy. It hybridizes well with human cells and
rapidly eliminates human chromosomes in the absence of selective pressure.

During fusion experiments between TK~ B82 mouse cells and human auxotrophic
cells, Weiss and Green (1967) noted the preferential loss of human chromosomes in the
resulting cell hybrids. This selective loss of human chromosomes occured during an
intial acute phase of culturing hybrids but this phase was usually followed by
stabilization of a cell line gontaining one to 15 or 16 heterologous chromosomes.
Hamster/human hybrids have since also been shown to segregate human chromosomes
(Kao and Puck 1970). This stifl poorly understood phenomenon has provided the
opportunity to create many interspecies hybrids, each containing a subset of the
chromosome complement from the species which is segregating in the hybrid.

These three developments - the report of a method for propogating pure mutant
CHO and mouse cell clones, and the discoveries of cell fusion and the preferential loss of
human chromosomes from human/rodent interspecies cell hybrids - provided a
methodology to create hybrids which selectively retained specific chromosomes. The
focus from here forward will be on hybrids retaining specific human chromosomes. For
example, CHO cells which were defective in proline uptake (pro-) were fused with
human fibroblasts and the fusiQn hybrids were selected in proiine deficient medium.
Human chromosome 10 was consistently retained in these hybrids which lead Jones et al
(1975) to hypothesize the existence of a pro” complementing gene on chromosome 10.

By similar protocols other human chromosomes have been selectively retained in fusion



hybrids such as chromosome 11 by a glycine"CHO cell mutant (Jones et al 1972);
chromosome 21 by an adenine C - hamster mutant (Moore, 1977); chromosome 12
{Law and Kao, 1978); chromosome 9 by a glycine-adenine-thymidine CHO mutant
(Jones et al, 1980); chromosome 14 by an adenine E- CHO cell mutant (Jones et al
1881)); and chromosome X by HPRT- mouse or hamster cells (Migeon and
Miller,1981).  The retention of single human chromosomes in these first hybrids aiso
permitted the assignment of the human complementing gene to that particular
chromosome and this was the beginning of human gene mapping by somatic cell genetics.

Unfortunately, there were not enough complementation schemes available to
selectively retain each of the 24 distinct human chromosomes in seperate hybrids.
Therefore a panel of hybrids containing overlapping sets of human chromosomes were
developed by exploiting the observation that hybrid cells which retained one human
chromosome due to selectiye pressure aiso usually retained others. The standard
protocol for creating hybrids thus became one in which TK- or HPRT" rodent cells were
fused with human cells and the resulting fusion hybrids were selected in HAT medium to
select for the retention of the human X chromosome. The human fusion parent cells were
selectively killed by oubain at 10-6M (a dosage which spares rodent cells), and the
HPRT- or TK" rodent parents by HAT selection. The resulting hybrids were
karyotyped to identify which human chromosomes had been retained.

These hybrids have been the reagents for mapping hundreds of human genetic
markers using the principle of co-segregation. A new marker is mapped by scoring each
member of a panel of hybrids for the presence(+) or absence (-) of a particular
marker and looking for the concordant presence or absence of one human chromosome
across the panel. There are usually discordancies between the +/- pattern of the
marker across the panel and the +/- pattern of every candidate chromosome. These
discordancies arise for two reasons: (1) if two or more chromosomes are always present

together in the same hybrids then it is not possible to discriminate between them, and



(2) if small rearrangements and deletions are missed in the karyotypical
characterization of the hybrids, then markers which are in the deletion or
rearrangement are scored as absent although the chromosome on which that marker
actually resides is apparently present. It has, in addition, been difficult in the past to
identify small human chromosome fragments in hybrids, especially if they become
associated with a rodent chromosome; these go undetected , yet give (+) scores for any
markers which may happen to reside on the fragment. Dissatisfaction with this
ambiguity has created the need for a panel of 24, exhaustively characterized hybrid cells
lines each containing only one intact human chromosome.

In an effort to create such mono-chromosomal human/rodent hybrids both for
gene mapping purposes and as a first step in isolating genes which are known only by
their phenotypes such as tumor suppression (Killary and Fournier, 1984; Ruddle,
1977 ), or HLA expressign (Goodfellow et al 1982) the microcell mediated
chromosome transfer method was developed. In this method, chromosome donor cells are
treated with 0.01 - 0.2 ug/ml colcemid for 48 hours which prevents segregation of
anaphase chromosomes but allows repeated constrictions of the nuclear membrane. This
is followed by a brief exposure to cytochalasin-B, resulting in micronucleation.
Micronuclei are small, membrane bound vesicles budding from the nuclear membrane,
each containing one or a few chromosomes. These 'microcells’ can be selectively
collected by centrifugation and then allowed to fuse with an excess of recipient cells in a
standard PEG fusion protocol to transfer the chromosome(s) contained in the microcell.
With optimum parent cell lines and culture conditions, single donor chromosomes can be
effectivliey transferred to recipient cells via this technique. However, experience with
a variety of donor and recipient cell lines has unfortunately established that most human
cell lines are poor chromosome donors due to their resistance to micronucleation.
Several human chromosomes, rather than one, are usually transferred in these fusion

experiments. By performing a second round of transfers from the primary hybrid to a



new rodent recipient, the human chromosome content can often be reduced (Lugo et al
1687 and Chapter 1).

The. derivation of a monochromosomal hybrid achieves the first step in the
process of directedly isolating a single human chromosomal region. The next step in
reducing the complexity or size of the target chromosome map region is to transfer large
fragments of human chromosomes into rodent cells. Chromosomes may be broken with
irradiation (X and gamma ray), alkylating agents or physicai shearing. Goss and
Harris demonstrated the feasability of this technique by selectively transferring large
fragments generated by gamma irradiation which contained the human HPRT locus into
recipient HPRT- rodent cells(Goss and Harris, 1975). They induced chromosome
breaks in the donor cells with lethal doses of gamma rays and then fused these
immediately to recipient cells for chromosome transfer. The resulting HAT resistant
hybrids were used for finq structure gene mapping of the region surrounding the HPRT
locus. They reasoned that if two markers were far apart on the chromosome they would
frequently be seperated by a break and therefore not co-transferred, whereas if they
were physically close they would rarely be separated by a break and thereby frequently
co-transferred.  The frequency of co-transfer of two markers could be translated into a
physical map distance. Indeed, they derived from these initial experiments the gene
order and relative distances between the selected HPRT locus and the unselected, but
cotransferred, PGK, alpha-galactosidase, and G6PD gene loci on the human X
chromosome. These loci were the first to be mapped relative to one another withou®
genetic linkage information (Goss and Harris, 1977).

Hybrids which have deleted portions of human chromosomes can also be obtained
by selecting for ioss of a marker. A cell surface antigen (Sa4), whose genetic
determinant resides on human chromosome 11, has been used very successfully in this
way. The J1 hybrid, which retains a single human chromosome 11 to complement the

gly- mutation of its CHO parent cell, was treated with low doses of chromosome breaking



agents. Mutagenized cells were then incubated with Sas.specific antisera plus cytotoxic
complement. Only cells which had deleted the Say locus on chromosome 11 were able to
survive complement mediated cell killing; however,to avoid loss of the entire
chromosome , survivors were cultured in gly- media. A series of hybrids carrying a
range of deletions of 11p surrounding the Say antigen-determining gene were derived in
this way from J1 (Kao et al 1977; Jones and Kao, 1978). These hybrids, pius others
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structure map of this region. In particular, a region containing the susceptibility to
Wilm's tumor gene has been narrowly defined by such physical mapping (Glaser 1986).

Hybrids containing segments of human chromosomes have also been made by
metaphase chromosome transfer (McBride and Ozer, 1973; Miller and Ruddle, 1978;
Klobutcher and Ruddle 1979; Olsen et al 1981; Pritchard and Goodfellow, 1987, 1986:
Lugo and Baker, 1983). This method is a derivative of the CaPQ4 mediated gene
transfer method. Preparations of metaphase chromosomes replace purified DNA in the
CaPOg4 precipitate which is overlayed on recipient cells. Crude preparations of highly
condensed metaphase chromosomes are co-precipitated with Ca++ and PO4 onto recipient
cells. The method is otherwise exactly as for DNA‘mediated gene transfer. However, the
frequency of chromosome transfer is drders of magnitude lower than gene transfer.
Although the CaPOgyprecipitate probably contains whole chromosomes, these are never
transferred intact. because the cellular mechanisms for receiving and incorporating
excgenous DNA result in their fragmentation. By capitalizing on these recombination
processes, interspecies hybrids are created by the incorporation of large fragments of
human chromosomes into the transferent genome.

Although metaphase chromosome transfer may produce more rearrangements
than the gamma irradiation technique of Goss and Harris, fine structure mapping has
been elegantly procured using these hybrids as well. For example,Weiss et ai (1984)

used surface antigens to select for a chromosome fragment of interest - the H-2
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histocompatability gene region in the mouse. Mouse chromosomes previously marked
with the dominant selectable marker, neo, were used as donors in metaphase
chromoscme transfers to recipient hamster cells. Transferents which had received the
neo selectable marker were then incubated with H-2 specific antisera and secondary
antibodies tagged with fluorescent reporter molecules. Transferents which had also
received the H-2 marker bound H-2 specific antisera and were thereby selectively
sorted by FACS analysis (fluoresence activated cell sorter) A series of these
transferents were analyzed for the presence of neo and for each of the cloned H-2 family
of genes. From the frequencies with which each H-2 gene was co-transferred into
transferents with the introduced neo marker, it was possible to derive a map ordering
these genes relative to the neo marker and to each other on mouse chromosome 17.

The Weiss experiments are another example of the elegant use of surface antigens
in somatic cell genetics. Their genetic determinants can be selected for or against.
Human surface antigens are often very species specific which make them useful for
selecting interspecies hybrids against a background of rodent parental cells. If the
antisera raised against the antigen has a s'ufficiently high avidity and expression of the
antigen on the cell surface is sufficiently ubiquitous, the antigen can be used to select by
FACS analysis cells which represent a very small percentage of a mass population. Many
surface antigens have now been identified with monoclonal antibodies and their
respective genes mapped to specific human chromsomes (Rettig et al 1984), making
these a promising tool for future somatic cell genetics.

Thus, several methods Vexist for selectively retaining portions of human
chromosomes in interspecies hybrids. However, all of the techniques outlined above for
transferring intact or large segments of chromosomes are limited by the availability of
transferrable, selectable markers. Endogenous markers such as HPRT or ade C require
the development of parailel mutant recipient cell lines and there are too few such

markers which are amenable to selection to be able to transfer and study most regions of
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the genome. Surface antigen markers are highly useful as outlined above, but again their
genetic determinants are in limited regions of the human genome. Thus the development
of vectors which could efficiently introduce dominant selectable markers into recipient
cells (Mulligan and Berg 1980; Mann et al 1985 ) was quickly exploited for use in
metaphase chromosome transfer (Weis et al 1984; Nelson et al 1984; Pritchard and
Goodfellow, 1986) and for microcell mediated chromosome transfer (Saxon et al 1¢85;
Athwai et al 1985; Lugo et al 1987 and Chapter ).

The first selectable markers were carried by plasmids which contained the
selectable marker gene adjacent to SV40 eukaryotic promoter sequences (Mulligan and
Berg,1980; Southern and Berg 1982). In the first uses of these markers for somatic
cell genetics, these plasmids were inserted into human chromosomes by transfecting
human cells which could subsequently be used as chromosome donors in the formation of
hybrids. Although this protocol did produce the first hybrids containing introduced
selectable markers, it was limited by the low transfection efficiency of most donor
human cell lines. In addition, analysis of the integration site in hybrids was complicated
by the frequent introduction of tandem, scrambled copies of the plasmid. Moreover, the
recombination mechanism which permits integration of transfected DNA into host
chromosomes promotes chromosome breakage and rearrangement (Capecchi et al 1980;
Wigler et al, 1978; Calos et al 1983; Wake et al 1984; Miller and Temin 1983 and
Nelson, D.L., PhD thesis). Remedies to these problems were found in the construction of
murine retroviral vectors which could introduce selectable markers via the native
retroviral infectious lifecycle.

Retroviral vectors circumvent the limitations of transfection as the method for
introducing a marker by instead expliting the efficient infectious entry of retroviruses
into their host cells. Infection is efficient in part because penetration of target cells is
mediated by host cell surface receptors. Specificity for and binding to receptors is

promoted by the presence of viral gp70 (envelope) protein on virion membranes.
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gp70 also determines the tropism of these viruses as ecotropic (infect only mouse
cells), xenotropic (infect only non-mouse ceils), and amphotropic (infect cells from a
wide variety of species including human). The only mammalian cells which cannot be
infected by murine retorviruses are from hamster - a fact which has obvicus relevence
for somatic cell genetics as will be noted in Chapter 1.

Experiments which demonstrated this determinance of gp70 utilized virions
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which had cor
containing gp70 of another tropism (Rein 1982). As described below, such
'mseudotyping' is regularly used in the manipulation of engineered retroviral vectors to
control their host range . Pseudotyping experiments also revealed that after infection,
retroviruses direct the synthesis of gp70 which is processed to the cell membrane
where it occupied its own specific cell surface receptors. Superinfection by secondary
viruses of the same tropisgn was thus blocked. If the host cell has two types of
receptors, eg. ecotropic and amphotropic, superinfection by virions of the second
tropism was still possible. However, since it was sometimes desirable to be able to
introduce several retroviral vectors carrying dominant selectable markers into cells
having only one type of receptor, this presented an experimental problem which was
addressed in the development of later generations of retroviral vectors (see below).
Clearly retroviral vectors have become one of the most useful tools of molecular and
somatic cell genetics. The interaction of these virus particles with their host receptors
is a critical limiting step in experimental manipulations of these gene transfer vehicles
and so in Chapter 6 some initial experiments to study the host cell receptors and their
genetic determinants are described.

Early generations of engineered retrovirus vectors (MSV-neo and MSV-gpt)
were constructions derived from cloned proviral Moloney sarcoma virus (MSV)
sequences. Virtually all of the'provirus was left intact and the selectable markers neo or

gpt (Mulligan and Berg, 1980; Southern and Berg, 1982) were simple additions to the
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native provirus genome. The plasmid construction was transfected into virus producing
cells where it integrated into host chromosomes. Expression of the integrated MSV(gpt)
or (neo} genome was promoted by sequences present in the long terminal repeat (LTR)
sequence. Spliced messenger RNAs which directed the production of all necessary viral
proteins plus full length mRNA transcripts of the entire viral genome provided all the
components which were necessary to produce infectious viral particles containing the
engineered viral construct. Virus particles shed into the culture medium of transfected
cells were harvested and used to infect other cells; transmission of the selectable
marker by infection was demonstrated by the aquisition of resistance to the antibiotic
analogue G418 in the case of MSV(neo) or by the ability to grow in HAT medium in the
case of MSV(gpt). Titers of 108 virus particles per ml of culture media were routinely
achieved by this protocol, a characteristic which makes these vectors attractive gene
transfer vehicles.

However, as David Nelson (PhD thesis, 1984) soon discovered, the drawback to
the MSV(neo) constructs for chromosome transfer experiments was that the infected
human cells which were used as chromosome donors were also producing infectious
virus. During chromosome transfer, then, recipient cells could acquire drug resistance
either by receiving a chromosome containing the integrated marker (desirable) or by
infection (undesirable). The production of infectious virus by human cells also
presented an obvious laboratory safety hazard.

Second generation vectors developed by Mann et al (1985) circumvented this
problem by deleting 351 base pairs from a cloned proviral Moloney murine leukemia
virus (M-MuLV). Such vectors, when transfected into NIH 3T3 cells, were shown to be
defective in virus production due to the lack of a sequence () required for packaging
viral RNA into infectious particles. However, when this vector was co-transfected with
another construct (pMSV-gpt) containing the y sequence but lacking all other essential

viral genes, the - vector could provide all the gene products in trans which were
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necessary for MSV-gpt virus production. Supernatants from co-transfected cells thus
produced infectious particles containing MSV-gpt RNAs but not RNAs from the -
provirus. Most importantly, when these supernatents were used to infect new cells, the
defective MSV-gpt viruses could integrate into host chromosomes but could not direct

the production of new virus. These results indicated that any retroviral construct

containing only the y sequence and the LTR sequences required for full length mRNA

transcription could be transmitted as a defective virus after being transfected into NIH
cells containing the Wy~ vector (y-2 cell line). A second NIH-derived cell line carrying

a Y- vector which encodes amphotropic gp70 protein was also developed. The use of both
these virus 'packaging lines' to generate ecotropic and amphotropic virus vectors is
described in Chapters 1 and 5 .

Finally, third generation vectors developed by Cepko et al (1984) addressed the
problem of how to identify and analyze the integration site of a retroviral vector. By
including the origin of replication sequences from SV40 virus (SV40-ori} and similar
sequences from pBR322 plasmid in their SVX(neo) constructs they were able to
specifically retrieve and clone the integrated provirus plus host flanking sequences. SVX
infected cells were fused with CV-1 cells carrying a defective SV40 virus which
constitutively expresses SV40 T-antigen but which lacks the SV40-ori (COS 7 cells).
In fused cells T-antigen repeatedly induced replication from the SV40-ori in integrated
copies of SVX, thereby producing an 'onion skin' of many newly replicated strands
(Conrad et al 1982). By homologous recombination, usually between the two SVX LTRs,
but sometimes between host flanking sequences, circular molecules were produced.
These plasmids were harvested by the method of Hirt (1967) and used to transform
E.Coli which were then selected by growth on kanamycin (analogue of neomycin).
Although this method for rescuing proviruses is simple and efficient, it is difficult to
obtain sufficient lengths of flanking sequence which reliably contain single copy

sequences suitable for mapping. We illustrate this in Chapter 3, and in Chapter 4
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describe the development of improved vectors for mapping integration sites.

In principle, a dominant selectable marker can be introduced into any region of
any genome of interest, thereby making that region selectively transferable. The co-
transfer of the surrounding region may provide fine structure mapping information
(Weis et al 1984) or provide the reagent for a library of molecular clones which,
relative to a total human genomic library is many times enriched for markers from the
specific transferred region {Chapter 3). Directed and selective transfer of a whole
chromosomal region may also be useful for studying the expression of transferred genes
which are too large to be transferred intact by standard CaPOQOg4 gene transfer techniques
and/or which must remain under the control mechanisms determined by their native
chromosome/chromatin structure (Gros et at, 1986).

Which regions of the human genome are of interest then? Certainly, just as the
study of human genetics pegan with the hypothesis by Garrod (1902) that
phenylketonuria was a metabolic disease which was inherited, rather than aquired, so
still today human genetic disease remains a major focus for the discipline. As predicted
by Botstein et al (1980) and reviewed by Wexler et al (1982), the ability to generate
large numbers of single copy markers from randomly isolated human DNA sequences
(Gusella et al 1980, Wyman and White 1980; Nakamura et al 1987) has made it
possible to map a number of human single gene defects to a specific chromosome via
family studies. Huntington's disease (Gusella et al, 1983); polycystic kidney disease
(Reeders et al 1985); cystic fibrosis (Knowlton et al 1985, White et al 1985,)
Alzheimer's disease ( St. George-Hyslop et al, 1987 : Tanzi et al, 1987,); manic
depressive disease (Egeland et al 1987) and neurofibromatosis (Barker et al, 1987;
Seizinger et al 1987) have ali been mapped by this method within the last four years.
The rate limiting technical step toward mapping these loci has been the difficulty in
identifying enough sufficiently polymorphic loci for use in linkage analysis. However,

Nakamura et al have recently demonstrated that new, highly polymorphic loci can be
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readily isolated from phage or cosmid libraries by screening with repeat sequences
which are known to be the basis for complex polymorphisms at other loci (Nakamura
1987). Therefore, the localization of disease genes éan be expected to accelerate in the
near future although the most difficult first steps of identifying, characterizing and
sampling multi-generational families which are transmitting the disease remain the
most time consuming. Once a disease gene has been mapped to a specific chromosome,
then all the techniques for focuéing on a specific region outlined above become useful for
identifying additional closely linked markers and for finding the disease gene itself. Of
course, since few of the disease loci and their linked markers provide selectable
markers, the ability to insert a dominant selectable marker in the general region or to
fortuitously associate the region with a selectable marker by translocation (Wasmuth
et al 1986) becomes extremely advantageous.

We have attempted to recapitulate the historical progress of somatic cell
genetics in a contemporary time scale on a model system . For a model, we chose to
contribute to the large collaborative effort directed at cloning the Huntington's disease
(HD) gene by attempting to insert a dominant selectable marker in the region
surrounding the HD gene; this would, in turn, enable us to selectively isolate this region
in a somatic cell hybrid. We chose this model disease locus because mapping and cloning
the HD gene presented challenges which could be particularly well addressed with
somatic cell genetics.

Huntington's disease (HD) was so named for George Huntington who gave such a
thorough and accurate description of this disease in 1872 that, although the condition
had been previously described, this disease of the central nervous system has been
associated with him since. The disease is characterized by the appearance of
progressive choreic movements and dementia, usually late in life. The choreic
movements in HD are characteristically "aimless, forceful and complicated” movements

(Bell 1834), which include facial grimacing and twisting or jerking of the trunk and
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limbs. These increase in severity and rigidity with age, often appearing truly grotesque
in final stages. The neuropathological, pharmacological, biochemical and physiological
bases of these symptoms remain largely obscure so that HD can still only best be
described as a relentless, "genetically programmed cell death in the human central
nervous system". (Martin 1982).

Although there is considerable variability in the age of onset of the disease,
making determination of gene carriers difficult, an autosomal dominant mode of
inheritance has been clearly defined for HD (Reed and Chandler, 1958; Elston et al
1980). One of the most tragic aspects of the disease is that because the age of onset is
typically between 35 and 45 years of age, gene carriers are not detected until after
childbearing, thus formally placing all of their offspring at 50% risk for HD. There is
no sexual bias in the expression of the disease; however, there is a significant
prevalence of juvenile agq-of-onset cases among offspring of male gene carriers
(Farrer et al 1984; Merritt et al,1969; Jones and PHillips 1970; Myers et al 1983).
Indeed, the mean age of onset in all offspring of affected males is 3.5 years earlier than
in offspring of affected females, suggesting that this phenomenon is not even confined to
the juvenile form of HD. Hypotheses suggesting some maternal protective factor present
either in the cytoplasm of the fertilized egg which has lasting effects on the developing
fetus or in a maternally transmitted mitochondrial gene are the most likely explanations
for this observation, but no exberimental evidence exists to support either.

The search for the Huntington's disease gene has become the paradigm for
identifying human disease genes of unknown biochemical or physiclogical function.  In
the late 1970's, after the development of strategies for selectively isolating random
human clones from genomic DNA libraries by Gusella et al (1980), the idea arose that it
should be possible to identify sufficient numbers of random genetic markers using this
strategy to be able to establish genetic linkage between one such marker and a well

defined genetic disease like HD. There were three requirements for the feasabiliy of
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such a project: (1) the disease must be transmitted as a single gene defect with a clearly
defined clinical phenotype; (2) a large pedigree including multiple generations of
multiple affected individuals must be well characterized and sampled; and (3) a protocol
for isolating random DNA markers which demonstrate sufficient polymorphism to be
useful in linkage analysis must be available. Upon the rediscovery in 1882 of an
enormous pedigree in Venezuela including 7,000 individuals among whom over 100
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were living symptomatic individuals and aimost 300 of w
all three of these requirements were met and a presumed long search for a marker
linked to HD was underway. However it was among the first 12 random markers which
were tested in 1983 for linkage to HD that the G8 marker was found to be linked at a
recombination distance of 10 cM with a cumulative LOD score of 8.53. The G8 marker
could be assigned to human chromosome 4 by somatic cell hybrid mapping panel analysis
and so, by inference, coulg{ the HD locus.

Rapid initial success has been followed by less serendipitous, yet steady,
progress toward identifying the HD gene. A large collaborative project was conceived in
1983 and has been working since to share technologies and labor to progress from a
single linked marker and a chromosome assignment to cloning the disease gene. The first
goal was to identify bracketing markers which would define a limited region of
chromosome 4 to be searched for the disease gene. The experiments described in this
thesis are part of that collaborative agreement project and the results described below
have been reported at yearly meetings of the participants. Most of the results are
currently in press or in preparation for press and are reported here by agreement of
the participants.

The most pertinent data for the development of this thesis was the chromosome
localization by in situ hybridization of the G8 (R4S10) probe to 4p16 (Zabel et al
1986, Landegnet et al, 1986; Magenis et al 1386 and Wang et al 1986). These in situ

results presented conflicting subband assignments to either 4p16.1 or 4p16.3, but
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these have recently been resolved through the careful analysis of a series of somatic cell
hybrids containing chromosomes 4 with terminal and interstitial deletions of 4p
(McDonald, in press). These latter results place D4S10 in 4p16.3, the most terminal
subband of chromosome 4.

Concomitantly, several hundred random clones have been isolated from a
chromosome 4 flow sorted library (Gilliam et al 1987a) and more recently from a
somatic cell hybrid carrying a 4p/5p translocation chiomosome (Wasmuth et al1986 ).
The goal has been to identify a marker which maps to the opposite side of the HD locus
from D4S10 - a so called flanking marker. To this end, these clones have been mapped
to regions of chromosme 4 and some, which are polymorphic, have been tested for
linkage with HD. Only two clones from these sources have been shown to be located in
4p15-16 or to be linked to HD. The closer probe, called C4H, is a 3 kb fragment which
has been limitedly informa}ive due to infrequent polymorphisms detected by the probe,
resulting in only 15% average heterozygosity in a sampled population. At 4 cM, C4H is
closer to HD than D4S10 and, based on the observation of one crossover event between
D4S10 and HD which did not also include recombination between HD and C4H, C4H may
be a flanking marker. However, more rigorous evidence from a larger number of
informative meioses will be required to make this definitive statement; such data are not
yet available.

A second marker, D4S62, is an anonymous DNA locus detected by the monkey
probe p8, a unique DNA sequence found in association with satellite DNA (Thayer,

1987). Polymorphisms detected by this probe and a third probe, RAF2 (Bonner et al
1985) which represents a processed psuedogene of the raf proto-oncogene, have
provided sufficient linkage data for establishing their linkage relationships to HD and
D4S10. The gene order relative to the centromere is RAF2-D4562-D4510-HD-
telomere. (Gilliam et al 1987b).

Thus, four years have been spent to establish finally that the HD gene resides
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near the telomere of chromosome 4. Very few DNA clones have been isolated from this
region despite the retrieval of several hundred clones from several chromosome 4-
specific libaries; in particular, no flanking marker has yet been identified. The regions
surrounding D4S10 and C4H are now being avidly mapped by pulsed field gel
electrophoresis in the hope of mapping the HD gene in the process. However, questions
remain as to how to recognize the HD gens and how to study its function in vitro if and
when it is cloned.

We reasoned that the introduction of a dominant selectable marker in the HD
region of chromosome 4 would create two important opportunities for mapping and
studying the HD gene. First, hybrids could be constructed containing only the introduced
marker and small fragments surrounding it; libraries made from such hybrids would be
highly enriched sources of clones linked to and including the HD gene. Secondly, by
association with the selectable marker, the entire HD gene including any near or distant
control elements could be selectively transferred into cultured neuronal cells to study
its in vitro effects.

These particular challenges are not presented by other human genetic diseases
which have been mapped by exploiting their cytogenetic or biochemical abnormalities.
Duchenne Muscular Dystrophy, for example, is an X-linked dislease affecting about 1 in
3000 males. In rare cases, daughters of carrier females may also inherit the disease.
Indeed, it was by analyzing these rare patients that the DMD gene was first mapped to
Xp21. Cytogenetic analysis revealed the presence of an X/autosome tranlocation in the
peripheral lymphocytes of these patients which led Murray et al (1982) to hypothesize
that if the DMD gene resided at the X/autosome breakpoint, then the franslocation
breakpoint would have disrupted this second copy of the DMD gene, thereby causing these
females to be affected by the disease. The translocation thus mapped the DMD gene
unequivocally to the Xp21 breakpoint and provided a focus for future attempts to clone

the gene or closely linked markers.
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For example, Worton and colleagues noted that the X/autosome breakpoints also
interrupted the ribosomal gene cluster on chromosome 21 (Worton et , 1984; Ray et al
1885). Because this region had previously been cloned and fine structure mapped,
they reasoned that it would be possible to molecularly "walk" across the breakpoint into
the DMD gene starting from a cloned ribosomal gene. By isolating a contiguous set of
cosmid clones they were, in fact, successful at identifying a cosmid containing the
1 and the X. The fragment from the X
chromosome (XJ) was subsequently shown to be part of a DMD candidate gene.

A concurrent approach taken by Kunkel et al (1985) also exploited a cytogenetic
defect. The X chromosome of a rare patient affected with several diseases - DMD, chronic
granulomatous disease, retinitis pigmentosa and McLeod syndrome - contained an
interstitial deletion in Xp21. Kunkel et al developed a novel method for dramatically and
selectively enriching a phe}ge library for sequences missing in the deletion X
chromosome and were successful in isolating a fragment called pERT87 which detected
deletions in about 5% of classical DMD patients. This clone and the Worton clone, XJ,
also show tight linkage to DMD in family studies (Monaco et al 1985). Further detailed
mapping and sequencing around these initial clones has defined a putative DMD gene
which covers more than 1000 kb of genomic DNA and codes for a 16 kb message
(Monaco et al1986 and Doenig et al 1987).

DMD is a dramatic example of how chromosomal deletions and translocations can
be used to directly target the search for a disease gene. Similarly, the loci determining
inherited susceptibility to the childhood cancers, retinoblastoma (Cavanee 1984) and
Wilm's tumor (Fearon et al 1984; Glaser et al 1986), were also mapped by their
association with 'cytologicany detectable deletions. Creative use of these physical
genetic markers can result in direct cloning of their associated disease genes; a
candidate for the retinoblastoma susceptibility gene has already been identified on the

basis of its chromosomal location and homozygous deletion in tumor DNA (Friend et al
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1986 and Lee et al 1987).

The biochemical bases for some inherited diseases such as sickle cell anemia, the
alpha and beta-thalassemias, Lesch-Nyhan syndrome, analbuminemia (persistance of
alpha-fetoprotein), familial hypercholesterolemia, the collagen disorders,
phenylketonuria (PKU), ornithine transcarbamylase deficiency and other metabolic
disorders have been known for decades. Detailed information about the biochemical
pathways and specific protein products invoived in the etiology of these diseases now
provides the tools for designing schemes to directly isolate the relevant genes or cDNA
representatives. For example, Brown and Goldstein's classic study of the feedback
inhibition pathway for cholesterol synthesis was the basis for identifying and cloning the
gene causing familial hypercholesterolemia (FH). By studying the overproduction of
cholesterol in cells taken from patients with FH, they were able to determine the
normal negative feedback ;control mechanism for cholesterol synthesis. (Goldstein and
Brown, 1973) Their observation that these FH mutant cells lacked cell surface
receptors which bind feedback control molecules ( LDL) established the LDL receptor
gene as a clear candidate for being the FH disease gene. The gene coding for LDL
receptors has since been cloned and polymorphisms flanking the gene have demonstrated
complete co-transmission with FH (reviewed in Goldstein et al, 1985).

In the absence of either a cytogenetic or biochemical marker around which to
design a scheme for mapping and cloning a disease gene, systematic and efficient methods
for narrowing the chromosomal region which must be searched become highly desirable.
The experiments described in this thesis demonstrate the challenge, yet feasibiliy, of
selectively isolating a chromosome region which contains a human disease gene, given

only one linked genetic marker as a starting point for that goal.



23

GENERAL MATERIALS AND METHODS

Mini-preps of plasmid DNAs were prepared from 1.5 ml of an overnight culture
by resuspencing peileted bacteria in 0.5 mi resuspension buffer (50 mM TRIS, pH 7.5;
10 mM EDTA; 15% sucrose; and 1 mg/ml lysozyme added just before use) and pre-
incubating at room temperature for 5 min. 5 pl of diethylpyrocarbonate (DEPC) were
added, followed by vortexing and then 10 pl of 10% SDS was added, again followed by

vortexing. Finally, 50 [l of 5M potassium acetate (pH 5) was added, and the mixed

solutions were incubated on ice for 30 minutes. Plasmid DNA was recovered by
centrifugating samples in an Eppendorf centrifuge for 25 minutes at 4° C to pellet
debris and precipitating DNA from the supernatents with 0.7 ml of absolute ethanol at
room temperature. DNA was pelleted by centrifugation in Eppendorf centrifuge for 10
minutes at room temperature and the pellets were resuspended in 20-35 [l TE (10mM
TRIS, pH 7.5; 1mM EDTA). Before use in restriction digests, samples were treated with
RNAse at 20 pg/ml final concentration.

Large quantities of plasmid DNA were isolated from 1 liter cultures (in Luria
Broth) by resuspending in 9 mi total volume of 25% sucrose, 50mM TRIS (pH 7.5)
plus 1 ml of 10 mg/ml lysozyme (in 0.25 M TRIS, pH 7.5). The resuspended bacteria
were left on ice for 5 minutes. 1.8 ml 0.5 M EDTA was added and incubation on ice was
continued for 5 more minutes. 14.5 ml Triton X100 solution (0.2% Triton X100; 100
mM EDTA; 50 mM TRIS, pH 7.5) was added and lysis left to occur on ice for 15 minutes.
Cell debris was removed by centrifugation in Oakridge tubes in a Sorvall SS34 rotor for
40 minutes at 18,000 rpm at 4° C. Plasmid DNA was purified directly by making the

supernatent up to 32 ml with TE and adding 30.24 g CsCl plus 3 ml of 10 mg/mi
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ethidium bromide. Plasmid DNA bands were pulled after centrifugation in a Beckman VTi

50 rotor for >20 hours at 45,000 rpm.

Genomic DNA was isolated from cultured fibroblasts by removing the culture
media from confluent 15 cm tissue culture plates and replacing rinsed cells with 10 ml
lysis buffer (10mM TRIS, pH8.0; 10mM EDTA, 10mM NaCl, 0.5% SDS, 50 pg/mi
proieinase K added just before use) and incubated at 37° C overnight. After scraping the
lysed cells into a 50 ml conical tube (Falcon polypropylene), the proteins were
removed by extraction one time with phenol, followed by phenol/chloroform and then
chloroform. These extractions were performed by slow rotation for several hours each.
High molecular weight DNA was retrieved by precipitation with 0.6 volumes isopropanol

and spooling out strands.

Phage DNA was prepared by inoculating 1 liter of NZYM media (10 gr NZ amines;
5 gr Difco yeast extract; 5 gr NaCl; 2.5 gr MgSOg4 per liter) with 0.3 ml phage plate
lysate pre-absorbed to 0.3 ml overnight culture of LE392 grown in 0.2% maltose. The
cultures were incubated with vigorous shaking at 37° C for 8-10 hours until complete
lysis was observed. 3 ml of chloroform was then added and the culture incubated with
shaking a further 30 minutes. Bacterial cell debris was removed by centrifugation in a
Sorval GSA rotor at 9k rpm for 20 minutes and the supernatents were filtered through
cheesecloth into 60 g NaCl and 70 g polyethylene glycol (MW 8000) per liter. The PEG
solutions were stirred slowly at 4° C overnight and the phage/PEG complexes collected
by centrifugation in a Sorval GSA rotor for 45 minutes at 4° C at 9000 rpm. The pellets
were resuspended in 10 ml SM (see Maniatis Molecular Cloning Manual) plus 7.5 g CsCl
and phage particles were banded in quickseal tubes by centrifugation in Beckman Type
65 rotor at 45k rpm, 20° C for > 20 hours. DNA was purified from particles after

dialyzing against SM by extracting 2X with phenol and 2X with chloroform followed by
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precipitation with ethanol. High molecular weight DNA was hooked out of ethanol, rinsed

in 70% ethanol and dissolved in TE.

10 g of genomic DNA was digested with restriction enzymes as per
manufacturers directions, precipitated with ethanol and resuspended in 10-30 ul TE.
Samples were size separated by electrophoresis through 1% agarose {(SeaKem) in 1X
TAE (as per Maniatis MCM) for 12-18 hours at 20 volts.  Southern blotting was
performed as described (Southern 1975) after transfer to Zetabind nylon membranes.
Hybridizations were performed in 50% formamide, 1M NaCl, 1X Denhardt's (see
Maniatis MCM), 0.05% SDS, 0.5M TRIS (pH 7.5), and 4% dextran sulphate at 42° C
for 36 hours. Stringent wa;.hes were performed at 58-60° C in 1X SSC (20X SSC, see
MCM). Autoradiography was done using Kodak XAR X-ray film with Lightening Plus

intensifying screens at -70° C.

Radiolabeled DNA for use as probes were prepared by first isolating specific
sequences from plasmid or phage vectors via restriction digestion followed by gel
electrophoresis and purifying the relevant fragments out of agarose by the Nal glass bead
procedure (Vogelstein and Gillespie 1979).  32P-dCTP (New England Nuclear #013
H)-labeled probe was then prepared by the random primer method using the large
Klenow fragment of polymerase | (Feinberg and Vogelstein 1983). Unincorporated
nucleotides were removed by spin column dialysis over a 1 ml column of Sepharose-

CL/6B equilibrated in 1X STE (10X STE = 10 mM TRIS, pH 8.0; 100mM NaCl; 1 mM

EDTA).
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INTRODUCTION
CHAPTER1

Weis et al (1984) demonstrated that it was possible to directly isolate a sub-

chromosomal region containing a dominant selectable marker if the region aiready
contained another selectable marker such as the murine surface antigen H-2. A pooled
population of neo-infected mouse cells were used as donors in metaphase chromosome
transfers to hamster recipient cells. The transferents were selected in G-418 and drug
resistant transferents were then sorted for H-2 antigen expression by FACS analysis.
Those rare transferent cells which were both G418 resistant and antigen positive were
further analyzed to demonstrate that both markers had been co-transferred on one
contiguous fragment - i.e. that the neo marker had integrated near to the H-2 region.

This direct protocol which selects for the co-transfer of two syntenic markers
(one endogenous and one introduced) is limited by the lack of markers like H-2 in all
target chromosomal regions. For example, there is no such known marker in the region
of the Huntington's Disease gene on human chromosomek4 . Therefore, we chose to
attempt to insert a dominant selectable marker in the HD region by a several step
process; first we would attempt to insert a dominant selectable marker into any region
of chromosome 4 and use the marker to select a microcell hybrid containing only that
one human chromosome. This chapter describes the cell hybridization experiments
which created this and other hybrids as well as the experiments which were done to
characterize each of these cell lines.

Dominant selectable markers can be introduced into cultured cellé by the
mechanical methods of CaPO4-mediated gene transfer (Graham and van der Eb 1973),
microinjection (Mueller et al 1978) or by the biological method of retrovirus infection

{(Mann et al 1983). Selectable markers have been successfully introduced into human
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chromosomes by transfecting human cells with plasmids containing gpt or neoc markers
and these marked chromosomes have then been transferred via microcell mediated
chromosome transfer to create monochromosomal hybrids (Saxon 1985: Athwal 1985a
and b, Schultz 1987 and Tunnacliffe 1983). However, insertion of a marker by
retroviral infection is the method of choice for three reasons: 1) many human diploid
cell lines are inefficiently transformed by any of the mechanicai methods of gene
transfer; 2} transformants often. contain more than one copy of the piasmid; and 3}
integration of plasmids may induce chromosome breaks. Therefore, the population of
marked human chromosomes which were the beginning reagent for this project were
established by infecting diploid human fibroblasts with amphotropic SV(X)-neo
retroviruses.

Microcell mediated chromosome transfer of these marked human chromosomes
into mouse NIH 3T6 celis produced a large population of hybrid G418R clones, of which
only 1 in 25-50 would be expected to contain a chromosome 4. Searching for those
hybrids of interest presents a challenge. If there were a surface antigen anywhere on
the chromosme 4 and if it were expressed in the hybrid cell but not in the recipient
parent cell, then the presence of the antigen could be used to differentiate hybrids
containing that chromosome from those that did not. Cell surface antigens coded for by
genes on chromosomes 11 (Jones and Kao 1978) and Y (Pritchard and Goodfellow1986)
have been elegantly used to isolate hybrids containing these chromosomes. There is one
surface antigen which has been mapped to chromosome 4 but this marker is expressed
only in lymphocytes (Peters et al 1984) and is therefore unsuitable for selecting
fibroblast hybrids.

Hybrids containing specific chromosomes could also be selected by
complementation of an auxotrophic mutation in the rodent fusion partner with a human
gene on the chromosome of interest. However, as discussed previously, many human

chromosomes cannot be selected this way in the absence of a sufficient number and
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variety of mutant rodent partners. The ade C- CHO mutant can be complemented by a
gene on human chromosome 4, but initial experiments using this cell line as a fusion
partner to select for chromosome 4 revealed an unexpected and problematic
characteristic: these CHO cells spontaneously break exogenous chromosomes and retain
only very small, non-contiguous and unrelated fragments. (McDonald, M. unpublished)

Since it was not possible to utilize either of the more elegant methods of
complementation or surface antigen selection, the methods which remain for
characterizing the chromosome content of interspecies hybrids are isozyme analysis,
DNA marker analysis and karyotyping. lsozymes are variant forms of enzymes; the
variants can be detected by inéreased or decreased activity, by thermostability, by
antigenicity or most commonly by electrophoretic mobility and isoelectric point.
Isoforms which have been separated in starch or acrylamide gels by electrophoresis or
isoelectric point can be stgined in situ for activity. Fortunately, many enzymes have
different isoforms in rodent vs human cells so that the human form can be discriminated
in a hybrid cell. Multiple isozymes have been mapped to each of the human chromosomes
so that there is a convenient marker for any chromosome of interest. Many cell lysate
samples can be loaded on one electrophoresis gel so that a large number of hybrid cells
can be screened for each isozyme quite easily. Although the presence of one marker from
a particular chromosome does not verify the presence of the entire chromosome, this is
a satisfactory initial screen for chromosomes of interest.

The number of isozyme markers which had been developed and mapped to human
chromosomes from the 1950's to 1977 was quickly surpassed in the explosion of
technology which permitted the rapid isolation, characterization and mapping of cloned
genes and random DNA fragments. The human genome is being saturated with DNA
markers distributed every few centimorgans so that a battery of markers are now
available for detecting any chromosome. If the human marker cross-hybridizes with

rodent sequences in a DNA sample from a hybrid dell, these are usually on different size
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restriction fragments and can therefore be distinguished. Indeed, when the human
fragment is being scored as absent, the presence of the endogenous rodent fragment acts
as an internal positive control for hybridization. We have used a variety. of DNA
markers to verify the chromosome content of the hybrids described in this chapter.

Perhaps more useful than DNA markers which detect single copy sequences are
those which detect a related family of sequances. For example, the arginosuccinate
synthetase gene is part of a family of gsnes, both functionai and non-functionai (pseudo)
copies. Its cDNA hybridizes to 18 Eco RI fragments in human genomic DNA which
correspond to a minimum of 11 argininosuccinate synthetase-related sequences in the
human genome. Fifteen Eco Rl fragments have been assigned to single human
chromosomes and three fragments to one of two human chromosomes (Beaudet 1982).
Thus, the presence or absence of particular AS-hybridizing fragments in genomic DNA
from somatic cell hybrids ipdicates the presence or absence of 10 distinct human
chromosomes. Thus with one hybridization experiment 10 chromosomes can be either
included or excluded from the list of possible chromosomes in a new hybrid. We used
the pAS probe for this purpose to verify the chromosome content of the microcell
hybrids generated in this project. When the multiple fragments detected by the ¢cDNA for
actin {Soriano et al 1982) or other representatives of gene families are similarly
individually mapped it will be possible to characterize hybrids with just a few such
probes.

An equally important method for characterizing hybrids is by visualizing the
chromosomes directly. Human chromosomes can be quickly distinguished from rodent
chromosomes by G-11 staining which stains human chromosomes blue and rodent pink
(Friend et al 1976). However, this technique does not identify which human
chromosomes in particular are present. Metaphase or interphase chromosomes can be
individually identified after staining by quinacrine mustard (Caspersson et al 1970),

Giemsa (Sumner et al 1971, Patil et al 1971, Drets and Shaw1971) and modifications
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using trypsin (Seabright 1871; Wang and Fedoroff 1972}, or chromomycin
counterstained with distamycin (Donlon et al1983). Careful karyotyping defines quite
accurately which intact human chromosomes are present and also detects gross
rearrangements. The R-band staining method of Donlon (1983) was used to
characterize the hybrids described in this chapter.

Combined isozyme and karyoiogical analyses provide a relatively compiete
description of the human genetic content in interspecies hybrids. However, the process
of cell hybridization itself and the subsequent selection for growth in culture probably
promote chromosome breakage and recombination resulting in human chromosome
fragments which may be unidentifiable by isozyme or cytogenetic analysis. Small
fragments which have become associated through translocation with a host rodent
chromosome are particularly difficult to detect even with the species discrimination
visualized with G-11 stai[ﬁng.. However, in situ hybridization with either radiolabeled
or non-isotopically tagged DNA fragments containing human reiterated sequences such as
the Alu family is a very sensitive method for specifically visualizing human chromosome
fragments. In this chapter we show an example of a G41 8R microcell hybrid which
contains several intact human chromosomes, none of .which carry the neo marker. By in
situ hybridization we were able to visualize an additional fragment of an unknown human
chromosome which had become translocated onto a mouse chromosome. This fragment
presumably carries the neo marker. We have alsp used this technique to identify a
small fragment of chromosome 11 in a CHO hybrid which has been used to do fine

structure mapping of this region. (Gerhard et al 1987)
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MATERIALS AND METHODS
CHAPTERI

Cell lines and Culture Conditions

Primary diploid human fibroblasts were obtained from a sample of foreskin and
propagated in F/DV medium (a 1:1 mixture of DME and Ham's F12) suppiemented with
15% fetal calf serum and 2mM glutamine. 3T6 cells are an established line of moue

fibroblasts; these were maintained in F/DV medium plus 10% fetal calf serum.
P rati vi i i f

Culture medium containing virus was harvested from y-AM producer cells
filtered through a 0.45 um filter assembly (Gelman #4184) and incubated with human
fibroblasts for two hours at 37° C in the presence of 8 ng/ml polybrene. Infected cell

clones were selected by growth in 2 mg/ml G418.

Microcell-mediated chromosome transfer

The infected human fibroblasts were plated onto plastic "bullets” cut from tissue
culture dishes and incubated in the presence of 10 ug/ml colcemid for 48 hours. After
micronuclei had formed in the cells, the bullets were placed back-to-back in centrifuge
tubes containing 5 ug/ml cytochalasin B in serum-free growth medium. They were
centrifuged at 18,000 x g for 35 minutes at 28-32° C to enucleate the cells. The
resulting preparation of microcells was suspended in a solution of 100 ug/mi

phytohemagglutinin P and applied to monolayers of recipient cells growing in 25 cm2



tissue culture flasks. Following 15 minutes incubation at 37° C to permit agglutination,
the cells and microcells were fused by 60 seconds exposure to 44% (w/w) polyethylene
glycol (molecular weight 1300-1600). After an overnight incubation in non-selective
medium, the recipient cells were plated into medium containing 500 pg/m! G418.
Colonies appeared fourteen days later. The cultures included G418-resistant donor
fibroblasts that survived the enucleation procedure intact; these could be distinguished
by their appearance from the microcelis hybrids, which resembied 376 cells.
Individual hybrid colonies were picked using glass cloning rings and passaged through
medium containing 500 pg/ml G418 plus 3 x 10-6M ouabain to eliminate any
contaminating human donor cells. Subsequently the hybrids were maintained in 250
pg/ml G418.
Isgzyme Analysis

Microcell hybrids were screened electrophoretically for the presence of human
isozymes of phosphoglucomutase-2 (PGM-2), esterase-10 (ES-10), nucleoside
phosphorylase (NP), mannose phosphate isomerase (MPI), glucose phosphate isomerase
(GPI) and adenosine deaminase (ADA). Cell extracts were subjected to electrophoresis
on starch gels or cellulose acetate strips, followed by specific staining as described
(Ruddle and Creagan, 1975). Filter hybridization (see below) was used to detect human
alleles for argininosuccinate synthetase (pAS) (Su et al 1981), adenosine deaminase
(ADA) (Orkin et al, 1983), nucleoside phosphorylase (pNP) (Goddard et al, 1983),
insulin (Owerbach et al, 1980) and for the arbitrary DNA markers D4S10 (Gusella et
al, 1983), 3.6/1.2 (Gilliam et al, 1984), pAW101 (Wyman and White, 1980), p267

(Watkins et al, 1984) and D20S2 (Bruns et al, 1982).



Microcell hybrid cultures were semi-synchronized by maintaining cultures at
confluence for 24 hours prior to re-plating for chromosome harvest. 36 hours before
harvest, cultures in 100 mm dishes were re-plated at 1:4 dilution. 24 hours later half
of the culture media was replaced with fresh media containing 10% fetal calf serum.
Mitotic nuclei were harvested by incubating semi-synchronized cultures in 20 ng/mi
colcemid for 45 minutes at 379 C, followed by trypsinizing, pelleting and resuspending
all cells in 3 mi of 0.075 M KCI hypotonic solution. Dissolution of the plasma
membranes and differential swelling of mitotic nuclei was achieved by 20 minutes
exposure to hypotonic solution at room temperature with occasional gentle resuspension.
Nuclei were pelleted and fixed in three changes of room temperature methanol-glacial
acetic acid (3:1). Metaphase spréads were prepared by resuspending nuclei pellets in
freshly prepared fix and dropping onto wet slides followed by air drying. Chromosome
morphology was monitoreg during slide making by phase contrast microscopy using a
Zeiss Phase 2 Planapo 16X objective.

R-banded chromosomes were produced by staining with Chromomycin A3 (0.5
mg/ml in Mcllvane's solution, pH 7.0) for 15 minutes followed by counterstaining with
Distamycin A (0.1 mg/ml in Mcllvane's, pH 7.0) for 4 minutes (Donlon et al 1983).
After mounting coverslips with glycerol, metaphase spreads were visualized through a
standard fluorescein filter set on a Zeiss Universal Fluorescent microscope using a

Planapo 63X objective.

In Situ_hybridization

The chromosomal locations of some integrated SVX{(neo) retroviruses were
mapped by in situ hybridization of metaphase spreads using a tritium-labeled neg
probe. The 1.4 kb Bam HI/Hind Il band containing the neomycir phosphotransferase

gene in pBR Neo plasmid was purified out of agarose by the Nal/glass bead technique



(Vogelstein and Gillespie 1979) and used as a tempilate for the Klenow enzyme synthesis
of radiolabeled strands (Feinberg and Vogelstein 1983) incorporating H3-dCTP, H3-
dATP and occasionally H3-dGTP to a specific activity of 2 x 107 to 1 x 108 cpm/ug.
Unincorporated nucleotides were removed by spin-dialysis over a 1 ml 60% Sepharose
CLsB/ 40% STE column. Labeled probes were stored at 20 © C and used for up to 6
months after preparation.

A 300 bp Pst | fragment containing the human repetitive element Blur 11 was
used as a probe to detect human chromosome fragments in some microcell hybrids. This
fragment, purified from 1% agarose, was labeled to a specific activity of 6.5 X 108
cpm/Llg and used as described above.

Slides were aged at least three days but less than one year before using for in situ
hybridization. Hybridizations, washing and autoradiography were performed as
described by Harper (1981). Briefly, RNA was removed from spreads by digestion with
200 png/ml RNAse at 37° C for 1 hour. Metaphase chromosomes on rinsed and re-
dehydrated slides were denatured by immersion in 70% formamide/2X SSC at 70° C for
2 minutes. Denaturation was stopped by immediate immersion in ice cold 70% ethanol
and subsequent serial dehydration. Hybridizations were done in 50% formamide/20%
dextran sulphate at 42° C for 12-16 hours. Hybridizations were always done with high
(0.1 ng/ml) and low (0.01 ng/ml) probe concentrations. Stringent washing was
achieved with 3 changes of 50% formamide/2X SSC followed by 4 changes of 2X SSC at
420 C. After serial dehydration, slides were dipped back-to-back in Kodak NT2B liquid
emulsion diluted 1:1 with distilled water. Autoradiography was at 4° C for 3 to 14 days
depending on the probe. Chromosomes were identified after autoradiography by R-band
staining through the liquid emulsion (see above). For photography, these same slides
were restained with Wright's as described (Harper and Saunders, 1981).

30-100 metaphase spreads with good banding, low background hybridization and

adequate spreading were selected for analysis. For the single copy neo probe, the



location of every grain observed on a human chromosome was recorded on a previously
prepared ideogram of the relevent human chromosomes. The number and distribution of
these grains was compared to the average number of grains/chromosome/cell by
recording the total number of grains, the total number of mouse plus human
chromosomes and the number of each of the human chromosomes in each metaphase
spread analyzed. The percent of grains which would be expected on each human
chromosome if they were distributed randomly was calculated by adjusting the total
number of a particular human chromosome according to its size relative to the average
mouse chromosome (see legend to figure 1-4) and dividing this number by the total
chromosome count. For example, the percentage of grains which would be expected on

human chromosome 21 in hybrid HD-15, given a random distribution) is calculated as

follows:

163 total chromosomes 21 in 75 cells analyzed = 5433 m ivalen
3 chromosomes 21 per average mouse chromosome

4 m ivalent (= m = 0.86%""
6263 total chromosomes

** j.e. human chromosomes 21 represent 0.86% of all chromosomes analyzed.
Therefore, it is expected that if grains were distributed randomly, 0.86% of them would
be on chromosome 21. i.e. this is the expected percentage of grains.
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RESULTS
CHAPTER1

Dominant selectable markers were introduced into human chromosomes by
infecting diploid human fibroblasts at passage ten with a high titer preparation of
SVX(neo) retrovirus. G418 resistant cells from approximately 75 independent colonies
were pooled to form a a mass population. !t was necessary to start with celis at a very
early passage, becauée primary human fibroblasts lose the ability to form micronuclei
(the basis of the microcell transfer technique) long before their capacity to divide is
exhausted. The mass population of infected cells was induced to form micronuclei by
prolonged exposure to a high concentration of the mitotic inhibitor, colcemid.
Micronuclei formed in 44% of the donor cells, with a few relatively large micronuclei
in most of the micronucleaﬁte cells. The cells were enucleated by centrifugation in the
presence of cytochalasin B and the resulting preparation of microcells was fused to
mouse 3T6 cells. Hybrid cells were recovered following selection in G418.

Fifteen microcell hybrid clones were picked and screened for the presencé of
human chromosomes first by staining metaphase spreads with alkaline Giemsa, which
differentiates human and rodent chromosomes. The method also permits the
classification of human chromosomes into groups A,B,C,D,E or F (London conference,
1963) based on size and morphology. Six karyotypically simple clones were selected
for further analysis to test for isozyme markers on chromosomes in the designated
chromosome groups. For example, the HD-5 clone contained only a D group
chromosome and so cell extracts from this clone were tested for isozyme markers
corresponding to the three D group chromosomes. This revealed the presence of human
nucleoside phosphorlyase (chromosome 14) and the absence of human esterase-10

(chromosome 13) and mannose phosphate isomerase (chromosome 15).
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The other hybrids were more complex. HD-8 contains human chromosome 20 as
its only intact human chromosome, but markers on chromosomes 14 (pAW101) and 21
(p267) were fortuitously also detected {see below) in the DNA of these cells.
Apparently this clone also carries fragments of human chromosomes which were not
detectable with the alkaline Giemsa stain.

Clones HD-4, HD-15, HD -138 and HD-20 were of particular interest because
they contained chromosomes from the B group which includes human chromosome 4.
Therefore these clones were more thoroughly characterized by R-band karyotyping.
Table 1 reflects our finding that clones HD 4,18 and 20 each contain one human
chromosome in the majority of cells with additional chromosomes in a lower percentage.
HD-15 contains two human chromosomes. Chromosome 4 was not the prevalent
chromosome in any of these hybrids. The initial isozyme marker analysis confirmed
these cytogenetic data (Table 1).

Seeking more rigorous characterization of the human chromosome content of
these hybrids, we performed Southern blot analysis on the DNA from hybrid cells using
previously mapped DNA markers as probes. We first established that each hybrid
contained only one copy of the SVX(neo) retrovirus by digesting genomic DNAs with Eco
R1, an enzyme which does not cut within the retrovirus vector. Southern blots of
agarose gels containing these DNAs were probed with a labeled 1.4kb fragment containing
the neomycin phosphorylase (neo) gene. Since Eco R1 does not digest the SVX (neo)
vector, the size of Eco Rl fragments which are revealed by hybridization with neo
reflect the position of Eco R1 sites in the host flanking DNA. The single neo-hybridizing
band in each digest (Lanes 3-8, panel A ,Figure 1) indicates that there is only one copy
of SVX(neo) in each clone. Furthermore, the different sizes of those fragments supports
the hypothesis that SVX(neo} is integrated at different sites in each clone. We further
hypothesized that SVX(neo) was integrated in the most prevalent human chromosome

which was presumably maintained under selective pressure.
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DNA markers which had been previously mapped to the particular chromosomes
identified in the microcell hybrids were selected for Southern blot analysis of all six
hybrids. We examined the hybrids with markers from: chromosome 14, pAW 101 and a
cDNA for nucleoside phosphorylase, pNP ; from chromosome 21, p267; from
chromosome 20, D20S2 and a ¢DNA for adenosine deaminase; from chromosome 11, a
genomic fragment of the insulin gene and chromosome 4, D4S10 and 36/2.1. As the
examples shown in panels B through D of Figure 1 show, each of these markers
confirmed the cytogenetic and isozyme results with the exception of the pNP and p267
(not shown) markers from chromosomes 14 and 21, respectively. Hybrid HD-9 had
previously been characterized as containing only human chromosome 20, but the
Southern blot results indicated that DNA from these cells also contained fragments from
chromosomes 14 and 21 since markers from those chromosomes were clearly present
(eg., Lane 5, panel B).

The surprising results of marker analysis on hybrid HD-8 emphasized the need
for other methods to detect human chromosomes or fragments which are not apparent by
alkaline Giemsa or chromosome banding techniques. To approach this problem, we
performed Southern blot analysis on Eco R1 digested DNA from each hybrid using a cDNA
of argininosuccinate synthetase (pAS) as a probe. As described earlier, this probe
detects 18 Eco R1 bands in human genomic DNA, 15 of which have been assigned to
single human chromosomes. This experiment is thus designed to detect in each of the
microcell hybrids the presence or absence of the 10 distinct human chromosomes
containing pAS-related sequences. For example, the karyotype data predicted that in an
Eco R1 digest of DNA from cell line HD-15, the pAS probe should reveal 1.6 and 4 kb
bands, since these bands have been assigned to chromosome 11g. As the autoradiogram in
Figure 2 (lane4, left panel) shows, the 1.6 kb band can be seen after 3 days of
autoradiography. The 4 kb and also an expected 9 kb band from chromosome 4 co-

migrate with cross hybridizing mouse bands. The DNA from cell line HD 20 should
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contain a 3.4 kb Eco Ri band located on chromosome 7, but this also comigrated with a
cross-hybridizing mouse fragment of the same size (panel B). There are no other
human-specific pAS bands seen in the DNA from any of the other cell lines, thus
confirming the karyological data. Comparing panels A and B, however, we demonstrate
the importance of doing short and long autoradiography after Southern blotting and
hybridization: in the short exposeure, weakly hybridizing bands can be seen which upon
longer exposure are occluded by closely migrating, more strongly hybridizing bands and
conversely, only after long exposures will some weakly hybridizing bands (eg. 1.6 kb
band in lane 4) be visible. In somatic cell hybrids, weakly hybridizing bands may
frequently be the result of low éopy number per cell of the chromosome or chromosome
fragment containing that sequence.

Rather than simply inferring that the individual chromosomes which were most
prevalent in each microcelﬁl hybrid actually carried the neo selectable marker, we
wanted to verify the location of the introduced markers. For clones HD-4, 15 and 18 we
were able to map the neo integration sites by in situ hybridization of a 3H-iabeled neo
probe to preparations of metaphase chromosomes. In the first experiment, in clone HD-
15 we observed 4.1% (16/395) of the total grains over human chromosome 21 in 75
metaphase spreads, although the chromosomes 21 represented only 0.6% of the total
chromosome length in each cell counted. In the same experiment 4.3% (29/661) of the
total grains were observed over human chromosome 11 in 90 metaphases examined from
HD-18, although the chromosomes 11 represented only 1.3% of the total chromosome
length in each cell counted. In contrast, we observed random background numbers of
grains over the other human chromosomes present in each of these cell lines: 1% of
grains over chromesome 11 in HD-15 (2% total chromosome length) and 1.2% of
grains over chromosome 4 in HD-18 (1.6% of total chromosome length). In the second
in situ hybridization experiment, on metaphase spreads from clone HD-4 we used a neo

probe with higher specific activity, resulting in an increase in the background number
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of hybridizing grains but with a concomitant increase in specific signal. We observed
10% (16/160) of grains over human chromosome 20, representing 0.4% of the total
chromosome length, as opposed to 3.1% (5/160) of grains over chromosome 4,
representing 0.5% of total chromosome length (Table 2). In both experiments a clear
clustering of grains was seen over specific regions of individual human chromosomes
(Figure 3}, localizing the SVX(neo) integration sites to chromosome 21g2.2 in KD-15,
to chromosome 11gq1.4-2.2 in HD-18 and to chromsome 20p1.2 in HD-4.

In in situ hybridization experiments on HD-20 we were never successfui at
detecting specific neo signal over either human chromosome 4 or 7. Furthermore,
segregation analysis testing for the co-segregation of neo with markers on chromosomes
4 or 7 showed that segregation of neo was not concordant with either human chromosome
(not shown). These results suggested the presence of an additional human chromosome
fragment containing the neo marker which had not been previously detected. To evaluate
this possibility, we performed in situ hybridization on metaphase spreads from HD-20
using 3H-labeled human genomic DNA as probe. Using probe with a specific activity of
1x108 cpm/ug DNA, this more sensitive technique fev’ealed a small human chromosome
fragment translocated onto a mouse chromosome (Figure 4). This fraghent presumably
contains the integrated neo mafker.

Still in pursuit of a microcell hybrid containing a human chromosome 4 carrying
the neo selectable marker, we carried out a second round of microcell mediated
chromosome transfers. The mass population of primary microcell hybrids was chosen
for chromosome donors since this population should contain a representative sample of
marked human chromsomes and the mouse host fibroblasts are significantly more
permissive for micronucleation than diploid human fibroblasts. Again, G418 resistant
clones were selected for initial characterization by alkaline Giemsa staining and limited
isozyme analysis. Five clones were identified which contained B-group chromosomes

and these were further characterized by R-banding. Four of these clones each had more
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than one human chromosome per cell, but one clone was found to be a mixed population of
cells some of which contained only human chromosome 4. Sub-cloning and R-band
analysis of such sub-clones resulted in the retrieval of a microcell hybrid clone, HD-
113/2B, which contains only human chromosome 4. Indeed, most cells in HD113/2B
contain two to three copies of chromosome 4. Characterization of this hybrid cell line
will be the focus of Chapter 2 and it is also the reagent for experiments described in

Chapters 3 and 5.



Table 1. Summary of Karyotype and Human Chromosome Marker Analyses.

Human Chromo- Hum an Markers
somes Retained Detected

(Fraction of

(Corresponding

Site of neo

Clone Cells) Human Chromosome) Integration
HDm-4 #20 (0.84) PGM-2 (4) -
~#4 (0.28) G8 (4p) 20p1.2-2%
3.6/1.2 (4p)
DZ0S2Z (20)
pAS (9kb) (4)
HDm-5 #14 (0.81) NP (14) 14°
E group (0.25) PAW1O01 (14)
p267 (21)
HDm-9 #20 (0.90) ADA (20) nd. ©
#14 D20S2 (20)
#21 PAW101 (14)
pNP (14)
p267(21)
HDm-15 #21 (0.65) PGM-2 (4)
#11 (0.41) 3.6/1.2 (4p)
#4 (0.34) Insulin (11p)
pAS (1.6 and 4 kb) (11) 21q2.2%
pAS (9kb) (4)
pAS (9 kb) (4)
HDm-18 #111(0.87) PGM-2 (4)
#4 (0.47) G8 (4p)
3.6/1.2 (4p) 11ql.4-2.22
Insulin (11)
pAS (1.6 and 4 kb) (11)
HDm-20 #7 (1.00) D7S8 (7) &
#4 (0.17) PGM-2 (4) nd. 7€
G8 (4p)
3.6/1.2 (4p (See results)

)
pAS (9 kb) (4)
pAS (3.4 kb) (7)

a. Determined by in situ hybridization
b. Determined by segregation analysis
c. n.d. - not determined
d. Cell extracts were tested for the following human isozymes as described in the text:
phosphoglucomutase-2 (PGM-2)
nucleoside phosphorylase (NP)
adenosine deaminase (ADA) e
esterase-10 (chromosome 13 marker)
manncse phosphate isomerase (chromosome 15 marker)
glucose phosphate isomerase (chromosome 19 marker)
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FIGURE 1: Autoradiogram of Southern blot analysis of six microcell hybrids. Eco RI
digested DNAs from NIH3T3 mouse (lane 1); human skin diploid fibroblasts (lane 2);
microcell hybrid HD 4 (lane 3); HD 5 (lane 4); HD ¢ (lane 5); HD15 (lane 6); HD 18
(lane 7); and HD 20 (lane 8) cells were hybridized with restriction fragments
containing the neo gene (Panel A); nucleoside phosphorylase (Panel B); the human

insulin gene (Panel C); or the anonymous marker p267 (Panel D).
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FIGURE 2: Autoradiograms of Southern blot analysis of five microcell hybrids. Eco RI
digested DNAs (10ug) from HD4 (lane 1); HD 5 (lane 2); HD 9 (lane 3); HD 15 (lane
4); HD 20 (lane 5); NIH 3T3 mouse (lane M); and Hela (lane H) cells were probed
with the cDNA of arginnosuccinate synthetase (pAS). Autoradiography was for 26 hours
(right panel) to permit detection of closely migrating bands or for 3 days (left panel)

to permit detection of poorly hybridizing bands (eg. 1.6 kb band lane 4)
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FIGURE 3: Ideograms showing the localization of silver grains over human chromosomes
after in situ hybridization of the neu gene fragment to metaphase chromosomes from cell
lines HD18, HD 15 and HD 4. Each dot represents one grain. Total grains, cells and

chromosomes scored in these experiments are given in Table 2.
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Table 2: Compiled data for total numbers of chromosomes, silver grains and cells
counted after in situ hybridization of metaphase chromosomes from three microceil

hybrids with the neo gene insert.



Cell line Total grains/ # Human # grains on human % expected **/
Total chromosomes  chromosomes chromosomes

on human chromosomes

Experiment 1

HDm-15 395/6263 Chrom. 21: 163 16 0.9%/4.1%
(75 cells) Chrom. 11: 64 8 1.0%/2.0%
HDm-18 661/7345 Chrom 11: 98 29 1.3%/4.3%
(90 cells) Chrom 4: 58 11 LA%/[1.6%

|-
Experiment 2

HDm-4 160/3912 Chrom. 20: 44 16 0.6%/10.0%
(50 cells) Chrom. 4: 14 5 0.5%/3.1%

% %
Human chromosomes were counted according to their size relative to the average mouse chromosome as:

Chromosome 11: 1.0 mouse equivalent
Chromosome 4. 1.5 mouse equivalent

Chromosome 21: 0.3 mouse equivalent

Example: % grains expected on human chromosome 21 in HDm-15 (if grains are randomly distributed over all chromosomes

163/3=54.33 mouse equivalents —%  54.33/6263=0.86% of all chromosomes counted are chromosome 21

therefore,  expect that randomly 0.86% of all grains will be on chromosome 21
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FIGURE 4: Metaphase chromosome spread from cell line HD 20 after in situ
hybridization with 3H-labeled human genomic DNA. Chromosomes were initially
identified by R-band staining and were subsequently stained with Wright's stain for
photography (shown here). Arrow indicates the location of a small human fragme
translocated onto a mouse chromosome. The intact human chromosomes 4 and 7 which

were identifiable by fluorescnt microscopy with R-band staining are obliterated by

silver grains here in bright field illumination.
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DISCUSSION
CHAPTER 1

We have made a directed effort to create an interspecies hybrid cell line

single human chromosome 4 carrying a dominant seiectabie marker. In the

&
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process of obtaining such a cell line other useful hybrids have been isolated and
characterized. Previously, interspecies hybrids made by fusing human and rodent cells
have been characteristically unstable as human chromosomes randomly segregate.
Maintaining desirable chromosomes through many passages was typically difficult and
cultures had to be routinely re-characterized for human chromosome content. By
introducing a dominant selectable marker (neo) into human chromosomes we have been
able to develop hybrids which selectively maintain the marked chromosomes. These
hybrids can be maintained indefinitely in selective media and do not require constan{
re-characterization.

The utility of any somatic cell hybrid is a function of how well its chromosome
content is defined. We have used multiple isozyme and single copy DNA markers to
characterize these six human/mouse hybrids. We have also visually inspected
preparations of metaphase chromosomes from each, first with alkaline Giemsa to
distinguish human from mouse chromosomes and then with R-band staining to identify
specific chromosomes by their banding patterns. It is possible to identify most of the
human chromosomes present in a hybrid using these four methods, but this is
prohibitively tedious. We have demonstrated for the first time the use of a single DNA
marker which enabled us to assay hybrid cells for the presence or absence of muitiple
human chromosomes . With thé pAS probe, which detects a family of related sequences
dispersed over 10 human chromosomes, we were able to confirm the presence of 3

human chromosomes as well as exclude 7 chromosomes in four hybrids and to exclude
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the presence of all ten chromosomes from the other two hybrids. The appeal of this
method is obvious: the DNA from many hybrids can be simulataneously evaluated on a
few Southern blots and one hybridization with pAS réplaces up to a dozen hybridizations
with single copy probes.

Other interspecies hybrids have been developed by transferring pools of human
chromosomes containing dominant selectable markers into rodent recipient cells (see
introduction). Since only one intact human chromosome was detected in these hytrids,
it was inferred that the selectable marker must be in the apparent human chromosome.
We wanted to specifically locate the integration site of the neo marker in these HD
hybrids for two reasons: 1} identifying the location of the marker more completely
characterizes the hybrid by clarifying which human chromosome (if any of the apparent
intact ones) will be stably maintained, and 2) we are interested in using the selectable
marker to transfer large fragments containing the marker. Our efforts to locate the neo
integration site in hybrid HD-20 demonstrates the importance of this information; the
neo marker in this hybrid is not in either of the expected, prevalent human
chromosomes.

The presence of chromosome fragments translocated onto rodent chromosomes is
a common problem with somatic cell hybrids of all kinds. The alkaline Giemsa
differential staining method for discfiminating between human and rodent chromosomes
frequently fails to detect small human fragments - eg. the fragment found in HD-20. In
situ hybridization with either fadiolabeled or non-isotopically tagged DNA fragments
containing reitterated sequences like the Blur 8 representative of the Alu family is
more sensitive and reliable. Total genomic human DNA can alse be used as a probe as we
show here. The technique relies on the ubiquitous distribution of repetitive DNA in the
human genome. An estimated 20-60% of human DNA sequences are repeated 500 to
100,000 times (McDougall et al1973) and represent the large fraction of genomic DNA

which re-anneals under low to moderate Cot conditions. Interestingly, in stringent
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hybridization conditions these elements sharply discriminate between human and non-
human DNA. Thus, when used as probes in in situ hybridizations of metaphase
chromosomes from interspecies hybrids, these elements hybridize specifically to human
chromosomes. Furthermore, because many repetitive elements are so ubiquitously
distributed in every region of the genome, even small chromosome fragments contain
sufficient copies of them to be detected by this method (Gerhard et al, 1987). Other
non-isotopic methods for attaching reporter molecules to probes have been developed
which increase the sensitivity and clarity of this method (Manueledis and Ward 1984;
Langer-Safer et al, 1982) These have been used in elegant experiments to identify
small interspecies translocations and insertions (Durnam et al, 1985).

Hybrids containing single human chromosomes were difficult to obtain
throughout these experiments. This was due to the tendency of both the human diploid
fibroblasts and the primary microcell hybrid fibroblasts to form large micronuclei.
The large micronuclei each contain and transfer several chromosomes, resulting in the
formation of hybrids that are rather complex. This resistance to micronucleation is
typical of human diploid fibroblasts after passage 17 (Lugo, pers. comm) but it was a
surprising characteristic of the primary microcell hybrids which seemed to behave
more like their human than rodent parents.

Hamster cells would have been a better choice for fusion partners for these
microcell mediated chromosome transfers since they micronucleate well. However, in
view of our long range goal to insert a marker near the HD region, we anticipated that it
would be necessary to infect primary hybrids containing chromosome 4 with secondary
and possibly tertiary retroviral vectors to successfully target that region. As mentioned
previously, hamster cells lack receptors for ecotropic and amphotropic retroviruses
and so they were not, in fact suitable cells for these experiments.

Using this procedure, however, we were able to obtain a monochromosomal

hybrid (HD-113/2B) containing human chromosome 4. This was the first step toward



selectively isolating the region of chromosome 4 containing the putative Huntington's

disease gene.
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INTRODUCTION
CHAPTER TWO

Chapter 1 described the derivation of a human/mouse hybrid cell line (HD
113/2B) retaining only human chromosome(s) 4. HD 113/2B was the result of
microcell mediated chromosorme transfer of human chromosomes containing exogenously
IH 376 cells. These cells are G418
resistant and we show in this chapter that they contain one copy of the neo marker; we
also seek to demonstrate that chromosome 4 is retained by these cells due to the
integration of the neo marker into that chromosome. These data mark the first step
toward our final goal of introducing a dominant selectable marker into the 4p region
surrounding the putative HD gene. However, we also show the use of such a mono-
chromosomal hybrid to ragidly map a newly cloned human gene, the mineralocorticoid
receptor gene and to map the several copies of a low order repetitive element, p11L286,
which reside on chromosome 4. Finally, we have used HD 113/2B to identify large
restriction fragments of chromosome 4 containing moderately repetitive sequences, a
result which provides new information about the number and distribution of a repetitive
element on a single human chromosome.

Several methods for mapping the integration sites of retroviral vectors carrying
dominant selectable markers have been developed. As described in the Introduction to
this thesis, Weis et al mapped the integration site of a neo marker to the
histocompatability locus in mouse chromosome 17. Mapping the integration site was a
side benefit of the method which had been used to select the chromosome transferrent
containing this neo marker. Essentially, by selecting for the co-transfer of
histocompatability antigen genes and for neo, they selected for the random integration of
a retroviral vector into the histocompatability locus.  Weis et al were thus able to map

this integration site because these experiments were directed at introducing a marker



58

into a particular region, and markers from the region were available to test for co-
transfer; this method would noi be applicable to mapping a randomly chosen integration
site.

Another method for regionally mapping an inserted selectable marker is by
testing for co-segregation of the inserted marker with an endogenous marker in the
target chromosome. An example of this is the mapping of an integration into an X/11
transiocation chromosome performed by Tom Glaser (unpublished). Fusion hybrids
were made between lymphocytes from a patient carrying balanced X/11 translocation
chromosomes and CHO cells. These hybrids were selected in HAT medium to select for
retention of the X/11 translocation chromosome; some hybrids also retained the normal
X. One hybrid, which by cytogenetic aﬁaiysis carried only the translocation
chromosome, was then infected with SVX(neo) virus to introduce the neo marker.
Approximately 150 G418 Eesistant clones were picked and split into two parallei
cultures; one culture was frozen and the other was allowed to grow for many generations
in the absence of selection to permit segregation of the human translocation
chromosome. The segregating cultures were then split further into two cultures; 6-
thioguanine was added to one to select for the loss of the HPRT locus on the X portion of
the translocation chromosome. Resistant clones were then challenged with G418 to test
for co-segregation of the neo marker. 6-thioguanine resistant/G418 sensitive clones
were presumed to have lost both markers by segregation of an X/11 translocation
chromosome carrying a neo marker in addition to the endogenous HPRT marker.
Although this was a convincing experiment to map an introduced marker, the large
number of clones which had to be maintained and assayed made it overwheimingly
tedious. Furthermore, the protoco! depended on the availability of a negative selection
for loss of the syntenic marker (6-thioguianine).

More direct methods for analyzing the integration site of a retroviral vector have

invoived molecularly cloning the integrated retrovirus plus adjacent host flanking
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sequences. If single copy fragments can be derived from the cloned flanking sequences,
then these can be used to map the integration site. Such fragments can be used as
hybridization probes on a panel of DNAs from somatic cell hybrids containing an
overlapping representation of the 24 human chromosomes. Concordance of the presence
of the fragment with each chromosome can be scored as for any somatic cell mapping
experiment to identify the chromosome from which the fragment was derived. An
integration into the mouse X chromoscme has been mapped using this protocel (Geissler,
unpublished).

Clones containing the integrated virus can be generated by the COS cell fusion
method of Cepko described in the Introduction or by selecting a phage or cosmid clone
from a library made with DNA from the infected cell line. For the SVX(neo) and (gpt)
generation of vectors, selecting a clone from a phage library requires screening the
library by hybridization with a neo or gpt probe. A clone containing the neo marker can
sometimes be selected from a cosmid library by simply allowing a kanamycin (neomycin
analogue) resistant clone to grow out of a complete library. This latter method was used
by Geissler (unpublished) to clone an integration site in a mouse X chromosome and we
employed the COS cell fusion method to map the neo integration in HD 113/2B as
described in this chapter. However new vectors, including the one described in this
thesis (Chapter 4), have been developed to improve the facility of 'rescuing' (cloning)
integrated vectors.

Perhaps the most direct mapping tool available to date for any DNA marker is in
situ hybridization of metaphase chromosomes. Chapter 1 detailed the use of this tool to
map three integration sites in microcell hybrids. This is an elegant mapping method,
but some chromosome regions may be refractive to hybridization under standard
conditions thus preventing loci in those locations from being detected. Reasons for this
are purely speculative but it is likely that local chromatin structure would dictate the

(un)availablility of a particular sequence for hybridization to a homologous probe. In
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the event that /n situ hybridization does not give conclusive mapping resulits,
alternative methods are desirable. This is exemplified by the results presented in this
chapter for mapping the neo marker in HD113/2B.

The HD113/2B monochromosomal hybrid has also been an useful reagent for
experiments other than those directed at inserting a dominant marker near the HD gene.
For instance, in this chapter | briefly describes how HD113/2B was used to
unequivocally map a cDNA encoding the human mineralocorticoid receptor to
chromosome 4 (Arriza et al 1887).  This map assignment illustrates the effectiveness
of monochromosomal hybrids for mapping single copy genetic loci - an expected usage of
such a hybrid. However, the isolated chromosomes 4 in HD113/2B have also been
useful for investigating the distribution of low and moderately repeated sequences on this
particular chromosome.

There are two main classes of repetitive elements in the human genome. Satellite
DNA is the most highly repetitive class of elements, and fittingly gained its name from
the fact that it forms a shoulder or satellite band off the main band of sheared genomic
DNA on a CsCl gradient. The tendency of satellite elements to form a seperate - either
lighter or heavier - band cannot be explained by predicting their buoyant density from
base composition. Rather, this anomalous buoyant density is somehow determined by the
characteristic tandem repetition of short sequences in these elements. The distribution
of satellite elements on chromosomes is highly clustered both on 'satellite’ arms of
acrocentric chromosomes (Pardue and Gall 1970) and around centromeres of non-
acrocentric chromosomes. Indeed, satellite DNA is the major component of the
constitutive heterochromatin, or C bands, which are revealed by alkaline and SSC
treatment of metaphase chromosomes (Arrighi and Hsu, 1971; Chen and Ruddle, 1971;
and Yunis and Yasmineh 1971).

The distribution of the other class of repetitive elements, the interspersed

elements, is not so tightly clustered. Short interspersed elements (SINES), which are
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present 300,000-500,000 times per human genome, are so ubiquitously distributed
that greater than 95% of human DNA fragments 18 kb in length contain at least one SINE
element (Tashima et al 1981). The SINE family of repeats is typified by the Alu
sequence which was originally defined by the band of 300bp fragments seen on an
ethidium bromide stained gel of Alu | digested human DNA. These sequences comprise 3-
6% of the genome, are highly species limited (Houck et al 1979), but are functionally
cryptic.

Long interspersed elements (LINES) are present in less than 10,000 copies per
genome and are typically longer sequences. The Kpn | family of LINES are 6 kb in
length and occur some 10,000 times per genome, representing 2% of the total genome.
The Kpn | family contains short inverted repeats demarking the ends of each element;
this is one of several characteristics which indicate that these elements may be
truncated versions of an grohetypical retrovirus (Hattori et al 1986; Loeb et al 1986).
The distribution of LINES over chromosomal distances is unknown.

The two repetitive sequences which were examined here are present in fewer
copy number than even the LINE class of elements. There are a few thousand copies per
haploid genome of sequences detected by a fragment (A36Fc) isolated from the Gy globin
gene and a few hundred copies represented by the cloned fragment, p11L26. The
chromosomal distribution and organization of these elements has remained largely
unknown.

By in situ hybridization, we show here that the distribution of the p11L26
fragment on chromosome 4 is limited to 4q. In addition, by pulsed field gel
electrophoresis, sequences detected by A36Fc can be localised to individual megabase
restriction fragments of chromosome 4. The data in this thesis indicate how the use of
such probes in conjunction with monochromsomal hybrids can make a significant

contribution to deriving a macromolecular map of each human chromosome.
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MATERIALS AND METHODS
CHAPTER 2

| lin

The microcell hybrid cell lines HD113 and HD113/2B are described in Chapter
1. JS4, a microcell hybrid containing the dominant selectable marker gpt and a single
human chromosone 4 was a gift of E. Stanbridge (Saxon, 1986). DNAs used to construct
the panel of chromosome 4 and chromosome 5-retaining hybrids in addition to hybrids
containing fragments of chromosome 4 were gifts of M. McDonald and most are described
(MacDonald et al 1987). 'Wally' DNA is from a hamster/human hybrid which retains a

human chromosome 4 in 20-30% of cells (M. MacDonald, pers. comm.).
Sity Hvbridizati

In situ hybridization was used to map the integration site of SVX(neo) retrovirus
in chromosomes of the cell line HD113/2B. The experimental protocol, collection of
data and analysis of the results was exactly as described in Chapter 1. In other
experiments, designed to detect fragments of human chromosomes in HD113/2B, total
human DNA was used as probe in identical conditions as already described. Total human
DNA was labeled with 3H-dCTP (New England Nuclear #NET601) and 3H-dATP(NEN
#NET657 ) by the random primer method in a standard reaction containing 10ul of
each radionuclide previously lyophilized and resuspended in an equal volume of water
before use in the reaction. Probe at a specific activity of 4.3 x 107cpm/ug was used in
the 50% formamide hybridization mixture at a final concentration of 0.1ng/mi.

Autoradiography was for 5 days at 4° C.
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A low order repetetive sequence, p11L26 (Shaw et al 1986), was labeled in an
identical reaction to a specific activity of 1.7 x 107cpm/ng and was used at a final
concentration 0.1ng/ml. Autoradiography was for 7 days at 4° C.

An Xba | fragment from the COS fusion rescue clone (see below) was also labeled
in an identical reaction to a specific activity of 1.5 x 107cpm/ug. Before being used in
the hybridization reaction, these fragments were pre-annealed with a large excess of
unlabeled human and mouse DNA by the method of Litt and White (1985} for 2 hours at
65° C to block repetetive sequences from participating in subsequent hybridization with
metaphase chromosomes. Otherwise hybridization was performed as usual and

autoradiography was for 8 days at 4° C.
COS Cell Fusion 'Rescue’ of Integrated Provirus

HD113/2B and COS 7 cells were co-plated at a 1:1 ratio by re-plating recently
confluent plates at 1:2 dilution. Fully confluent cultures were used for COS cell fusion
rescue exactly as described by Cepko et al (1984). Briefly, the two cell types were
fused by 60 seconds exposure to 50% PEG/DME and closed circular DNAs were harvested
18-24 hours later from heterokaryons by the method of HIRT. These DNAs were used to
transform competent HB101 E. Coli (Bethesda Research Laboratories, Catalogue #8260
SA) as per the manufacturer. Plasmids prepared from an overnight kanamycin resistant
mass culture were size fractionated by agarose gel electrophoresis. Plasmid molecules
larger than 9 kb (large enough to include flanking DNA in addition to the SVX provirus)
were purified out of agarose and used to retransform HB101 bacteria. Individual
kanamycin resistant colonies were picked and used to inoculate small cultures from
which plasmids were again harvested. Restriction enzyme digests of these plasmids were

analyzed first by ethidium bromide staining and direct visualization, and then blotted

onto Zetabind membrane for Southern blot analysis, as described (Southern 1975).
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Fragments of DNA from HD113/2B generated by the restriction enzymes Nru |
and Sfi | were size seperated by pulsed field gel electrophoresis (PFG). Preparation of
the DNA, restriction enzyme digestions and electrophoresis were performed essentially
as described (Smith and Cantor 1987). In particular, electrophoresis was for 45 hours
at 15 C in TBE buffer using an LKB orthogonal field electrophoresis unit with electrode
settings at positions '30', '120" and '210' on the south and east electrodes and at position
'60' for the north and west. 330 volts generating approximately 220 mAmps were
alternately switched between opposite poles (NS vs EW) every 100 seconds. At the end
of the run the gel was stained with ethidium bromide (0.5 pg/ml), photographed and
processed for Southern blotiting as usual. Yeast chromosome standards were also
prepared as described. Phage lambda chromosome contatamers were prepared from a 1
liter culture of EMBL3 lambda phage which had been concentrated and purified by
equilibrium centrifugation in CsCl. Various amounts (2-25 pl) of the banded phage
were used directly to make agarose plugs by adding sterile PBS to a volume of 50u! and
mixing with 50ul of 0.5% agarose. Concentration of phage particles was critical to
achieving concatamerization of many (more than 10) phage chromosomes and since the
number of phage particles present in the CsCl band used to make the plugs was variable
between preparations, the exact aliquot of any phage preparation which was sufficient
had to be determined empirically. Plugs were incubated in ESP (0.5M EDTA, 1.0%
Sarcosyl lauroylsulphate, 1 mg/ml Proteinase K) buffer at 50° C for 50 hours before
being used directly for electrophoresis. Adding 1M MgCl to the ESP buffer to a final

concentration of 10mM was often helpful for stabilizing concatamers.
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Southern blots of PFGs were hybridized in standard 50% formamide solution
containing 2-3 x106 cpm/ml for 36 hours at 42°, Autoradiography was for 5-7 days

at -70° C.
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RESULTS
CHAPTER2

Initial cytogenetic characterization of the microcell hybrid HD113/2B, as
described in Chapter 1, determined that it contained chromosome 4 as the only human
chromosome. To verify the cytogenetic description, we tested for the presence of four
markers previously mapped to chromosome 4 in the DNA from HD113/2B. Southern
blots of Eco RI, Hind Ill and Bam HI digested DNA were probed with the anonymous
fragments D4S10 , C4H (Gilliam, unpublished) and 3.6/1.2 plus the expressed marker
RAF2. Example autoradiograms of hybridization results for D4S10 and C4H shown in
Figure 6 (lane 4) particularly verifies the presence of this marker which is closely
linked to the HD gene. The parent clone HD113 (lane 3) and another hybrid which
selectively retains chromosome 4, JS4 (lane 6) also contain the D4S10 marker; the
probe detects a polymorphism at the D4S10 locus in JS4 cells, as defined by the
appearance of two bands in each enzyme digest. The 3.6/1.2 and RAF2 and D4S10
markers are also present in HD113/2B (not shown).

The same Southern blots were used to establish that HD113/2B carries a single
SVX(neo) provirus. There were no Eco Rl nor Bam HI restriction sites in the SVX(neo)
vector: therefore,if neo were hybridized to Southern blots of DNA from HD113/2B
which had been digested with these enzymes, the size of the fragment detected by neo
would be determined by the position of sites in the host flanking sequence. Thus the
single Eco Rl and Bam Hi fragments seen on the autoradiogram shown in Figure 7 {lane
4) demonstrated that only one SVX(neo) virus had become integrated into a chromosome
of HD113/2B. The same sized Eco Rl and Bam HI fragments were also seen in Lanes 3
containing DNA from hybrid HD113 - the hybrid from which HD113/2B was subcloned.

HD113 was a more complex hybrid carrying several other human chromosomes in most
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cells: therefore, co-retention of human chromosome 4 and the same SVX(neo)
integration site (as determined by the unique restriction fragments) during the
subclening of HD113/2B was evidence that this integration site was in chromosome 4.

To further characterize HD113/2B as a monochromosomal hybrid we sought
confirmation that there were no other human chromosome fragments. /n situ
hybridization using 3H-labeled genomic human DNA as probe on preparations of
metaphase chromosomes from HD113/2B failed to detect human sequences other than the
cytologically obvious chromosomes 4 (Figure 8). We would not expect fragments
smaller than 107 kb (see Gerhard et al 1987) to be detected by this method and
therefore could not eliminate the possibility thatsuch smail fragments were present in
HD113/2B.

Since the SVX(neo) provirus seemed to be repeatedly associated with the
presence of chromosome 4, we hypothesized that the provirus was integrated into that
chromosome. To test this hypothesis we performed two experiments to directly map the
integration site. First, slide préparations of metaphase chromosomes were hybridized
in situ with a 3H-labeled neo fragment under standard hybridization, washing and
autoradiography conditions (Harper 1981). 85 R-banded metaphase spreads were
chosen for analysis. The location of every silver grain which occurred over a
chromosome 4 was recorded on an ideogram and the total number of grains and
chromosomes were also scored. 6.4% of the total grains occurred over 175
chromosomes 4 scored, although these represented 3.6% of the total chromosome
lengths. As depicted in Figure 9, 54% of the grains on chromosomes 4 were clustered
over 4p1.4-1.6 with a secondary cluster (26%) over 493.2-3.5. These resuits
suggested that the SVX(neo) provirus was integrated in the 4p1.4-1.6 region. An
alternative or second site at 4q could not be excluded.

We had demonstrated by Southern analysis that there was only one copy of the

SVX(neo) provirus in the chromosomes of HD113/2B. To map the integration site of the
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retrovirus by a complementary method, we sought to clone host DNA sequences flanking
the integrated provirus. Following the COS cell fusion protocol of Cepko et al (1984) we
were able to 'rescue’ SVX(neo) plus approximately 2kb of flanking DNA as a plasmid
molecule. The flanking DNA was found to contain mostly highly repetitive sequences,
based on their avid hybridization to total genomic human DNA (not shown). However,
one 2kb Xba | fragment was noted to have only weak hybridization to total human DNA and
was tested further for the presence of a single copy fragment sequence which could be
used to map the chromosome origin of this integration site.

The labeled Xba | fragment was prehybridized with a vast excess of cold human
and mouse DNA fragments in 125mM phosphate buffer at 65 C for either 1.5 or 4 hours
prior to being used in subsequent Southern hybridizations. The autoradiogram shown in
Figure 10, panels A and B, are the results of such Southern hybridizations to a panel of
Hind lli digested, somatic gell hybrid DNAs each containing a single human chromosome
4 or 5 on a hamster or mouse genetic background (gift of M. McDonald). The multiple,
but resolvable, number of Hind Il fragments detected in every lane of panel A reflect
hybridization of repetitive human, mouse and cross-hybridizing hamster sequences to
portions of the probe which remain unblocked by cold competitor DNA. Hybridization to
mouse sequences is expected because the Xba | fragment contains approximately 180 bp
of the retroviral LTR sequence; these sequences are present in many copies of
endogenous retroviruses residing in the mouse genome. Lanes 8 and 19 (panel A)
contain total mouse DNA which was poorly digested by Hind Ill but which nevertheless
show hybridization to this briefly pre-annealed probe. The lane containing human DNA
was unfortunately removed from this blot before hybridization, but the blot shown in
panel B does include a human DNA lane, to which even the 4 hour prehybridized probe
still hybridizes with great intensity.

Preannealing the Xba | fragment for 4 hours (panel B) did block most of the

mouse repetitive sequences, leaving only the two strongly hybridizing bands in Lane 10
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containing DNA from HD113/2B. These two bands were also seen in panel A and
correspond to the two Hind Hll fragments of SVX(neo) which were detected by a neo
(Figure 3) probe. The presence of both of these bands on the autoradiogram,
representing both ends of the provirus, indicated that the Xba | fragment probe contained
sequences from both flanking sequences. Since under these prehybridization and
hybridization conditions, the Xba | fragment probe still detects many human sequences
(Lane 1), but no specific mouse sequences (Lane 2) we also concluded that the Xba |
fragment originated from a human chromosome. Furthermore, the presence of single
fragments in lanes 8 and 9 containing DNA from two hybrids containing only human
chromosome 4 indicated that the integration site of the SVX(neo) provirus were
consistent with an assignment to chromosome 4. However, the absence of similar
fragments from lane 7, which contains a separate preparation of DNA from the hybrid
represented in lane 8, and from lane 11, which contains DNA from another hybrid
carrying a single chromosome 4, were not consistent with assignment to chromosome
4.

We also used the 4 hour pre-annealed Xba | fragment as a probe on a standard
mapping panel of Eco Rl digested DNAs from 15 somatic cell hybrids. Although the
repetitive sequences in the Xba | fragment obscured single copy bands in total human
DNA (lane H, Figure 11), single bands were detected in 5 of the somatic cell hybrids.
Concordancy analysis with human chromosome content of each hybrid indicated that
human chromosomes 4, 9, 11 and 22 presented the least discordancies (Table 3)
compared to all other candidates.

The results from these two experiments are most consistent with human
chromosome 4 in HD113/2B as the integration site of SVX(neo) since it is the only

chromosome common to all three sets of data.. Experiments described in Chapter 3

further investigate this question.
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HD113/2B, having been well characterized as a monochromosomal hybrid, was
used as a gene mapping reagent in several experiments. For instance, a cDNA encoding
the human mineralocorticoid receptor had been preliminarily assigned to. chromosome 4
by hybridization to a standard somatic cell hybrid mapping panel (Rettig et al 1984).
We subsequently hybridized an 800 bp and a 1 kb fragment from this cDNA to a
Southern blot containing Eco RI digests of DNA from HD-4, 5, 9, 15 and HD113/2B.
These probes detect both human and mouse fragments as seen in Lanes 1 and 2 of Figure
12. All of the human specific bands are also detected in the DNA of HD 20, HD-15,
HD113/2B . Since chromosome 4 is the only human chromosome common to all three
of these hybrids and in particular since it is the only human chromosome in
HD113/2B, the mineralocorticoid receptor gene was assigned to chromosome 4 (Arriza
et al 1987).

A low order repetitiye family of sequences represented by a cloned fragment,
p11L26, had been previously identified and some Eco Rl fragments containing those
sequences had been mapped to specific human chromosomes(Shaw 1986). For instance,
and as shown in Figure 17 of Chapter 3, 10 Eco Rl fragments were mapped to
chromosome 4. However, as the distribution of those sequences on chromosome 4 was
unknown, we sought to map them by in situ hybridization of p11L26 to the isolated
chromosomes 4 in HD113/2B.  Approximately 30 metaphase spreads were scored for
the number and distribution of grains occurring over chromosomes 4. These are
reported in the ideogram of Figure 13 and show that the family of repetitive sequences
represented by p11L26 is distributed only on the long arm of chromosome 4.

We also investigated the number and distribution of another repeated sequence

represented by the clone A36Fc. A36Fc was isolated from a genomic clone of the human
B-globin region. It is represented by a 2.2 kb Eco RI-Pst | fragment located 5 kb

upstream of the Gy gene. This family of repeats is limited to the human genome; thus the

A36 clone does not cross-hybridize with any rodent sequences. Previous estimates for
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copy number of A36-related sequences were between 1000-5000 copies per
genome(Gusella 1982). If these copies were spread evenly over the genome, there
would be an A36 repeat every 600,000 to 3,000,000 base pairs. Since chromosome 4
represents between 4-6% of the human genome, 60 to 300 copies of A36 would be
expected to be on each chromosome 4.

To explore the distribution of A36 repeats on chromosome 4, we digested DNA

o

from HD113/2B with the restrictio
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restriction fragments by pulsed field gel electrophoresis (Smith and Cantor 1987).
Nru | cut the DNA into a broad range of sizes from 50 to 1000 kb, as estimated by
comparison with a ladder of A concatamers (lower panel, Figure 14). Sfi | fragments,
on the other hand, range in size from 50-700 kb. A Southern blot of these DNAs, probed
with A36 revealed that A36 repeats were not distributed randomly over the entire range
of Nru | fragments. Rath?r, they were limited to fragments ranging in size from 200 kb
to 750 kb as illustrated by the autoradiogram in Figure 14 (upper panel).
Furthermore, since 10-12 distinct bands could be seen in the Nru | digests, we could
estimate that there are only 10-30 copies of A36-related sequences on chromosome 4.
In contrast, no distinct bands could be resolved in the Sfi | digest, presumably because

there are too many closely migrating bands detected by the probe.



FIGURE 6: Autoradiogram of Southern blot analysis of Bam HI, Hind lll, or Eco Rl
digested DNAs from Hela (lane 1); NIH 3T3 (lane 2}; microcell HD113 (lane 3);

HD113/2B (lane 4); HD 5 (lane 5); microcell JS4 (lane 6) cells hybridized with the

D4S10 anonymous marker.
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FIGURE 7: Autoradiogram of Southern blot analysis of Bam HI, Hind Il or Eco Rl digested
DNAs from Hela (lane 1); NIH3T3 (lane 2); microcell hybrid HD113 (lane 3);

HD113/2B (lane 4); HD 5 (lane 5) and microcell hybrid JS4 (lane 6) celis hybridized

to the neo gene insert.
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FIGURE 8: Metaphase chromosome spread from HD113/2B after in situ hybridization
with 3H-labeled total hurnan DNA. Spreads were stained for R-banding first and then
restained with Wright's stain for photography. Note that this cell has four chromosomes

4 which are obliterated by the density of silver grains.
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FIGURE 9: Ideogram showing distribution of silver grains over human chromosome 4 in

cell line HD113/2B after in situ hybridization with neo insert probe. Each dot equals

one grain.
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FIGURE 10: Upper panel; autoradiogram of Southern blot analysis of DNAs digested
with Hind Il from HHW599 (lane 1); HHW693 (lane 2); HHW416 (lane 3); HD
113/2B (lane 4); deletion hybrid from JS4 (lanes 5 and 6); JS4 (lane 7); mouse AS
lane 8); Ade A fusion hybrid 8C13 (lane 9); Ade A fusion hybrid 8C10 (lane 10);
'Wally' (lanes 11 and 12); HHW 693 (lane 13); HHW 416 (lane 14); HHW599 (lane
15); HD 113/2B (lane 16); 'Wally' (lane 17); hamster recipient Ade A H395A23
(lane 18); mouse A9 (lane 19) cells hybridized with Xba | fragment from fusion rescue
plasmid preannealed for 2.5 hours with excess cold human and mouse DNAs.

Lower panel: autoradiogram of Southern blot anlaysis of DNAs digested with Hind
It from Hela (lane 1); mouse A9i(lane 2); deletion hybrids from JS4 (lanes 3 and 4);
Ade A fusion hybrid 8C10 (lane 5); Ade A fusion hybrid 8C13 (lane 6); ‘Wally' (lane
7); 'Wally' (lane 8); JS 4 (lane 9); HD 113/2B (lane 10); HHW416 (lane 11);
HHWS5S89 (lane 12); Ade A H395A23 (lane 13); 'Wally' (lane 14); Ade A fusion
hybrids 8C10 and 13 mixed (lane 15); 'Wally' (lane 16); HHW416 (lane 17);
HHW693 (lane 18 and 19); HHW599 (lane 20) hybridized with Xba | fragment from
fusion rescue plasmid prennealed for 4 hours with excess cold human and mouse DNAs.

Lanes 14-20 were loaded with only 1ug of DNA each.
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FIGURE 11: Autoradiogram of Southern blot aniaysis of Eco RI digested DNAs from a
panel of somatic cell hybrids hybridized to the Xba | rescue fragment containing flanking
sequences next to SVX(neo) provirus in HD113/2B. The fragment was preannealed for
4 hours before hybridization. M= mouse DNA; H= human Hela DNA. The lanes which

were scored as containing Xba | fragment are indicated above.
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FIGURE 12: Autoradiogram of Southern blot analysis of DNAs from human Hela (lane 1);
mouse NIH 3T3 (lane 2); microcell hybrid HD 4A (lane 3); HD 5 (lane 4); HD 9 (lane
5); HD 15 (lane 8); HD 113/2B (lane 7) cells digested with Eco Rl and hybridized with
800 bp and 1000 bp fragments from hMR cDNA. Only 1 ug of human Hela DNA was
loaded in lane 1 whereas 10 ug was loaded in all other lanes. HD 4A is a later passage of
microcell hybrid HD 4 which retains human chromosome 4 in <20% of cells, as verified

by re-hybridizing this same filter with the chromosome 4 anonymous probe D4S10.
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FIGURE 13: lIdeogram depicting the distribution of silver grains over human
chromosome 4 in microcell hybrid HD113/2B after in situ hybridization with a

fragment containing the low order repetetive sequence pt1L26.
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FIGURE 14: Puised field gel electrophoresis of DNA from HD 113/2B cells digested with
either Nru | or Sfi | and probed with the human specific repetetive sequence A36 Fc
(upper panel). Lower panel: Ethidium bromide stained gel before Southern blotting
showing differences in the range of sizes of restriction fragments produced by each
enzyme. Yeast chromosome markers (outermost lanes) and a ladder of A concatamers

(next lanes inward) serve as size markers; a shorter autoradiography exposure was

used to distinguish individual A bands.



5

}V ¥
.
bt 4
e i~
f453 =
T 2
32 ¥
b 3
ps, SR - 5 =
(3 P e o 3 o4 I
s prvess S i b
< 43 3] = b 5




Table 3: Discordanciy analysis of Xba i fragment from Cos-fusion rescued plasmid containing
integrated SVX(neo). with 15 somatic cell hybrids containing human chromosomes. Xba |
fragment is flanking human DNA. Somatic cell hybrids are listed across the top and human
chromosomes on the left. + indicates the presence of an intact chromosome and o indicates the
presence of a chromosome fragment or rearranged chromosome. These hybrids (o) were not
included in the concordancy analysis which is why not all of the discordancies plus concordancies
totals do not equal 15. * *'s along the top indicate the presence of Xba | fragment in DNA from

each hybrid.



SIONVAHOONOD#
S3IONVJHOOSIGH
LW-38N
IY-39N
er-3an
LH-38N

+» ¢D-38N

» 13-38N

« ¥3-38N
¢0-3d8N
L-MSN

9-MSN

SG-XSN

«  V¥-MSN
€-MSN

« ©-MSN

= 1-MSN

10

11

12

13

14

15

186

17

18

19

10

20

21

11

22



92

DISCUSSION
CHAPTER2

Having derived a somatic cell hybrid containing a single human chromosome and a
single copy of integrated SVX(neo) retrovirus vector, we first confirmed tha: the

chromosome 4 in HD 113/2B contained the known DNA markers which are linked to the

HD gene, D4S10_and C4H. We also confirmed that the neo marker was integrated into

the human chromosome 4 and, in view of our long range goal to insert a dominant
selectable marker in the region of 4p containing the Huntington's disease gene, we also
determined where in chromosome 4 the provirus was integrated. A further, long term
goai of our laboratory has been to be able to introduce and map a sufficient number of
selectable markers in human chromosomes to create a iibrary of insertions at known
locations; such a library would be a valuable resource for somatic cell approaches to
many gene mapping and gene expressions studies. For this reason - to reach the larger
goal - we explored various ways to map the integration sites of retroviral vectors which
have been used to insert selectable markers. Several of these were used to map the
marker present in HD 113/2B (this chapter) and in Chapter 4 we describe the
construction of a new vector with features which facilitate mapping the integrated
provirus vector.

In situ hybridization using neo as a hybridization probe indicated that neo was
integrated at the end of 4p, with some additional grains clustering at the terminus of 4q.
Since we knew that there is a single copy of neo in HD113/2B, we sought to resolve this
conilict by cloning the integrated SVX(neo) plus its flanking host DNA sequences so that
we could determine the chromosomal origin of the flanking sequences.

Following the COS-cell fusion rescue protocol of Cepko (1984), we were able to
rescue SVX(neo) plus approximately 2 kb of flanking sequences. The small size of

flanking DNA which is included in this plasmid is typical for the COS fusion method of
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retrieving integrated proviruses and is a reflection of proposed mechanism for how this
method works (Conrad et al 1982). The ubiquitous number of SV40 T-antigen
molecules available for binding to the origin sequences in SVX(neo) induce multiple,
simultaneous rounds of replication from this one origin. An 'onion skin' of many strands
of newly replicated DNA builds around the origin . These strands apparently are
substrate for recombination enzymes which primarily promote homologous
recombination; hence it is not surprising that the majority of plasmid moleculles
recovered by this method are circularized SVX{neo) which has become circularized via
recombination in the long stretch of perfectly homologous sequences of the LTR
sequences. Only occassionally do homologous sequences occur on either side of the
provirus, providing substrate for recombination enzymes, and even more occcassionally
does non-homologous recombination occur to the same end. Size selecting the mass
population of circular molﬁecules harvested from heterokaryons is helpful in retrieving
plasmids which contain flanking sequences, but a very small percentage of even that
fraction contain flanking fragments larger than 2 kb.

The cloned flanking sequence was mostly highly repetitive. However, a labeled
2.3 kb Xba | fragment including 250 bp of the retroviral LTR was prehybridized with an
excess of cold human and mouse DNA and then used to detect singlé'oopy sequences in a
panel of somatic cell hybrids containing human chromosomes 4. This Xba | fragment
probe revealed one approximately 5.8 kb Hind lIl fragment in the DNA from each of two
hybrids (JS4 and 'Wally") which contain only chromosome 4. Although this resuit
would indicate that the Sba | fragment originated from chromosome 4 in HD113/2B, this
conclusion is challenged by the absence of a 5.8 kb fragment in the DNA of another
hybrid also containing chromosome 4 (Lane 11). Such a fragment is also absent from
the DNA from 'Wally' loaded in lane 14 (Figure 3), but this is not surprising given that

only 1 ug of DNA was loaded in this lane.
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Finally, the Xba | fragment was ued as probe on a standard somatic cell hybrid
mapping panel and was seen to be present in concordance with human chromosome 4 in 4
of 10 hybrid. clones. Similar degrees of concordancy were demonstrated with
chromosomes 9, 11 and 22 and so these chromosomes could not be exciuded as possible
integreation sites. Thus, the evidence presented in this chapter only suggested that the
SVX(neo) provirus in HD113/2B was integrated in the most distal portion of human
chromosome 4. Since we wanted to derive subchromsomal hybrids as part of the next
step in the attempt to isolate the region around HD, we chose to further verify the
location of the SVX(neo) inseeertion site by the method of Goss and Harris (1975); that
is, by analyzing the sequences which could be cotransfered with the neo marker from
HD113/2B to recipient hamster cells. These hybrids are the subject of Chapter 3.

The utility of a monochromosomal hybrid like HD113/2B in conventional
somatic cell mapping was demonstrated by the rapid assignment of a new cDNA for human
mineralocorticoid receptor gene to human chromosome 4. The presence of human
specific fragments detected by hMR in the DNA of HD113/2B obviated the need for =
condordance analysis to make the map assignment. Clearly, a panel of 24
monochromosomal hybrids is highly desirable to so simplify chromosome assignments of
newly isolated markers.

However, the isolation of chromosome 4 on a rodent genetic background also
provided the opportunity to study for the first time the number and distribution of
repetitive sequences over an entire chromosome.  Since the repetition frequency of the
repetitive element A36Fc predicted that these elements would be present every 600 to
3,000 kb it was necessary to digest the chromosome 4 in HD113/2B cells into
fragments in this size range. We found that the restriction enzyme Nru | produces
fragments ranging from 250 kb to >1 megabase in size and these fragments could be
separated by pulsed field gel electrophoresis. A Southern blot of such digested DNAs

probed with the A36 element revealed that there are only 10-30 copies of A36 on



chromosome 4 rather than the expected 60-300 copies. Moreover, these copies are
preferentially found on relatively small (<750 kb) Nru 1 fragments. This last
observation may indicate that A36Fc repetitive elements are paritcularly. associated
with chromosome regions containing expressed sequences since the Nru 1 enzyme is
sensitive to methylation of the cytosine residues in its recognition sequence. The enzyme
will only digest recognition sites which are not methlyated and hypomethylation has
been associated with chromoscme regions which are available for transcription by
polymerase |l (i.e. expressed).

The discovery that A36 Fc elements define a resolvable number of Nru |
fragments on chromosome 4 provides a new method for detecting rearrangements and
deletions of this and probably other chromosomes in hybrid cell lines. For example, the
number of Nru | fragments represented in the subchromosomal hybrids described in
Chapter 3 could be determined by this method. The deletion hybrids of chromosomes 11
and 12, described in the Introduction to this thesis could also be analyzed in this way and
in conjunction with mapping data for specific markers on those chromosomes, a large
scale restriction/genetic map of these chromosomes could be generated. In short, the
technique of pulsed field gel electrophoresis, which bridges the resolution gap between
cytogenetics and standard restriction enzyme mapping, combined with the use of
moderately repetitive elements will give the first composite picture of the

macromolecular organization of human chromosomes.
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INTRODUCTION
CHAPTER3

Our goal had been to isolate the region of human chromosome 4 surrounding the
HD gene in an interspecies hybrid cell line. The first step toward this goal was to
introduce a selectable marker sufficiently near to the HD gene to be able to subsequently
cotransfer the HD gene with that marker. We had preliminary evidence that the neo
marker in HD113/2B was integrated in the tip of 4p - i.e. in the appropriate region -
aithough the mapping of neo was thus far equivocal. Therefore, we proposed to take the
second step toward possibly isolating the HD region of chromosome 4 by transferring
large chromosome fragments surrounding the HD113/2B neo marker into secondary
rodent recipient cells. The creation of these sub-chromosomal hybrids would achieve
two goals: (1) by analyzing the chromosomal origin of human DNA which was co-
transferred with the neo marker we could confirm the location of the integration site of
neo by inference, as previously done by Weis and (2) if the integration site was indeed
in 4p, we would have isolated the HD region, as intended.

We anticipated that to directly determine the chromosome origin of cotransferred
sequences it would be necessary to construct a phage library with DNA from one of the
hybrids which could be screened for clones containing human DNA . Single copy
sequences from such human clones could be used to probe a panel of DNAs from
human/rodent somatic cell hybrids; the hybridization pattern across the panel would
permit assignment of the probe to a single human chromosome by standard concordancy
analysis. By inference, the integration site of the neo marker could alsc be assigned to the same
human chromosome.

The phage library was also desirable for achieving a third goal, which was to
generate an enriched source of molecular clones from the region immediately

surrounding the neo dominant selectable marker. This would be the end point of our
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directed effort to selectively isolate sequences from a chromosome region of interest.
All of the human sequences cloned in such a library would be exclusively from that
region. |

In this chapter we describe the construction of five independent hybrids
containing various sized fragments of human DNA which were selectively transferred
and maintained by their association (synteny) with the neo marker of HD113/2B. We
further constructed a phage library from one of these hybrids and describe here

mapping of a human clone isolated from the library.
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MATERIALS AND METHODS
CHAPTER 3

EEQEE-HEEI'IE b!!b[fds

Deletion hybrids retaining only sub-chromosomal fragments surrounding the neo
marker of HD113/2B were obtained by the method of Goss and Harris (1975). For
each fusion experiment 1.2 x 108 HD113/2B cells were harvested by trypsinization,
counted, rinsed in PBS and resuspended in 10ml DME without serum. The cell
suspension was distributed into at00mm bacterial petri dish (to prevent re-attachment
of cells}) which was placed on ice. Cells were then exposed to either 4000 or 8000 rads
of y irradiation in a Gammacell Cs source (40 or 80 minutes at 100 rads/min). The
length of time required to eilchieve these doses is the reason the cells were kept at 0-4°
C; that is, to prevent cellular recombinase/repair activity during the radiation insult.
The irradiated donor cells were used immediately for fusion with 3 x 108 CHTG49
hamster cells. The two populations were gently pelleted by centrifugation in a clinical
tabletop centrifuge (setting 3) in a Falcon 1059 tube. After thoroughly draining the
pellet, the cells were resuspended by tapping. Fusion was induced by adding 0.3 ml of
50% polyethylene glycol (Ave. molecular weight 1000, Baker #6218-7)in DME and
immediately centrifuging for three minutes in a clinical tabletop centrifuge (setting 2).
Toxic exposure of the cells to PEG was controlled by quickly diluting it with 10 ml of
DME (w/o serum) followed by re-pelleting. The pellet was rinsed two more times with
10 ml DME (w/o serum). Finally the cells were resuspended in 10 ml DME plus 10%
FCS and 0.5 ml of the suspension was distributed into each of twenty 60mm tissue
culture dishes. The next day the culture media was changed to DME (10% FCS) plus 1

mg/ml G418 to select hybrids containing the neo marker.  Five G418 resistant
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colonies were picked from seperate dishes after 11 days in selective media, expanded

into large cultures and frozen or analyzed as described.
ruction of EMBL ph li

A recombinant library of genomic DNA from the hybrid GH8000R#3 was
constructed in the A phage vector EMBL3. $-20 Kb sized inserts were prepared with
high molecular weight DNA from GHB8000R#3 by partial digestion with Sau 3A (NEB
#169). To ensure that all Sau 3A sites would be represented in the library, enzyme
digests were performed for short, medium or long time periods as follows: 60 ug of DNA
was prewarmed to 37° C with appropriate 1X buffer (as recommended by the
manufacturer) in a total reaction volume of 400ul. 3 units of Sau 3A were added and
the reaction was incubated at 37¢ C for 10 minutes at which time 100 ul were removed
and added to 10ul of 100mM EDTA in a 65° C water bath. The enzyme in this aliquot was
heat denatured for 10 minutes at 65° C. After 20 minutes another 200 ul of the enzyme
reaction was removed and heat treated as above. The last 100 ul was similarly treated
after 30 minutes incubation. These DNA aliquots were pooled, precipitated in ethanol,
analyzed for degree of digestion by agarose gel electrophoresis and then treated with
units of calf intestinal phosphatase (Boehringer Manheim # 713 023) to remove 5'
phosphates as recommended by the manufacturer. Phosphatase was heat denatured at
68° C for 15 minutes. The DNA was loaded immediately onto a 12 m| 1.25M-5M NaCl
gradient and size fractionated by centrifugation at 4° C_in a Beckman SW41 rotor for 4
hours at 36,000 rpm. 1 mi fractions were collected from the top of the tube using a
P1000 Pipetteman and cut-off blue tips to prevent shearing of the DNA. Odd numbered
fractions were assayed by gel electrophoresis and fractions containing DNA in the 9-

25kb size range were selected. Fractions were pooled, dialyzed and the DNA recovered
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by ethanol precipitation. The resulting DNA precipitates were resuspended at a final
concentration of approximately 0.5 ug/ul in TE.

The EMBL vectors are A replacement vectors with a large cloning capacity and
pUC-derived polylinker sequences flanking the middle fragment. EMBL3 vector 'arms’
were prepared as recommended (Frischauf et al 1983). Briefly, 20ug of phage DNA was
digested to completion with Bam HI. After confirming the completeness of this first
digest, the phage DNA was digested with Eco RI. This second digest was done to ensure
that the middle fragments could not re-ligate to form non-recombinant phage during
construction of the library. The DNA was precipitated with isopropanol to selectively
recover large fragments (thereby lose the polylinker fragments) and this pellet was
resuspended at a final concentration of 0.5 ug/ul in TE.

Test ligations were performed using various ratios of arms to insert DNAs. Final
ligations for the library were done with approximately 2ug of EMBL3 DNA and 1 ug of
GHB8000R#3 in a final reaction volume of 10ul containing 50mM TRIS (pH 7.5), 10mM
MgClo, 10mM dithiothreitol, 1 mM spermidine (pH 7.0), 1 mM ATP and 0.1 mg/ml -
BSA plus 1 unit of T4 DNA ligase (Bethesda Research Labs #5224SC) at 16° C
overnight.

Ligation mixes were heat inactivated for 10 minutes at 65° C and then used
directly in in vitro packaging reactions with the commercially prepared extracts,
Gigapack Gold (Promega Biotec), as per the manufacturer. The resulting library was

plated on a fresh overnight culture of LE 392 grown in 0.2% maltose.
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RESULTS
CHAPTER3

We transferred large chromosome fragments surrounding the neo marker in
HD113/2B into CHTG 49 hamster cells by the method of Goss and Harris (1975).
Chromosomes were fragmented with either 4000 or 8000 rad doses of y-irradiation and
transferred to CHTG 49 celis by celi-cell fusion in 50% PEG (Figure 15). Five hybrid
clones (GH4000R #'s 1 and 2; GH8000R#1,2 and 3) containing fragments
surrounding the neo marker were selected after 14 days growth in G418-containing
medium. Each of these hybrids was isolated from separate culture dishes, indicating that
they were not sibling clones.

If the neo marker in HD113/2B had integrated near to the markers most closely
linked to the HD locus, then thése markers would be co-transferred with neo into the-GH
hybrids. Therefore, DNA from each of the GH hybrids, digested with Eco RI, Bam HI and
Hind 1ll, was tested by Southern blotting for the presence of three such markers. A
plasmid containing RAF2, the human pseudogene of the raf/mil oncogene, (Bonner et al,
1985) was used in its entirety as a probe to detect both the pBR 322 component of the
neo marker and the RAF pseudogene. The resulting autoradiogram (Figure 16) showed
that Hind [ll, Bam HI and Eco RI bands detected by RAF2 were present in the HD113/2B
donor DNA (lanes 1, indicated by arrows) but were not present in any of the five GK
hybrids DNAs. The neo marker was present in DNA from HD113/2B (lanes 1) and was
also transferred to each of the GH hybrids (lanes 2-7). DNA from the hamster recipient
did not contain either marker, as expected (lanes 2). We noted that the intensity of the
neo marker band was consistently greater in one of the GH hybrids (8000R#3, lanes 7)
than any of the others, although the amount of DNA loaded in each lane was the same.
Indeed, assuming that the intensity of the neo bands in the Goss Harris hybrids other

than GH 8000R#3 represent single copies of neo, then comparing the intensity of this
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marker in the hybrids relative to the intensity of the neo-hybridizing fragment in
HD113/2B indicated that HD113/2B may contain more than one copy of SVX(neo).
However, because there is only one integration site (as reflected by the unique Eco RI,
Bam HI and Hind Il neo-hybridizing bands in DNA from HD113/2B), these extra copies
of SVX(neo) would have to have been generated by duplication of the entire region
containing the integration site.

We also tested for the cotransfer of the C4H and D4S1Q markers. Again, DNA
from HD113/2B contained bands detected by both the C4H and D4S10 probes (Figure
17, lanes 6, panels A and B respectively) but DNA from all the the GH hybrids did not
(lanes 1-5). The C4H marker cross hybridizes with a sequence in hamster DNA which
is seen in each of the GH hybrid DNAs as well as the parent CHTG49 DNA. In fact, this
cross hybridizing fragment acts as an internal positive control for hybridization,
verifying that the absence ?f the human C4H sequence in each of the hybrids is not due to
limitations of detection with this probe. Two other recently isolated markers from this
region of chromosome 4 were also not detected in any of the hybrid DNAs (M. McDonald,
personal communication). The failure to co-transfer any of these three markers
excludes the integration site of SVX(neo) in HD113/2B from the region immediately
surrounding these markers in 4p16.

We had mapped the chromosome 4-specific fragments detected by a low order
repeat probe, p11L26, to multiple sites on 4q (Chapter 2). Therefore, using p11L26
as a probe we could test for the presence of many fragments from 4q in DNAs from the
GH hybrids with one hybridization experiment. The results of such an experiment,
shown in Figure 18, demonstrate that none of the p11L26 fragments in HD113/2B
(lanes 7) were transferred to the GH hybrids. These results exclude multiple regions of
4q from containing the integrated neo marker including one in 4q3 (see Figure 9,

Chapter 2) near the secondary in-situ mapping site of SVX(neo).
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To assess the quantity and species origin of DNA transferred into the GH hybrids,
the same Southern blots shown in Figure 4 were re-hybridized with two human-specific
moderately repeated sequence probes, Blur 8 and TeGC. Blur 8 detects sequences in the
Alu family of repeated elements which are present in 300-500,000 copies per genome.
Human chromosome 4, analyzed alone in DNA from HD113/2B, contained so many Alu-

related fragments that they could not be resolved on a standard Southern blot (Lanes 2 of

Faa 3} R ~3

Figure 19). However, each of the GH hybrids contained a limited (20-50) number of
Blur 8-related fragments. The pattern of these fragments was very similar in each of
the hybrids, as expected for the co-transfer of a contiguous region immediately
surrounding the neo marker. We estimated from the number of Blur-8 fragments and
their expected frequency in the genome every 15-20 kb , that each hybrid contained
between 1000 and 2000 kb of human DNA; this represented less than one interphase G-
band.

A human specific sequence which detects a family of repeated elements present in
only 10-20,000 copies per genome was also used to analyie the human DNA content of
the GH hybrids. This cloned sequence, TeGC, was derived from the same region of the
human beta globin gene cluster as was the A36 repeated element used in Chapter 2. In
fact, these representatives of each family are only 1.5 kb apart in the beta globin
cluster (Gusella et al 1982). From its frequency in human DNA we estimated that, if
TeGC is distributed randomly in the genome, then there should be one copy every 150-
300 kb. Thus a hybrid carrying 1-2000kb of human DNA should contain
approximately 6-14 copies of TgGC-related elements.

This prediction is very nearly met by the results seen after hybridizing TeGC 1o

the GH hybrid DNAs. For example, in the brief autoradiography exposure shown in
panel A of Figure 20, at least 15-20 fragments are detected by the probe in each
restriction digest of DNA from GH8000#3 (lanes 7). As noted previously, this hybrid

consistently contains more human DNA per ug of total DNA loaded perlane, and so
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represents the largest fragment co-transferred with the neo marker in these
experiments. The longer exposure shown in panel B permits detection of all the TeGC
related fragments in each hybrid and again, a common set of fragments which must
reside close to the selected marker is revealed in each of the hybrids. This probe also
detects differences in the pattern of transferred fragments, confirming that the hybrids
are the result of individual transfer events. From the number of TeGC fragments
detected in each hybrid and the repetition frequency of this element, we estimate that
approximately 3000-5000 kb of human DNA has been transferred to each hybrid. This
is a 2-fold increase over the estimate made from the number of Blur 8 fragments in the
hybrids, but these estimates are based on two assumptions: (1) that each repetitive
element is randomly distributed and (2) that each band seen on the autoradiogram
represents one or two copies of an element. Both assumptions are undoubtedly gross
simplifications and therefore estimates based on them would be expected to vary by at
least 2-3 fold.

The cotransfer of a common set of human DNA fragments with the neo marker into
each of the five GH hybrids confirmed that the neo integration was in a human
chromosome. Indeed, there was very little mouse DNA transferred, as determined by
probing the same Southern blot with a mouse specific repeated element (Figure 21).
However, none of the markers from human chromosome 4 which were tested had been
cotransferred - in particular, the markers closely linked to the HD locus.

To establish the chromosome origin of the transferred human fragments, a phage
library was constructed in the EMBL3 lambda vector using Sau 3A partially digested
DNA from hybrid GH8000R#3. In 104 phage plated from this library, 50 were
selected on a first screening with labeled human genomic DNA as containing human
inserts. Of those 50, only 2 (411 and 415) actually contained human inserts, based on
second and third screenings. From the estimates of the human DNA content of

GHB000R#3, two clones is in the range of the expected frequency of phage containing
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human inserts in a library made from this DNA. A Sau 3a fragment lacking repeated
elements was isolated from clone 411 and used as a probe on a panel of DNAs from

various somatic cell hybrids containing human chromosomes. The concordancy analysis

with human chromosomes is underway.
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FIGURE 15: Schematic diagram depicting the method used to create deletion hybrids of

chromosome 4, by the method of Goss and Harris .
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FIGURE 16: Autoradiogram of Southern blot analysis of DNAs digested with Hind [ll, Bam
Hl or Eco Rl from donor HD113/2B (lane 1); recipient CHTG49 hamster (lane 2); and
deletion hybrids GH4000R#1 (lane 3); GH4000R#2 (lane 4); GH4000R#3 (lane 5);
GH8000R#2 (lane 6); and GH8000R#3 (lane 7) cells hybridized with the RAF-2 cDNA
in pBR322 plasmid. The RAF2 specific bands are denoted with arrows - Hind llI
fragment (lower arrow), Bam HI fragment (upper arow) and Eco Rl fragment (middle

arrow). All other bands are the SVX(neo) proviral fragments detect by pBR322. 2 Hind

I size markers are at left margin.
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FIGURE 17: Autoradiogram of Southern blot analysis of DNAs digested with Hind Il or
Eco RI from deletion hybrids GH4000R#1 (lane 1); GH4000R#2 (lane 2);
GH4000R#3 (lane 3); GHBOCOR#2 (lane 4); GH8000R#3 (lane 5); donor
HD113/2B (lane 6) and recipient CHTG49 (lane 7) cells hybridizied to anonymous

probes C4H (panel A) or D4S10 (panel B).
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FIGURE 18: Autoradiogram of Southern blot analysis of DNAs from deletion hybrids

hybridized with the low order repeat p11L26. Content of lanes is exactly as in Figure

16.
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FIGURE 19: Autoradiogram of Southern blot analysis of DNAs from recipient CHTG49
(lane 1); donor HD113/2B (lane 2); deletion hybrids GH4000R#1 (lane 3);

GH4000R#2 (lane 4); GH4000R#3 (lane 5); GH8000R#2 (lane 6); GH8000R#3
(lane 7) cells hybridized to a 300 bp fragment detecting BLUR repetetive sequences.

Only 1 ug of HD113/2B was loaded in lanes 1.
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FIGURE 20: Autoradiogram of Southern blot analysis of DNAs digested with Hind Ill, Bam
HI and Eco Rl from recipient CHTG49 (lane 1); donor HD 113/2B (lane 2); deletion
hybrids GH4000R#1 (lane 3); GH4000R#2 (lane 4); GH4000R#3 (lane 5);
GH8000R#2 (lang 6); and GH8000R#3 (lane 7) cells hybridized to TeGC repetetive
sequence. Short autoradiography (panel A) permits detection of individual bands in DNA
from donor HD 113/2B containing intact chromosome 4 (1ug/lane) whereas long
exposure (panel B) permits detection of less strongly hybridizing bands which

characterize each hybrid.
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FIGURE 21: Autoradiogram of Southern blot analysis of identical blot depicted in Figure
18 hybridized with mouse specific repetetive element Tu96. Only 1ug of HD113/2B

DNA was loaded per lane whereas 10ug/lane of DNA was loaded from each hybrid.
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DISCUSSION
CHAPTERS3

In this chapter we describe the construction of sub-chromosomai hybrids using
the method of Goss and Harris. Southern blot analysis of the DNAs from these hybrids
revealed that each hybrid contained the selected neo marker plus cotransferred human
DNA. However, this human DNA did not include the known markers D4S10_or C4H which
are linked to the HD gene. To establish the origin of the cotransferred sequences, a phage
library was made from DNA from one hybrid and phage clones containing human DNA
were isolated. We wéré able to map the origin of one clone by hybridizing a single copy
fragment from it to a panel of DNAs from somatic cell hybrids.

One observation was that all five of the hybrids described here characteristically
contain a rather limited amount of human DNA as assessed by hybridization to two hurrluan
specific repetitive elements. Although we had expected to induce relatively infrequent
chromosome breaks to produce large fragments for transfer, the actual outcome was |
consistent transfer of relatively small fragments containing the neo marker.
Furthermore the size of the transferred fragments did not correlate with the dose of ¥
irradiation used in a particular experiment; the sizes of the fragments transferred after
4000 rad exposure were equivalent to those transferred after 8000 rad. In the original
experiments by Goss and Harris using this method (1977), the PGK gene which has
subsequently been mapped to Xq13 was frequently transferred with the selectable
marker, HPRT, at q26-27 and, occasionally, the G6PD gene at q28 was also included.
These fragments represented nearly a third of the long arm of chromosome 11. Indeed,
the ability to fragment chromosomes into these rather large fragments and transfer
them intact to recipient cells was the underlying principle on which Goss and Harris

based the method of mapping contiguous genes by cotransfer. Other sub-chromosomal
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hybrids made by this method to transfer portions of chromosome 11 also have been found
to contain large portions of that chromosome, although hybrids containing very small
fragments have also been observed (Lugo, T and C. Jones, personal communication). In
this latter case, the dose of radiation correlated with the size of the fragments so
generated; the greater the dose of gamma irradiation, the smaller the fragments which
were generated and subsequently transferred.

Several explanations for this unexpected observation are possible. It is possible
that the HD113/2B cell line is particularly sensitive to chromosome breakage by
radiation. Then, although the 4000 and 8000 rad doses were the recommended doses for
radiating rodent donor cells, these may have been sufficiently high doses to induce
chromosome breaks very frequently in these cells. It is also possible that the
calibration of independent Cs radiation sources is not standardized so that doses cannot be
compared between machines. A final alternative explanation is that the neo marker in
HD113/2B is located in a chromosome region which is unusually sensitive to
chromosome breaking agents or more specifically, perhaps it is near one site which is
particularly unstable. The similarity in the size of the fragments seen in all five
hybrids supports this last explanation since it would predict that the most likely break
in the vicinity of the marker would be at one sensitive site.

If the neo marker were in an unstable region this could also explain the
secondary site of in situ hybridization seen in experiments using neo as a probe on
chromosomes from HD113/2B . Since the fragment containing the neo marker is
located on the very tip of 4p perhaps it is prone to translocation. Under these conditions
the fragment could become associated with the other telomere (4q) in a large enough
percentage of cell o be detected as a site hybridizing with neo during in situ
hybridization experiments.

Regardless of the mechanism which generated the small fragments transferred

into these GH hybrids, however, this fortuitous event has resulted in the isolation of a
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limited region of chromosome 4 - that very near the telomere. In summary, the in situ
and cos fusion rescue mapping show that the SVX(neo) provirus is located in 4p14-16.
Therefore, the phage library constructed from GH8000R#3 hybrid should be a rich
source of clones derived from this region of chromosome 4. Since no marker has been
identified on the telomere side of the HD gene (Gilliam et al, 1987), and since a flanking
marker for the HD gene is highly desirable for diagnostic purposes, this library may

provide the reagent for achieving this goal.
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INTRODUCTION
CHAPTER 4

Our cumulative experience with the SVX(neo) vector as a tool for introducing and
mapping dominant selectable markers clarified the need for a vector possessing
characteristics which would make 'rescuing’ and mapping of the provirus much easier.
Additionally, we anticipated the need to introduce a second selectable marker into neoR
cells. Therefore, we designed and constructed a new vector, pSP-1, which met both of
these needs. pSP-1 also contains a polylinker defining recognition sequences for two
restriction enzymes which cut mammalian DNA into very large (greater than 100 kb)
fragments; the rationale for this is discussed below. In this chapter we describe the
construction and use of pSP-1.

The dominant selectable marker carried by SP-1 virus is auxotrophism for the
essential amino acid, histidine. Specifically, a 1350 bp fragment containing the His D
gene of S. typhimurium was retrieved from SV2-His (Hartman unpublished) for use in
SP-1. The His D gene is one of10 structural genes in the His operon of S. typhimurium
which encode proteins responsible for the synthesis of histidine from PRPP
{phospheribosyl-pyrophosphate), a pathway induced only by histidine starvation
conditions (Ames and Hartman, 1963; Roth et al, 1966 ). His D encodes histidinol
dehydrogenase, the enzyme catalyzing the final step in this pathway, that is, the
conversion of histidinol to histidine.

Since eukaryotic cells lack the his operon, cells starved for histidine absolutely
fail to survive longer than 3 days in culture. However, eukaryotic cells can absorb
histidinol, and if they also possess the His D gene under eukaryotic gene expression
promoters, they can metabolize histidinol to histidine, thereby becoming auxotrophic in

His-deficient culture media (Hartman unpublished). The selections forHis-
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transformed cells can be performed even in media containing histidine if a sufficient
concentration of histidinol is included; histidinol is toxic to cells lacking His D due to the
efficient, yet erroneous, charging of tRNAs with histidinol by tRNANS synthetase. The
tRNAhIS synthetase actually has a higher affinity for histidinol than for its native
substrate. Selection for cells transformed with His D is thus rather complete; unlike
selection regimens using toxic substances which can be escaped by cellular mutations
affecting uptake of the toxin, the His selection, performed i
cannot be complemented by any cellular mutations because histidine is absolutely
required for survival.

To facilitate the cloning of integrated proviral SP-1 plus associated flanking host
sequences, we included the amber suppressor tRNA gene of Mo-MuLVSUP (Reik et al,
1985) in the 3' LTR of pPS-1. This gene (su lll} has allowed facile recovery of
proviruses containing it ini cloning vectors marked with amber mutations, such as
Charon 4A (Lobel et al, 1985 and Reik et al, 1985). Recovery is achieved by
constructing a complete genomic library of DNA from infected cells in phage vectors
requiring amber suppressors for lytic growth. When such a library is plated on su-
host E. Coli (eg MC1061) only those phage containing inserts with suppressor tRNA
genes will produce plaques. In practice, other phage plaques are observed, presumably
due to spontaneous reversion mutations in the phage vector, but the enrichment for
clones containing provirus and the ease of the selection protocol make this a very
effective rescue method. Host flanking sequences are co-cloned with the provirus and
these can be searched for restriction fragments containing unique copy sequences. These
single copy fragments can then be used to map the integration site of SP-1 provirus by
hybridization to an appropriate mapping panel of somatic cell hybrids. We demonstrate
in this chapter the function of su lll in the recovery of proviral SP-1.

The recent advent of pulsed field gel electrophoresis for separating large DNA

fragments prompted us to also include in pSP-1 a synthetic oligonucleotide sequence
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defining the recognition sites for two enzymes cleaving DNA rarely: Sfi | and Nrui. We
anticipated that the ability to introduce rare restriction sites into host DNA would be
useful for several reasons. First, it would be possible to determine directly whether an
integration of SP-1 had occured within several hundred kilobases of a target gene. This
could be detected by hybridizing a Southern blot of Nru I-digested DNA from uninfected
and infected cells with the target gene probe. If SP-1 integrated within the same Nru |
fragment containing the target gene, then the size of this fragment, as detected by the
target gene probe, would be reduced in the DNA from infected cells relative to that from
uninfected cells. Secondly, if an SP-1 provirus were found to be located close enough to
a gene of interest - eg. the Huntington's disease gene - to be cotransferred in Goss-
Harris fragment hybrids, then teh polylinker would serve to identify an Nru | fragment
which may also contain the target gene, or at least provide a starting site for
chromosome jumping or linking libraries.

Third, since these 'recognition sequences contain several CpG dinucleotides and
since Nru 1 in particular is sensitive to methylation of such cytosine residues, we
reasoned that we would be able to assess the methylation status of SP-1 integration sites.
By introducing an exogenous Nru | site into host DNA and assuming that this site would be
methlyated de novo, we would be able to observe the frequency with which a retrovirus
vector like SP-1 integrates into a methylated region of host chromosomes. Previous
work has indicated that retrovirus integration occurs preferentiaily in regions of DNAse
I hypersenstivity, regions associated with transcriptional activity (Breindl et al, 1984;
Robinson and Gagnon, 1986; Conklin and Groudine, 1986; Rohdewohid et al, 1987;
Rijaya et al, 1986). Since hypomethylation over large distances has also been shown to
be a prerequisite for transcription (reviewed by Bird, 1986), the ability to observe
the methylation state of proviral SP-1 would provide additional evidence for assessing

the randomness of retroviral integration. We present preliminary evidence here that
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proviral integration in fact occurs in hypomethylated regions of the host chromosome

much more frequently than would be expected if integration were random.
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MATERIALS AND METHODS
CHAPTER 4

Construction of pSP-1

pSP-1 was derived from pZIP-ZIP vector (a gift of R.C. Mulligzn) and Mo-
MULVSUP (a gift of Reik et al). pZIP-ZIP vector is pZIP-SVX(neo) vector (Cepko et al,
1984) without the neo gene fragment. The construction of pSP-1 is as described in
Results and as depicted in Figure 22. Restriction digests were performed as
recommended by the manufacturers. Purification of isolated DNA fragments from
agarose was performed essentially as described using Nal and silica glass powder (Cepko
et al, 1984). The polylinker containing recognition sequences for Nru | and Sfi |
enzymes was synthesized at lniegrated Genetics (Framingham, Mass.) as per

specifications.

Derivaticn of w-2 Producer Cell Lings

The final pSP-1 plasmid was transfected into w-2 cells by first coprecipitating

1 ug of pSP-1 and 9 ug of carrier NIH 3T3 DNA with 0.125 M CaClz in transfection
cocktail. This precipitate was incubated on y-2 cells in 10ml DME (+ 10% CS) for 4
hours at 370C. Negative controls were performed exactly in parallel except that only
NIH 3T3 DNA was used in the transfection cocktail. DMSO shock was performed with
10% DMSOQ in DME (no CS) for 20 minutes at 37°C followed by two washes with DME
and finally feeding transfected cells with complete media for 12-18 hours. After
recovery feeding, cells were split 1:20 into selective media (DME + 10% CS + 1 mM,
2 mM or S5mM histidinol). We observed that 2 mM histidinol was optima! for initial
selection of NIH-derived cell lines such as y-2 cells; no non-transfected cells survive

this doncentration of the compound and after 6-7 days in selection, resistant colonies
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could be further cultured in 5 mM histidinol. Producer clones were picked after 10-14

days growth in selection.

To establish the titers of infectious SP-1 virus produced by w-2 clones, 18 hr
culture media from 70-80% confluent y-2 (SP-1) clutures was harvested, filtered
through Gelman #4184 (0.2 m) sterile filter units, and applied to sub-confluent
HD113/2B cells after serial dilutions from 10-1 to 10°3. Infections were done in 3
ml of DME (+ 10% CS) in the presence of 0.8 ug/ml polybrene, for 2 hours at 379 C.
Infected recipient cultures were split 1:10 24 hours later into DME (10% CS)
containing 5 mM histidinol and his-auxotrophic colonies were counted after 10-14 days

in selective culture.

Analysis of SP-1 Infected HD113/2B Clones

DNA was extracteq from infected HD113/2B cells, digested with either Eco Rl
alone or double digested with Eco RI plus either Nru | or Sfi | and the resulting
fragments were size separated by gel electrophoresis as described in General Materials
and Methods. Southern blots of these samples were probed also as described with the
1350 bp Bam HI fragment containing the His D gene of S. typhimurium which had been
previously subcloned into the Bam HI site of Puc 18. The His fragment could not be
isolated directly from pSP-1 for use as a probe because other contaminating fragments
(eg. the LTR sequences) from pSP-1 hybridize to many other sequences in NIH mouse

DNA.

n ion of Genomic Library in Ph L3B Vv
Proviral SP-1 and its flanking host sequences were selectively cloned via
construction of a genomic library of DNA from HD113/2B (SP-1) infected clone #32
in the replacement phage vector EMBL3B (Frischauf et al 1983). The library was

constructed exactly as in Chapter 3 except that vector EMBL3B replaced EMBL3.
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EMBL3B vector is marked with two amber mutations in phage genes A and B, both of
which are required for lytic phage growth. After titering the library on LE392
bacteria, 1 x 10° phage were plated on a su” baterial strain, MC1061 (Casadaban et al,
1980) to select for phage carrying proviral SP-1 and its su lll (amber supressor)
tRNA gene. Thirteen plaques were picked from 13 separate plates and the phage DNA

from each was analyzed by restriction digest and Southern blotting using His D as a

probe for phage containing SP-1 provirus.



RESULTS
CHAPTER 4

The retroviral vector pSP-1 was derived from the previously described pZ!P
vector 1984). pZIP is a murine leukemia virus (MuLV)
transcription unit derived from an integrated Moloney MuLV provirus (Hoffman et al
1982 ) plus pBR322 sequences nacessary for the propagation of the plasmid vector
DNA in E. coli. The specific sequences retained in pZIP are as described by Cepko . In
place of the retroviral sequences encoding the gag-pol and env polypeptides, two
unique restriction endonuclease cleavage sites (Bam HI and Xho 1) had been
previously inserted, to permit the expression of sequences introduced into the
vector from either the full-length or spliced retroviral transcripts (Weiss et al
1982).

As schematically depicted in Figure 1, a 1350 bp Bam HI fragment
containing the His D gene of Salmonella typhimurium (S. typhimurium) was
inserted into the unique Bam HI site of pZIP, just 5' of the 3' splice site for
subgenomic spliced messenger RNAs. Thus, the His D gene transcript is generated as
a full length mRNA from the transcription start site in the 5' LTR.

The Xho 1/Sac 1 fragment of pZIP which includes the p15E gene of M-MuLV
through the Sac 1 site in the 3'LTR was replaced with the comparable fragment from
a Mo-MuLVSUP vector constructed by Reik et al (1985). A 200 bp synthetic
bacterial suppressor tRNA gene had been inserted in the 3' LTR of Mo-MULVSUP
included in this fragment. Thé supressor gene was excised originally from mvXx

plasmid with Eco Rl and ligated with Bam H1 linkers. The derivative Bam H1

fragment was then inserted into a Bam H1-modified Sau 3A site in the 3' LTR.

130
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The vector thus far described, pSP-1*, satisfied two of the three
requirements for an optimal retroviral vector for somatic cell genetic usage. To
meet the third requirement of introducing recognition sites for rare cutter
restriction enzymes a polylinker was designed, synthesized and cloned into the
unique Xho | site in the 3' end of pZIP. The polylinker contains the recognition
sequences for Sfi | and Nru | restriction enzymes flanked by Bgl Il sites as cloning
ends. pSP-1* was linearized with Xho | and the Xho | sticky ends were flushed to
blunt ends by Klenow polymerase enzyme. Bgl Il linkers were then blunt end ligated
onto the ends and the plasmid was recircularized in the presence of an excess of
polylinker. The resulting pSP-1 construct containing the polylinker is depicted in

Figure 2.
Plasmid pSP-1 DNA was introduced into -2 producer cells by CaPO4

mediated gene transfer aqd producer clones were picked after 14 days growth in
5mM histidinol. The virus'-containing culture media from these clones was used to
infect HD113/2B cells. Serial dilutions of the virus media were tested to establish
virus titers for each clone as described in Materials and Methods. The titers from 7
producer -2 (SP-1)cell clones ranged from 2 x 104 to >5 x 108 infectious
particles per ml of culture media (Table 4).  Producer y-Am clones were created
by this same method although these virus stocks will not be described further here.

To demonstrate the efficacy of the special features of SP-1 as a retroviral
vector, HD113/2B cells were infected with high titer SP-1 stocks and, after
selection in 5mM histidinol, 60 independent clones were picked, expanded into large
cultures, frozen and a subset were further analyzed. We were interested again in
inserting the vector into the human chromosome 4 in HD113/2B celis. To this end,
metaphase chromosome spreads were prepared and an initial13 of these preparations
were R-band stained as described. By analyzing approximately 10 metaphase

spreads from each clone, the percentage of cells which retained a human chromosome
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4 was scored. Since these clones were grown in the absence of G418, the human
chromosome was expected to have been randomly segregating through the many cell
doublings which were passed during selection for His-auxotrophism, expansion and
culturing of these clones for chromosome harvests. As presented in Table 5, half of
the clones retained chromosome 4 in less than 50% of cells and only two clones
retained chromosome 4 in greater than 85% of cells: clones K and 32. Clone 32
retained 2-3 copies of chromosome 4 in most cells, as seen in the parent HD113/2B
cell line. This clone was therefore selected as a good candidate for harboring an
integrated SP-1 provirus vector in chromosome 4.

To map the integration site of SP-1 in clone 32, DNA from this clone was
used to construct a phage library in the EMBL3B cloning vector (Frischauf et al
1983). As demonstrated previously, the Su Il tRNA gene in the LTR of SP-1
permits the selective cloning of integrated provirus plus flanking host sequences in a
phage vector such as EMB.LBB. EMBLS3B contains two amber mutations in the A and
B lambda genes which are required for lytic phage growth in E.Coli strains lacking
supressor genes (eg. MC1061). However, these mutations can be suppressed in
recombinant phage containing proviral SP-1 via its Su Ill gene. Thus, the only
plaques which will be formed on a lawn of MC1061 (su-) from an EMBL3B library
of DNA from an SP-1 infected clone will be those containing proviral SP-1. Since
EMBL3B is a replacement vector requiring 9-20 kb inserts for phage packaging,
additional host flanking sequences will also be included with the 4.0 kb of SP-1
provirus (Figure 24).

From an initial 1 x 10° phage particles plated on MC1061, 13 plagues were
picked from 13 seperate plates. DNA from these clones was digested with several
restriction enzymes, size seperated by gel electrophoresis and blotted onto Zetabind
membrane. However, none of these clones were subsequently found to contain the

SP-1 provirus DNA, as ascertained by hybridization with the 1350 bp His D gene
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fragment.  Apparently, the rate of spontaneously ocurring mutations which
suppress the amber mutations in EMBL3B is rather high: at least 1.2 x 10-4
mutations per phage clone.

The ability of SP-1 to introduce recognition sequences for Nru | and Sfi |
restriction enzymes was tested by digesting DNAs from 22 SP-1 infected HD113/2B
clones with Eco RI, and Eco RI plus either Nru | or Sfi I. The resulting fragments
were isze separated by gel electrophoresis and anlyzed by Southern blotting using the
His D gene as a probe. In each clone, the Eco Rl fragment detected by His (lane a) is
reduced in size after double digestion with Sfi | (lane b), indicating that the
polylinker in SP-1 does indeed introduce a new Sfi | site into host DNA by
integration of the provirus (lanes ¢, Figure 25). Similarly, double digestion with
Nru I also reduced the size of the fragment detected with His in most clones, with the
exception of clones J and 9 In both of these clones, although the Sfi | site in the
polylinker was completely 'digested, the Nru | site was completely resistant to
digestion. This experiment was repeated with the same results indicating that the
Nru | digestion is complete in each sample. Southern analysis of
another two clones gave unexpected results. Double digestion of DNA from clone 29
with either Nru | or Sfi | generated two fragments detectable with the His D gene
probe rather than the usual one fragment (Figure 25, clone 29, lanes b and c).
Furthermore, these two fragments appear to be present in equal molar amounts; that
being approximately half of the molar amount in the original Eco RI fragment. The
most plausible explanation for these results is that clone 29 contains two tandem
copies of SP-1, alligned head to tail, on an approximately 20 kb Eco RI fragment
(Figure 26A). The smaller, 4.5 kb fragment is thus an Nru I/Nru | or Sfi I/Sfi |
fragment which spans the distance between the two polylinkers plus 600 bp of

intervening host DNA, and the 7.0 kb fragment is an Eco RI/Nru | or Eco RI/Sfi |



fragment from the 5' Eco Rl site in host DNA to the first polylinker site in the 5'
copy of SP-1.

Finally, double digestion of DNA from clone 25 with either Sfi I/Eco Rl or
Nru I/Eco Rl each resulted in single His-containing fragments smaller than their
original Eco RI fragments, as in most clones,but they were of different sizes: the Eco
RI/Nru | fragment was 5.0 kb and the Eco RI/Sfi | fragment was 4.3 kb. Apparently,
and as schematically depicted in Figure 26B, SP-1 integrated within 1.6 kb of an
endogenous Sfi | site so that the His-containing fragment in lane b of Figure 3 (clone

25) is an Sfi I/Sfi | fragment rather than the usual Eco RI/Sfi | fragment.

134
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FIGURE 22: Scheme for construction of pSP-1 retroviral vector. See Results and

Materials and Methods for details.
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FIGURE 23:  Restriction map of pSP-1 retrovirus vector.
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Table 4: Virus titers produced by clones of y-2 cells transfected with pSP-1. Titers

were determined on HD113/2B cells and calculated from the number of His-auxotrophic

colonies surviving in 5mM histidinol 14 days after infection.



w-2 CLONE TITER (infectious -particles/mi)

F 1.5 X 108
a 2.4 X 108
H 1.9 X 108
| 2.0 X 10%
J 3.6 X 108
K 4.6 X 108

L 5.0 X 108
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TABLE 5: Karyotype analysis of SP-1 infected clones of HD113/2B hybrid.
Chromosomes were stained for R-banding and observed by fluoresence microscopy for

enumerating the human chromosome content of each metaphase spread.



Karyotype analysis of SP-1 infacted clones of HD113/28 hybrid

lope Name # Cells w/o human # Cells w/ human % Cells wid
chromosome 4 chromosome 4
HD113/2B-SP-K 2 9 90%

-J 3 10 s
-{ 10 Q
-H 2 8 80
-G 2 8 80
-39 2 10 83
-28 14 1 3]
-33 6 1 14
-32 2 13* 86
-5 4 11 73
-3 12 3 20
-23 19 ¥ 5
-22 8 g 80
-4 8 7 47

* Most cells have 2 or 3 copies of human chromosome 4
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FIGURE 24: Selective cloning of proviral SP-1 DNA plus flanking host DNA sequences
via su lll is achieved by generating a genomic library in the EMBL3B phage vector and

plating it on host E.Coli which are su-.
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FIGURE 25: Autoradiograms of Southern blot analysis which demonstrates the
introduction of new Sfi | and Nru | sites into host chromosomes by integration of SP-1
provirus. Southern blots of DNAs from infected clones of HD113/2B digested with

either Eco RI (lane a), Eco Rl and Sfi | (lane b) or Eco Rl and Nru | (lane ¢) were

hybridized to the His D gene fragment.
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FIGURE 26: Proposed models of anomalous integrations of SP-1 proviruses in two
seperate infected cell lines, as described in text. Diagram A depicts head to tail double
integration in clone 29 and diagram B depicts integration of SP-1 very close to

endogenous Sfi | site in clone 25.
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DISCUSSION
CHAPTER 4

We have constructed a new retroviral vector for use in somatic cell genetics.
SP-1 virus, a replication defective derivative of the pZIP vector, has three unique
characteristics: it carries the dominant selectable marker, His D, which confers
auxotrophism for histidine on infected host celis; an su Il tRNA gene in the 3'LTR of
SP-1 allows selective cloning of the provirus plus host flanking sequences; and a
polylinker in the 3' end of SP-1 introduces recognition sequences for the rarely cutting
restriction enzymes Sfi | and Nru I.

We observed a relatively high incidence of clones which were able to grow in
5mM histidinol but which were subsequently found not to contain proviral SP-1. This
result demonstrates the need to do the selection regime in histidine deficient medium
because cells which beco;ne resistant to histidinol by a mechanism other than infection
by SP-1 are not selected against. Although the clone 32 was originally selected as the
substrate for making a rescue library in EMBL3B because it retained human
chromosome 4 in a high percentage of cells suggesting that chromosome as the site of
SP-1 integration, we were of course unable to rescue any provirus since none was
actually present in this cell line. Karyotyping done on a later passage of clone 32
revealed the loss of human chromosome 4 from nearly 50% of cells, as would be
expected by random segregation in the absence of selection. Previous observations of the
HD113/2B cell line grown in the absence of G418 had indicated that the human
chromosome 4 segregated slowly from these parental cells, so it is not surprising to
have randomly selected a clone like clone 32 which segregated chromosome 4
particularly slowly. Other clones such as clone K are being analyzed further for

possible integrations of SP-1 into chromosome 4.
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We demonstrated that SP-1 introduces sites for rarely cutting restriction
enzymes (Sfi | and Nru l)into host chromosomes by analyzing the DNA from 12 infected
clones which had been digested with each enzyme. Southern blots of these DNAs
hybridized with His D gene probe revealed that, in 12/12 clones, digestion with Sfi |
cleaved the Eco RI fragment containing proviral SP-1 into two fragments. Digestion
with Nru | also cleaved the Eco RI fragment in 10/12 clones, verifying that the
recognition sequence for this enzyme is also faithfully transmitted by SP-1.

The restriction sites for Sfi | and Nru | in SP-1 virus provided an opportunity to
assess the randomness of retroviral integration. Two observations support previous
suggestions that retroviral integration occurs preferentially in regions associated with
gene expression : (1) 10/12 Nru | sites introduced by SP-1 were digested by Nru |,
despite the sensitivity of Nru | to methlyation of CpG residues in its recognition
sequence, and (2) in only 12 integration sites analyzed, one site was within 1.6 kb of an
endogenous Sfi | site althc;ugh Sfi | sites are rare and are generally seperated by several
hundred kilobases in mammalian DNA.

The mechanism of retrovirus integration is largely unknown. Shortly after the
appearance of circular forms of the DNA genome in host nuclei, recombination between
the host and viral genomes is promoted by products of the viral pol and gag genes
(reviewed by Goff) and also in part by unidentified host gene products. Integration
results in duplication of 3 to 6 base pairs of the target host DNA, the number of bases
being characteristic of different virues (Hughes et al, 1981a; Major and Varmus,
1981; Varmus and Swanstrom, 1982). Recombination between the host and viral
genomes occurs at a specific site within the long terminal repeat of the viral genome,
usually within 2 base pairs of the termini (Colicelli and Goff, 1985).  In contrast,
acceptor sites in the host genome appear to be locally random, as demonstrated by the
failure to identify a consensus sequence in muitiple cloned integration sites (Hughes et

al 1981b). However, because many retroviral integrations have been observed to
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occur near DNAse | hypersensitive sites of expressed genes, several investigators have
hypothesized that integration occurs preferentially in transcribed regions { ). Indeed,
of 13 independent integration sites examined in mouse germ line and tissue culture
cells, all but one integration was discovered to have occured within a few hundred base
pairs of a DNAse | hypersensitive site (See Introduction, this chapter). DNAse |
hypersensitive sites have been well correlated with regions of open chromatin
conformation and this conformation is thought to be a prerequisite for transcription
(Conklin and Groudine, 1984). Notably, four of the 13 sites just described were non-
selected for phenotypic expression, i.e. not selected by association with increased or
decreased expression of a cellular gene.

Retroviral vectors have been used for insertional mutagenesis, most thoroughly
by Jaenisch and coworkers to isolate host genetic loci controlling embryonic
development in the mouse (Soriano et al,1987 ; Jaenish et al, 1983). In analyzing 48
proviral insertions into ge;m line DNA they noted that fully 4% of insertions resulted in
lethal mutant phenotypes, a percentage remarkably similar to that observed in similar
experiments using other tfansposable elements in yeast and Drosophila. This is a
surprising observation because if insertion of transposable elements were truly
random then the expected frequency of insertional mutations would be determined by the
size of the target, i.e, .the percentage of the genome occupied by coding sequence. Since
these three organisms have widely disparate amounts of non-coding sequence, this
similarity in frequencies of insertional mutations seems to preclude a random insertion
mechanism.

Thus, the cumulative data strongly suggests that integration of retroviruses
occurs preferentially in regions of open chromatin conformation and perhaps more
precisely, in transcriptionally active regions. Another characteristic of
transcriptionally active regions is that they contain HTF (Hpa Il Tiny Fragments)

islands which are highly enriched for unmethylated CpG residues. HTF islands have been
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found at the 5’ and 3' ends of most housekeeping genes (reviewed by Bird 1986) and also
near some tissue specific genes . Recently, sites for some rare-cutting enzymes have
been discovered in clusters, or islands, near transcribed genes (Brown and Bird, 1986;
Burmeister and Lehrach, 1986; Estivill et al, 1987). Indeed, 3 of 4 random cosmid
clones containing sites for one of the rare cutter enzymes, Sac I, were found to also
contain transcribed sequences (Lindsay and Bird, 1987) indicating that these sites are
preferentially located near transcription units.

We selected two rare-cutter enzyme sites to be transmitted and inserted by SP-
1, those for Nru | and Sfi . Nru | enzyme does not cleave recognition sites containing
methylated CpG residues, whereas Sfi | enzyme recognizes a sequence which does not
contain CpG residues for methylation. Sfi | sites occur with much greater frequency
than would be predicted from the base composition of its recognition sequence (see
complete digest in Figure 14) and are extremely non-randomly distributed in the
genome with several sites:occurring in one 'island' and these clusters being seperated by
an average of 500 kb (C. Smith unpublished). The frequency of Nru | sites is
approximately 2.7 x 104 sites/genome in bulk DNA and 1 x 104 sites/genome in
island DNA. Only 27% of Nru | sites occur in islands (Linday and Bird, 1987). These
unmethylated Nru | sites (cleavable) are apparently distributed randomly in the
genome as reflected in the reguiar array of fragment sizes ranging from > 1 megabase to
< 100 kb. in a complete Nru | digest of genomic DNA (Figure 14).

The choice of these two- recognition sites therefore allowed us to address three
issues: (1) are these sites, introduced by retroviral integration, methylated de novo?,
(2) with what frequency are they de novo methylated? and (3) with what frequency do
integrations occur near other Sfi | sites, these being most likely to occur in islands?

We observed that 2/12 Nru | sites introduced by SP-1 integration were
resistant to digestion, although the same site was digested to completion with Sfi I. We

conclude that these two sites were methylated de novo. To exclude the possibility that
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the proviruses could have induced methylation or de-methylation of sequences in and’
around their integration sites we would have to examine the pre-integration sites with
probes isolated from each site. Other proviral insertions have induced changes in
chromatin organization very near their integration sites (Breindl et al 1984, Schubach
and Groudine, 1984), and proviruses introduced into embryonic EC mouse cells have
been observed to be frequently methylated and thereby not expressed (Jahner et al,
1982; Jahner and Jaenisch, 1985). Additionally, the prevalence of unmethylated state
of SP-1 integration sites could possibly be explained by the fact that we selected for
expression of the His D gene in isolating these integrations. However, this apparently
does not systematically select against integrations in non-expressed, or non-methylated
sites since the two clones containing methylated Nru | sites were selected in the same
way (clones 9 and J).

Finally, the observation of one SP-1 integration, among only 12 integrations
examined, within 1.6 kb of :an endogenous Sfi | site ‘also suggests that integration may
have occurred preferentially near HTF islands. Since Sfi | sites occur in clusters every
300-500 kb (1x104 sites per genome) and most frequently in HTF islands (Hereditary
Disease Foundation, 1986), we would have expected only one in 104 random integrations
to occur near an Sfi | site.

These data are consistent with a model for retrovirus integration which includes
a preference for host chromosome sites which are locally hypomethylated, and
concordantly also contain HTF islands. As both of these characteristics have been
associated with transcribed sequences, as have DNAse | sites observed near other
retroviral integrations, we would predict that further experiments will demonstrate a

prevalence of trancribed sequences in the vicinity of these integrated retroviruses.
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INTRODUCTION
CHAPTERS
In Chapters 1 through 4 we described the deveiopment of tools which permit

selective and directed isolation of any particular chromosome region of interest. We

gne that is identifiable only by its phenotypic expression; this is done by first inserting
a dominant selectable marker near the target and then cotransferring the selectable
marker and its surrounding region into genetically heterologous cells. Because the
transfer of large chromosome fragments is likely to preserve native chromatin
structure and also reguiatory elements which may be quite distal to the gene, this
approach should be applicable to the isolation of genes which are refractory to isolation
by DNA-mediated gene transfer. If the target gene encodes a cell surface marker this
approach is particularly facile, as described previously .

Cne such gene which has failed to be reproducibly transferred to heterologous
cells by DNA mediated gene transfer is the mouse gene encoding the ecotropic murine
leukemia virus (MuLV) receptor protein (Nelson, D.L.; Handelin B.L.; Cunningham,
J.M.; Baltimore D.; personal communication). As discussed in the Introduction,
penetration of mouse cells by MulLVs is promoted by cell surface receptors which
specifically bind viral gp70 envelope protein . The tropism of MuLVs are determined by
the presence or absence of these receptors on host cells; ecotropic viruses bind to
receptors present only on mouse cells, xenotropic viruses to receptors on non-mouse
cells, amphotropic viruses to a distinct receptor on both mouse and non-mouse cells,
and dual tropic viruses (laboratory recombinants) bind to a fourth type of receptor also
found on both mouse and non-mouse cells.

The ecotropic receptor has been most studied. These receptors are saturable and

are expressed on fibroblasts and lymphocytes (Delarco and Todaro, 1976; Bishayee et
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al, 1978; Choppin et al 1981; Kalyanaraman et al, 1978). That the ecotropic receptor
is a protein has been demonstrated by the ability to obliterate binding activity with
chymotrypsin, trypsin and pronase but not with DNAse, RNAse or neuraminidase
(Bishayee et al, 1978; Kalyanaraman et al, 1978). Although the receptor is prevalent
on fibroblasts (approximately 5 x10° per cell) (Bishayee et al, 1978; Delarco and
Todaro, 1976), it has been refractory to purification by cross-linking (Besmer and
Baltimore, 1971), affinity chro'matography (Landen and Fox, 1980) or
immunoprecipitation (Robinson at al, 1980). Crude preparatoins by these methods
have identified moieties which range in size from 10,000 to 190,000 molecular weight.
Partial solubilization in deoxycholic acid has recently revealed that the receptor is an
intrinsic membrane protein with an affinity constant for gp70 of 4 x108 M-1(Johnson
and Rosner, 1986).

The genetic determinant for the ecotropic receptor has been mapped to mouse
chromosome 5 (Kozak anc:j Rowe, 1979) and that for the amphotropic and dual tropic
receptors to chromosomes 8 and 1, respectively (Hilkens et al, 1879; Kozak, 1983).
Attempts to isolate receptor mutants in mouse fibroblasts by selecting against cell
surface expression of the protein indicate that mutations are rare (<10-10) or perhaps
that the receptor is required for cell viability in vitro (see this chapter).

Since the gene for ecotropic receptor protein could be mapped to a single
genetic locus it was reasonable to expect that it could be genetically isolated by
transfering DNA from receptor bearing mouse cells to non-receptor-bearing, non-
mouse cells (eg. hamster or human). As stated above, however, such experiments
utilizing CaPQ4 mediated gene transfer methodologies have not been convincingly
successful. Because DNA mediated gene transfer is characterized by fragmentation and
recombination of transfected DNA, the attempts using this method may have failed
because the receptor gene is very large or because expression of it requires distal

regulatory elements. For example, the hamster gene which confers resistance to
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multiple cancer therapy drugs (MDR) had never been successfully transfered by
standard transfection, but was finally transfered to and expressed in mouse cells after
chromosome mediated gene transfer (Gros et al, 1985). The MDR gene was
subsequently found to be coded for by sequences covering over100 kb - a gene far too
large to be transfered intact by standard transfection.

Therefore it seemed likely that the ecotropic receptor gerne could be isolated by
the methods described thus far in this thesis. Dominant selectable markers could be
introduced into a mass population of mouse cells and chromosomes from this population
used as donors in irradiation hybrid experiments (Goss and Harris). Since the receptor
is a cell surface marker, hybrids containing both the introduced marker and the
receptor gene could be easily selected as had been done previously to isolate the H-2
antigen region (Weis et al, 1984). However, no antisera specific for the receptor has
been available. Therefore, the intial step toward the goal of isolating the receptor gene
in a limited somatic cell h;/brid was to develop assays which would easily discriminate
receptor-bearing cells from non-receptor-bearing cells. We report in this chapter two
such assays; one permits positive selection for receptor bearing cells and the other

permits selection against those cells.
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Two assays were developed for identifying individual cells which bear murine leukemia
virus receptors: an erythrocyte rosette assay for ecotropic receptors, and an efficient
immune cytotoxic assay for ceils with ecotropic or amphotropic receptors. Both assays
indicate that ecotropic MuLV adsorbed to its cell surface receptor only slowiy becomes
internalized. Furthermore. attempts to isolate murine fibroblast variants lacking these
ecotropic MuLV receptors were unsuccessful, suggesting either that murtations in the
receptor gene are rare (less than 1077 per generation) or that the receptor is required

“for cell viability. These assays are rapid and can be used to identify receptor-bearing

cells in mixed populations, a prerequisite for molecular genetic studies.

Press, Inc.

Penetration of cells by murine leukemia
viruses (MuLVs) requires binding of the
MuLV membrane glycoprotein (gp70) to
specific host membrane receptors (). This
receptor specificity determines the host
range of MuLVs as ecotropic, xenotropie,
amphotropic, or dual tropic. Numerous
studies indicate that the receptors are
proteins (2-9) encoded by separate genetic
loei (10-14). Yet despite the potential im-
portance of MuL'V receptors for pathogen-
esis (15) and their critical role in the use
of MuL'Vs as gene transfer vehicles (16-
20), there has been no consistent evidence
concerning their structures or concerning
the mechanisms by which they mediate
viral penetration.

It would be useful to study these recep-
tors by molecular genetic methods. For
this purpose it is necessary to develop
methods which rapidly identify individual
cells which either contain or lack partic-
ular MuLV receptors. In this report we
describe two techniques which are useful
for this purpose and we employ these
methods to characterize the receptors
which mediate ecotropic MuLV penetra-
tion. Our results suggest that binding of

! Author to whom requests for reprints should he
addressed.

2 1985 Academic

gp70 to the ecotropic receptor is only
slowly followed by removal of gp70 from
the cell surface and that this receptor
may be required for viability of cultured
murine fibroblasts.

A freeze-thaw lysate of ecotropic
(Friend) MuL'V was prepared by suspend-
ing 6 mg of virus particles purified from
the culture medium of Eveline cells (21)
in 1 ml TSE buffer (20 mM Tris, pH 7.4;
100 mM NacCl; 1 mM EDTA, pH 8.0) and
freezing the suspension to —70° followed
by thawing to 30°, three times. The assay
was done using the supernatant retrieved
after centrifugation at 100K g in a Beck-
man type 65 rotor for 35 min. This super-
natant contained approximateiy 750 ug
protein/ml which was highly enriched for
gp70, consistent with previous results (22).

The medium in a 25-cm? flask of cultured
cells was replaced by 2 ml of rosetting
medium (Duibecco’s modified Eagle’s me-
dium plus 1% bovine serum albumin, pH
7.3) plus 7.5 ug of the gp70 containing
virus extract. After 45 min incubation at
37°, the medium was replaced with fresh
rosetting medium plus 2 ul of a previously
described goat antiserum to Rauscher
MuLV gp70 (22). Twenty minutes later,
erythroeytes coupled with Staphayicoccus
aureus protein A (24) were added, followed

0042-6822/85 33.00
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by 2 hr incubation at 37°. Cell monolayers

_were washed gently with rosetting me-
dium until nonspecific background eryth-
rocyte binding was negligible as deter-
mined by observation with a phase con-
trast microscope.

All tested murine cells (i.e., Balt/C 3T3,
SC-1, and NIH 3T3 fbroblasts) rosette
hesvily in these conditions, whereas all
noamurine cells (i.e., cat Fe S+L—, monkey
(0V-1, mink CCL64, and hamster CRL 1640)
fail vo rosette, suggesting tkat the assay
is specific for ecotropic MuLV receptors.
Figure 1 illustrates the specificity of this
technique for detecting receptor-bearing
murine fibroblasts in a background of
CCL64 mink lung fibroblasts.

The protocol for this assay (i.e., eryth- .

rocyte attachment occurring substantially
after gp70 adsorption) suggests that the
ecotropic MuLV gp70 which is adsorbed
to its receptor is not rapidly internalized
or otherwise removed from the cell sur-
face. Consistent with this conclusion, we
have observed extensive specific rosetting
of murine cells even when addition of
antiserum is delayed until 4 hr after re-

moving the gp70 containing medium from
the cells.

Replacing the protein A coupled eryth-
rocytes in the rosetting procedure de-
scribed above with GIBCO (Grand Island,
N. Y.) rabkit complement (1:12 dilution)
results in specific lysis of cells bearing
ecotropic receptors. Balb/c 3T3 anc¢ NIH
3T3 cells are completely lysed whereas all
nonmurine cells listed above are com-
pletely resistant. As expected, this killing
requires prior adsorption of ecotropic
MuLV or of a gp70-containing extract
plus use of appropriate cytotoxic anti-
serum.

We attempted to develop similar cyto-
toxicity assays for nonecotropic MuLV
receptors using amphotropic, xenotropic,
and dual tropic virus preparations. As
expected, amphotropic MuLV (4070A) plus
appropriate cytotoxic antisera sensitized
both murine and nonmurine cells. How-
ever, the xeno (Balb virus 2) and dual
tropic (HIX and MCF-247) virus prepa-
rations did not sensitize any cells, al-
though they were infectious to their target
cells and although the antisera used were

Fic. 1. Erythrocyte rosette assay for detecting cells which have ectropic MuLV receptors.
Murine Balb/c 3T3 and mink lung CCL64 fibroblasts were cocultured in a ratio of 1:10. Parallel
cultures were then subjected to the rosetting assay (see text). The left frame shows the rosetting
of murine Balb/c 3T3 fibroblasts in the presence of gp70, goat antiserum to gp70, and protein
A-coated erythrocytes in a background of nonrosetted CCL64 fibroblasts. Observation of many
fields indicated that the ratio of rosetted mouse to nonrosetted mink cells was consistent with
the input ratios. The right frame is the control assay in which gp70 was omitted. Rosetting also
failed to occur when the specific viral antiserum was replaced with preimmune goat serum.

Magnification is 180X.
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highly cytotoxic to these infected cells gp70 plus cytotoxic antiserum is extremely
(unpublished observations). The latter rapid and efficient (greater than 99.9%
negative results may reflect low receptor killing after 3 hr). Therefore, we used this
concentrations or avidities, rapid inter- technique in an effort to isolate resistant
nalizations of bound gp70, or steric hin- murine Balb/c 3T3 fbroblast mutants
drances to cytotoxic sensitization. which lack receptors. For this purpose, a

A quantitative study which illustrates culture of 10° cells was subjected to 11
“he specificity and killing efficiency of the cyeles of killing followed by periods allow-
assay for ecocropic and amphotropic ing for recovery and regrowth to a popu-
MuLV receptors is shown in Fig. 2. Balb/c lation size of 10° cells. However. increased
and CCL64 cells were prelabeled with resistance to killing of the cell population
L-[*S]methionine and release of radioac- was never observed. Mathematical anal-
tivity into their culture medium was anal- ysis (25) of these results suggests that the
vzed during the cytotoxic assay. The re- frequency of receptor-negative Balb/c 3T3
sults substantiate the specificity described mutants must be less than 107" per gen-
above. eration or that such mutants are inviable.

The complement-mediated killing of As with the rosette assay, the protocol
Balb/c 3T3 fibroblasts by ecotropic MuLV for this cytotoxic sensitization assay im-
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ad.

;3
‘s ‘
@ i
a -
Q
-
D
@
S ‘I
& d
Q
<
2 9 2
-
Q
hd 1
u
&~ L
30 60 90 150 330 380 60 90 150 330

Time (minutes)

F1G. 2. Cytotoxic assay for cells with receptors for ecotropic and amphotropic MuLVs. Cultures
25 cm®) containing 5 X 107° murine Balb/c 3T3 or mink lung CCL64 fibroblasts were labeled by
incorporation of L-{**S]methioniae for 2 hr followed by a 2-hxr chase with nonradioactive complete
rmedium as described previously (29). The cultures were then treated sequentially, as describec in
the text, with ecotropic MuLV or with amphotropic MuLV (4070-4) followed by incubation with
medium supplemented with 9% rabbit complement (GIBCO, Grand [sland, N. Y.) and either 2 ul
cy-otoxic antiserum specific for gp70 or with preimmune goat serurm, as described previously (29).
Radioactivity released into the culture medium was periodically assayed in 5-ul samples. The
total radioactivity in each culture was assaved at the ead of the experiment after solubilization
with 0.1% sodium dodecyl suifate. (A) Balb/c 3T3 ceils’ data after incubation with ecotropic
MuLV gp70 and either antibody (M) or preimmune serum ((J) and after incubation with
amphotropic MuLV gp70 and either antibody (@) or preimmune serum (O). Eighty-five percent
release of radioactivity is 100% killing as indicated :v cell viability studies. Also, viable cells
slowly released some radioactivity. (B) Results obtained with CCL-64 mink ceils using the same

procedures.
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plies that ecotropic MuLV gp70 which is
adsorbed to its receptor is not rapidly
internalized or otherwise removed from
the cell surfaces. Furthermore, the quan-
titative study (Fig. 2) was done with intact
virions, demonstrating that multivalent
particles are also only slowly internalized.
Indeed, Balb/c 3T3 fibroblasss remain
highly sensitive to cytotoxic antiserum
added as long as 8 hr after virus adsorp-
tion (unpublished observations). However,
since our assay is not quantitative, we
conc.ude only that gp70 is not completely
internalized by this time. In contrast,
some other ligands become internalized
and degraded within minutes of binding
to their receptors (26). One possible inter-
pretation is that the outer membranes of
ecotropic and amphotropic Mul.Vs may
fuse directly with the plasma membranes
of receptor-bearing cells, resulting in pen-
etration of only the virion cores. According
to this model, gp70 entry into intracellular
organeiles would not occur during infec-
tion. However, it is also possible that the
intact virions are internalized by slow
pinocytosis or by rapid pinocytosis fol-
lowed by recycling of gp70 to the cell
surfaces. Earlier electron microscopy
studies are consistent with all of these
models (27).

Our results call into question the inter-
pretation of earlier work using a cytotoxic
assay to investigate penetration by other
enveloped viruses (28). In particular, the
authors assumed that enveloped viruses
which cause cytotoxic sensitization of in-
fectable cells must penetrate by fusion of
the virion and cell surface membranes,
thereby resulting in deposition of the vi-
rion glycoproteins into the plasma mem-
branes. However, our results establish
that sensitization ean be accomplished
simply by adsorption of a viral glycopro-
tein. Clearly, therefore, bystander virus
or glycoprotein adsorbed onto cell recep-
tors might in some cases suffice for cyto-
toxic sensitization.

We are currently using these techniques
in efforts to molecularly clone the MuLV
receptor genes. These methods may also

be applicable to the study of other cell
surface receptors.
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SUMMARY AND CONCLUSIONS

Our goal was to demonstrate the feasibility of isolating a given region of the human
genome containing a gene of interest by inserting a dominant selectable marker near enough to
the gene so that the entire region surrounding it could be selectively mobilized. We chose as a
model gene the genetic determinant for Huntington's Disease which had previously been
mapped to the tip of human chromosome 4. There were two main motivations behinc this choice:
(1) if a dominant selectable marker could be inserted near the putative HD gene so that this
unknown HD determinant could be transferred into heterologous cells, then the function of the
gene could be studied for the first time in vitro. This might shed light on the biochemical or
physioicgical action of its gene product; and (2) a goal for the Collaborative Agreement has been
to identify a marker which would flank the HD locus on the other side of HD from the D4S10
marker. Such a marker is highly desirable for diagnostic purposes and it also would delineate a
region (between the two makers) to be searched for the HD gene. If we could insert a marker near
enough to the HD gene to be able to transfer small fragments around it, this would represent a
signiticantly enrichmented source of possible flanking markers.

We proceeded stepwise. First, a monochromosomal hybrid, HD113/2B, which had one
proviral SVX(neo) as a dominant selectable marker was derived by microcell fusion. We mapped
the integration site of SVX(neo) by in situ hybridization and by rescuing the provirus plus host
flanking sequences. The host flanking sequences could be mapped provisionaily to human
chromosome 4 and the in situ hybridization detected neo sequences at 4p1.4-1.6.

Limited hybrids were then created by fragmenting the chromosomes of HD113/2B and
transferring human sequences with the neo marker into CHTG recipient hamster cells. These
G418R hybrids were tested for cotransfer of the markers known to be linked to HD and were all
negative. However, a phage library made from one hybrid, GH8000R#3, was screened for human

clones and among several human positive clones picked, one has been preliminarily mapped to
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chromosome 4. If confirmed, this result will establish the integration site of SVX(neo) as 4p1.4-
1.6.

In summary, the SVX(neo) virus integration site is probably located in the tip of human
chromosome 4. The marker transfers only a very small fragment of the human chromosome after
chromosome breakage with irradiation, perhaps indicating that it is located in an unstable region
which is susceptible to fragmentation. Together, these data are consistent with the hypothesis
that the integration of SVX(neo) is in telomeric sequences which, as understood from studies of
other organisms and other human chromosomes, undergo recurrent recombination and
reassortment. This hypothesis is testable by mapping more clones from the GH8000R#3 library,
especially using the panel of somatic cell hybrids derived by MacDonald et al (1987). Such a
location for the neo marker would provide the opportunity to meet both of the goals for this project
- that is, to identify a flanking marker and to be able to mobilize the HD gene.

Anticipating less fortuitous results and also other projects, we designed, constructed and
utilized a new retrovirus vect;:r, SP-1. SP-1 carries a new dominant selectable marker, His, and is
rescuable by the suppressor gene protocol used by others {Reik et al, 1985 and Lobel et al,
1985). In addition, it introduces recognition sequences for two rarely cutting restriction enzymes,
Nru | and Sfil. We showed that we could infect HD113/2B cells with ecotropic SP-1 virus and that
the provirus faithfully inserted new restriction sites into the host DNA. These restriction sites, by
their hypomethylation after integration into the host chromosome, permitted us to observe that
the proviruses carrying them may preferentially integrate near hypomethylated host chromosome
regions. Further experiments are being pursued to fully explore this question on the randomness
of proviral integration.

Finally, we returned to a gene cloning challenge that has resisted success by several
investigators: tha t is, to clone the murine cellular ecotropic receptor gene. The tools we had
developed for targeting a given chromosome region presented an opportunity to attempt to
isolate that receptor gene in a limited somatic cell hybrid, as a first step toward cloning it. Having

acknowledged the advanatages of utilizing cell surface markers in this somatic cell genetics
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protocol, we capitalized on the expression of ecotropic receptors on host cell membranes in vitro.
Two assays for cell surface expression of the receptor gene have been deveioped as the
necessary tools for discriminating between future hybrid cells which have retained the receptor

gene from those which have not.
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