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Abstract

The gene designated Pom-1 is a new mouse gene identified in the
region of the Gin-1 common proviral integration site. The origin of the Gin-1
region has been described elsewhere (Villemur et al., 1987). The novél
Pom-1 gene is testis-specific and encodes two major RNA species of 1.0
and 1.2 kbp. Our data have revealed that there is no clear evidence to
suggest that Pom-1 is involved in the tumorigenic pathway that resulted }n
the Gross Passage A Murine leukemia virus-induced thymomas. The pattern
of expression of Pom-1 was studied by a time course Northern blot, the
STAPUT cell separation technique and in situ hybridization. Analysis of
mRNA from enriched populations of spermatogenic cells from adult testes
and localization by in situ hybridization revealed that Pom-1 transcripts_ are
most abundant in the round and elongated spermatids, although there is a
weak expression in pachytene spermatocytes. Immunocytochemistry data
have shown protein expression to be localized in the Golgi apparatus of
pachytene spermatocytes (stages |X-XIl), round spermatids (steps 5-8) and
elongated spermatids (steps 9-15).

The Pom-1 gene is not homologous to any sequences present in the
Genebank. Sequence analysis predicts a 6 kilodalton protein which is basic,
lysine and arginine rich (~12%). It is also relatively rich in potential
phosphoacceptor amino acids (~20%), mainly threonine and serine, séveral
of which are located in phosphorylation consensus sequences. These .

results suggest a role for the novel Pom-1 gene in spermatogenesis.



Résumé

Le géne, Pom-1, est un nouveau géne (de souris) isolé dans la
region commune d'insertion provirale appelée Gin-1. L'origine de la régior}
Gin-1 a déja été ecrite auparavant (Villemur et al., 1987). Le géne Pom-1 est
spécifiquement exprimé dans les testicules et code pour deux ARN
messagers de 1.0 et 1.2 kbp.

Nous n'avons pas pu obtenir a ce jour d’évidence que le géne Pom-1
soit impliqué dans le processus de l'oncongenése thymique induite 'bgr
insertion provirale du virus leucémique de la souris Gross Passage A. ‘

Le patron d’expression de Pom-1 a été étudié au cours du temps par
la technique du Northern, la technique de STAPUT qui sépare les cellules
des testicules, et I'hybridation in situ. L'analyse des ARN messagers des
populations de cellules spermatogéniques enrichies de testicules adulteé a
démontré que Pom-1 est exprimé fortement dans les spermatides ronds et
allongés. Il y aussi une faible expression de Pom-1 dans les spermatocytes
pachyténes. Ces données ont été aussi confirmées par la tecﬁriiqﬁe
d’hybridation in situ.

Par immunocytochimie, la protéine Pom-1 est exprimée dans
I'appareil de Golgi des spermatocytes pachyténes aux stages IX-XlI, dans
les spermatides ronds aux étapes 5-8 et dans les spermatides allongés aux
étapes 9-15. '

Aucune séquence homologue au gene Pom-1 n'est a ce’joﬁr
présente dans les banques de données habituelles (Gene Bank, Swiss
Prot,...etc). L'ARN messager peut potentiellement é&tre traduit en u.ne
protéine basique de 6 kilodaltons trés riche en arginine et lysine (12%).La

protéine Pom-1 pourrait étre aussi potentiellement phosphorylée (ellé



iv

contient une accepteur sérine et thréonine (20%)). Certains sont dans des
séquences consensus connues pour des kinases.
L'ensemble de ces données suggére un réle de Pom-1 dans la

spermatogéneése.
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CHAPTER 1

LITERATURE REVIEW



1.Retrovirus structure and life cycle

1.1 Classification of retroviruses

The retroviridae virus family encompasses all viruses containing an
RNA genome and an RNA-dependent DNA polymerase (reverse
transcriptase) (Weiss et al., 1984). The family is divided into three
subfamilies: (1) Oncovirinae, encompassing the majority of retroviruses,
including all the oncogenic members and many closely related
nononcogenic viruses; (2) Lentivirinae, the "slow" viruses; (3) Spumavirinae,
the "foamy" viruses that induce persistant infections without any clini_cal
disease (Weiss et al., 1984).

Retroviruses cause a large range of diseases including malignancies,
immunodeficiency states, and a number of organ-specific syndromgs.
Included in malignancies are leukemias, lymphomas, sarcomas (tumors of
connective tissue) and carcinomas (tumors of epithelial origin). Retroviruées
exist in the most diverse species, from fish to humans. They can be
transmitted both horizontally and vertically (exogenous retroviruses).
Occassionally, retroviruses are incorporated in the host DNA sequences,
carried stably and often in high copy numbers in the germ line of 'a‘ll
vertebrates and are passed on only genetically. These endogenbus
retroviruses are often defective, transcriptionally silent and non-pathog'enic,
but can be activated under certain conditions (chemical, radiation) (review_ed
in Coffin, 1990).

The structure of retroviruses has been investigated by eléctrdh
microscopists and are grouped into A-, B-, C-, and D-type particles (Weiss et
al., 1984; Coffin, 1990). The particles are generally 60-90 nm in diameter,

with an electron-luscent center surrounded by a double shell. The location of



these particles leads to a further subdivision: intracisternal and
intracytoplasmic. A-type particles are intracytoplasmic and non—infectiq.us
precursors of B- and D-type. B-type particles, represented by Mouse
Mammary Tumor Virus (MMTV), assemble in the cytoplasm, rather than at
the plasma membrane. The nucleoprotein cores are located eccentrically
within the envelope and they carry prominent spikes on their surface. The C-
type, the most common form, assemble their nucleocapsid just beneath the
plasma membrane, at the site of budding. They have a centrally Iocafed
nucleoid and the envelope glycoproteins appear as small spikes ét the
electron microscope (EM) level. D-type particles are associated withh both
intracellular and extracellular forms having characteristics of both the B- and
C-type viruses. This last group is represented by the Mason-Pfizer Monkey

Virus (MPMV).

1.2 Structure of the virus particles and genomes

The retroviral particle is composed of an external envelope derived
from the host-cell membrane but studded with viral glycoproteins. The
envelope surrounds an icosahedral viral core made up solely from vifal
proteins, within which the viral genome is found. Also present inside the core
are a set of virally-encoded enzymes that are later used for viral replication
and integration of the genome into the host DNA. Retroviruses consist of
~1% RNA, ~5% carbohydrate, ~3% lipid, and ~60% protein. o

The genomic RNA is a 60s - 70s dimer complex composed of two
identical subunits and is approximately 9 kbp. It resembles mRNA moleeul_es
in that there is a methylated cap structure at the 5' end and a polyaden_.ylate
tract at the 3' end. The structure of the genome is described, starting at the &'

end (Fig. 1) (reviewed in Varmus and Brown, 1989; Coffin, 1990). The %'
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Figure 1. Anatomy of an RNA subunit of a replication-competent
retrovirus. The important structural and genetic domains of a typical single-
stranded RNA subunit (8-9 kb) of a replication-competent retrovirus are
indicated by the following notations: cap, 5' "cap” nucleotide; R, terminal
redundancy; U5, sequence unique to 5' terminus, present twice in viral DNA;
(<) PB, binding site for (-) DNA strand primer, a host tRNA; L, leader region;
gag, coding region for nucleocapsid proteins; pol, coding region for DNA
polymerase; env, coding region for envelope glycoproteins; (+) P, polypurine
tract that is the probable primer for the (+) DNA strand; U3, sequence unique
to the 3' terminus, present twice in viral DNA; An, tract of poly(A) at the 3'
terminus. Lengths of all regions are approximate and vary among

retroviruses (adapted from Varmus and Brown, 1989).



end itself consists of a 10 to 230 bp long repeat called R, which is also
present at the 3' end and has a crucial function during reverse transcription
(see below). This is followed by the US sequence, 80 to 100 bp in Iengi_h,
which encodes no proteins, but contains at its 3' end the att site necessary
for integration. After reverse transcription U5 becomes the 3' end of the long
terminal repeat (LTR). This 3' end is determined by the primer binding site
(PBS), 18 bp in length, where the previously mentioned host derived ;tRNA
primer binds to initiate synthesis of viral DNA. Between the PBS and the start
of the first structural gene, gag, there is a several hundred bp long leader
sequence, which contains a donor site for the splicing of all subgenomic
mRNA species and also codes for the v signal that facilitates packaging o}
viral RNA into virions. In the Moloney Murine Leukemia Virus (Mo-MuLV) this
sequence extends into the gag gene. All replication-competent retroviruses
code for three structural proteins: gag, codes for the internal struptural
proteins, po/, codes for the reverse transcriptase, and env, encodes the
envelope proteins. The order of these genes is as follows: 5' - gag - pbf -
env-3'. ‘

The & most gag gene, 2.0 kbp, is translated from full length RNA and
encodes a precursor protein of 70 - 80 kD, which is cleaved into 3 - 5 capsid
proteins that make up the core of the virus particle. In the order of' their
translation these include the myristylated matrix protein (MA, 15 to 20 kD)
found in the matrix between the nucleocapsid and the envelope, the capsid
protein (CA, 24 to 30 kD), the dominant component of viral capsid wh_ich‘ is
important for virus assembly, and the nucleic acid binding protein (NC, 10 to
15 kD).

The second gene is pol, (2.9 kbp). It codes for the reverse

transcriptase (RT, 50 to 95 kD) with an amino-terminal RNA-dependent DNA

5
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polymerase activity and a carboxy-terminal RNase H activity, and the
integrase (IN, 32 to 45 kD).
The primary product of the env gene (1.8 to 4.0 kbp) is translated from
a single spliced RNA, is heavily glycosylated and cleaved to form the larger
amino-terminal SU (surface polypeptide) protein (46 to120 kD) on the
surface of the virion where its spikes can be seen by electron microsco';')yf It
is linked by disulfide bonds to the second, smaller, carboxy-terminél .T-M
protein (15 to 41 kD), which contains a transmembrane region and
cytoplasmic tail. TM may mediate fusion of viral and host membranes d’urinQ
entry of the virus into a cell. .
Following env, there is a noncoding region of variable length .;Nh'_ic_h
contains a polypurine tract that is important during reverse transcription. '
U3 sequences are 170 to 1200 bp in length and contain mﬁltiéle
elements responsible for the synthesis and processing of viral RNA
(reviewed in Majors, 1990). Among these are the TATA element vyhigh
determines the site of transcription initiation, and other promoter' énd
enhancer elements. In some retroviruses the polyadenylation signal“ is
induced in U3. it also contains another att site at its 5' end which plays a 'r6|e
in retroviral integration and is an inverted repeat of its homologue in U5.
Finally, the 3' end of the genome contains another copy of the'-_R

region which can have the polyadenylation signal.

1.3 The retrovirus life cycle

1.3.1 Attachment and penetration

The retroviral life cycle begins with the entry of extracellular particles
into susceptible host cells, a process that requires the attachment of virus

particles to a permissive host cell via sequence cellular receptors, situated

6
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on the cell surface and recognized by the viral envelope glycoprotein, gp70
or SU. Infection of a cell by a retrovirus generally resuits in interference, i.e.
resistance to infection by a virus that uses the same receptor, w_hile it
remains susceptible to infection by viruses that bind to other receptors. )
The receptor for the ecotropic MuLV is a basic amino acid transporter
consisting of a 622 amino acid protein with multiple membrane spanning
domains (Albritton et al., 1989; Wang et al., 1991). After binding the surfaf:e
protein to its receptor, the virus is endocytosed into the cell, whé_re
decapsidation of the particle occurs, thus liberating the viral nucleic acid and
viral enzymes (present in the viral core) into the cytoplasm, and formé a

nucleoprotein complex.

1.3.2 Reverse transcription

In dividing cells, viral DNA synthesis takes place within 4 - 8 hoUIjs
post-infection, while it may be incomplete in quiescent cells. This requires
the presence of the plus strand RNA template, the tRNA, the activities of bNA
polymerase and RNase H, and occurs in the cytoplasm within_a
nucleoprotein complex. It converts the single stranded RNA molecule which
starts and ends with the R repeats into a double stranded DNA molecdle, in
which the 3' U3 region is duplicated into a 5' most position and the 5' U5
region is duplicated into a 3' terminal position. Reverse transcription _is
dependent on the ability of the polymerase to jump, i.e. to transfer the
growing DNA chain from one R region to the other and continue rep[icgtion.
This reaction can be summarized in Fig 2 (reviewed in Dahlberg, 1988;
Varmus and Brown, 1989; Coffin, 1990).

Reverse transcription begins in a 5' direction at the PBS close to thé

5' end of the RNA, where the polymerse starts to generate a minus strand



DNA copy by using the bound tRNA as a primer; it extends this copy to the
end of the genome thus replicating the US and R region. At the 5' end of the
genome it reaches the first strong stop. At this point, the newly made short
DNA molecule complexed to the polymerse transfers or jumps to the'other
end of the genome, where it can base-pair to the second R region. The
RNase activity of RT facilitates this step by removing the already copied RNA
molecule.

Following the jump, synthesis of the minus strand DNA continues to
the 5' end of U3 where the RNase H activity generates a primer by cleaving
the RNA template, and proceeds towards the 5' end of the genome through
U3, R, and U5, until it copies the tRNA primer from which the minus strand
DNA was elongated. There the nascent plus strand DNA reaches a sé_cond
strong stop and jumps to the PBS of the minus strand DNA. Synthesfs can
now be brought to completion resulting in a full length, double stranded DNA
molecule in which 5' and 3' copies of the U3, R, and U5 regions constitute

the two LTRs.

1.3.3 Nuclear migration and integration

Within hours after infection, the DNA migrates to the nucleus of thé
cell complexed to integrase (Goff, 1992). The signals for this migration are
still unknown. However, much is known about the integration process which
is summarized in Fig 3. IN removes two bases from the 3' end of each strand
and cleaves the host DNA target to produce staggered nicks that generate
four to six base 5' overhangs. It then joins the 3' end of the viral DNA to
these 5' overhangs. The remaining gaps are repaired by host DNA
polymerase. Thus, two bases are lost from each end of the viral DNA and

four to six bases of the host DNA are duplicated. The integrated viral
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Figure 2. Synthesis of double-stranded proviral DNA from the\

retroviral RNA genome. The comments in the figure explain the
sequence of events involved. Of particular importance is the production of
both first strand (-) and second (+) strong stop DNA. The digestion of RNA by
RNase H is followed in both cases by the movement of the strong stop DNAs
to the opposite end of the genome, followed by completion of the DNA
strand. This mechanism is critical to the production of the LTRs of the proviral
DNA. Completion of the proviral DNA is followed by movement of the DNA to
the nucleus, circularization (mediated by inverted repeats at each end of the
LTR), and integration into host DNA. Typically, only a small fraction of the
proviral DNA integrates, while the majority of these molecules are degraded

(adapted from Dahlberg, 1988).
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genome is called the provirus and is stably maintained and transmitted to
daughter cells by the conventional Mendelian model. The provirus is not
excised, are there is no mechanism by which it is efficiently eliminated.
While target sites for retroviral integration do not share any cohmon
sequences, they are frequently found in the proximity of genomic regions
that are DNase | hypersensitive and actively transcribed. Such sites are
used 106 times more often than expected, if integration was a random event
(Varmus and Brown, 1989). Alternatively, there is also a small number of
"hot spots”, highly preferred sites of insertion, that may represent a
significant minority of all the insertion events (Shih et al., 1988). The basis

for these hot spots by viruses is uncertain.

1.3.4 Assembly, budding and maturation of virions

While C-type retroviruses assemble at the plasma membrane, the B-
and D-type forms A-type intermediates in the cytoplasm which associate with
the membrane. The assembly leads to a core consisting of two strands of full
length viral RNA, host tRNA and the gene products of gag and pol. The cores
associate with membrane regions containing a high density of SU and TM
proteins. By budding through the membrane, they acquire an outer
membrane studded with envelope proteins. The particles undergo a
maturation process, in which the two RNA molecules dimerize, the gag and

pol polyproteins are cleaved, and the core becomes electron dense.
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Figure 3. The process of integration of the retroviral DNA. The
ends of the linear DNA are brought in proximity and nicked in a staggered
break by the endonucleolytic action of the viral IN function. The recessed 3'
ends for the viral DNA are joined to the 5' ends of the nicks. The resulting
intermediate contains gaps in the target DNA flanking the provirus and the
two protruding unpaired bases (AA) of the virus. Host enzymes remove the
unpaired bases, fill in the gaps, and close the nicks (adapted from Goff,

1992).
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1.4 Murine Leukemia Viruses (MulLV)

1.4.1 Slow-transforming Murine leukemia viruses

Slow-transforming MuLVs, also called replication-competent MuLVs,
have a complete genome sructure containing all the necessary genes
required for autonomous replication and propagation. Once an animal ﬁa‘ls
been infected with a replication-competent retrovirus, or an endogenqus
provirus has been induced spontaneously, neoplasias develop with a lag of
about 6 months. _

Exogenous MuLVs were discovered in mice and chickens becau_é'e
they induce various forms of leukemias after a long latent period, but do not
transform cells in vitro. These neoplasias do not result from the activity of
viral genes, but from the activation of proto-oncogenes present in the cell.
However, some MuLVs can produce changes in the host (Dulbecco aﬁd
Gingsberg, 1988).

Endogenous MulLVs were recognized through observations of inbred
mouse strains. Some strains were selected for a high incidence of leukemia
at a young age (eg. AKR), others developed the disease infrequently and 'gt
an older age (BALB/c, C57/BL6, C3H/He), some (NIH Swiss) ,__We_r"e
essentially leukemia-free. Gross (1957) found that filtered extracts of AKR
leukemic cells could transmit leukemia to newborn low-leukemia (CSH/He)
animals. The agent was identified as the Gross virus. The majority of
endogenous MulVs are nonpathogenic (Weiss et al., 1984) as they are
defective and not expressed. |

Endogenous oncoviruses have important consequences for cellsé
(1) generation of leukemia or lymphoma;

(2) contributing genetic information to other viruses by recombination; -
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(3) replication help for defective viruses in the form of virion proteins or
polymerase;
(4) inactivation of host genes inside which they are integrated; _
(5) insertion of the proviral glycoprotein into the cell membrane may confer
new antigenic specificity on the cells, or resistance to infection by related
retroviruses by blocking their receptors (interference). This is the mechanism
of a mouse mutation (Fv-4) that renders cells resistant to ecotropic MuLVs;
(6) evolutionary spreading of the provirus through the host genome by
reverse transcription like other eukaryotic transposons.
MuLVs can be classified into four groups according to how they grow
in cell lines (reviewed in Dahlberg, 1988):
(1) ecotropic sirains infect mouse cells, but not cell lines from other spec{ies:
(2) xenotropic viruses do not infect mouse cells, but cells of other species.
The difference is in the env gene and the LTRs; '
(3) amphotropic viruses infect murine and nonmurine cells;
(4) dualtropic MCF (Mink Cell Focus) viruses are thought to be generatéd by
recombination between ecotropic and endogenous xenotropic sequehce_s.
thus altering host range specificity (Kelly et al., 1983; Evans and Cloyd,
1984). The tropism is due to the use of different cell recepors by the viruses.
The ecotropic MuLVs have also been classified according to whether
they will or will not grow in cells derived from a particular mouse strain. This
depends upon a particular allele (the n- or b-allele) of the Fv-1 gene on
chromosome 4 expressed by those cells (reviewed in Jolicoeur, 1979).
Viruses that grow well on NIH-3T3 cells, but poorly on BALB/c cells“ are
called N-tropic, while viruses with the opposite growth pattern are called B-
tropic. Viruses that grow in both cells are NB-tropic. Since during the

infectious cycle the linear viral DNA that accumulates in the nucleus fails to,
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integrate when N-tropic viruses are grown on BALB/c cells, this restriction
appears to be linked to integration and seems to reflect the interaction of the
capsid protein (CA), and the gag protein, with host factors (DesGroseillers
and Jolicoeur, 1983). However, the gene product of the Fv-1 gene remains

unknown, but the gene has been identified and cloned.

1.4.2 Acute-transforming Murine Leukemia Viruses
Upon injection into a suitable host, acute-transforming MuLVs (AT-

MuLVs) produce tumors within a few weeks. They are also replication-
defective MulLVs but they transform fibroblastic cells in vitro, producing
characteristic foci. This is due to the presence of an activated oncogene in
the viral genome. Peyton Rous isolated the first strain of acutely transforming
viruses, from a chicken with a spontaneous sarcoma, which is known as the
Rous Sarcoma Virus (RSV). Many other strains were subsequently isolated
in various species (Bishop, 1985).

Acute-transforming viruses are defective and all contain one or more
oncogenes in replacement for normal viral sequences. The oncogenes were
captured by rare recombination events with the normal proto-oncogenes of
the cells, in which both viral genes and proto-oncogenes were altered.
Deletions of the viral genome explain the defectiveness of these viruses,
alteration of the proto-oncogenes explain its activation. The deleted
genomes of AT-MulLVs, being replication-defective, require a helper for their
multiplication, ATVs are then generated as pseudotypes with helper
envelope.

One exception exists to this rule, and that is the Rous Sarcoma Virus,
which harbors all viral structural gene (gag, pol, and env,) as well as

additional sequence coding for the gene src (Weiss et al., 1985). As such,
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this viruse is capable of both rapid replication and transformation, having all
the gene products necessary for replication and transformation encoded

within its genome.

1.5 Gross Passage A Murine Leukemia Virus

In 1951 Gross demonstrated that cell-free extracts from spontaneous;
AKR thymic lymphomas (thymomas) gave rise to similar thymomas whén
injected into newborn C3H/He mice having a low background incidence gf
the disease. Cell-free extracts were then serially passaged from C3H/He
thymomas through the same strain of mice. After 15 successive passages,
each one selecting for the most rapid thymoma-inducing filtrate, the fin:%ll
filtrate was able to induce thymomas in about 3 months in 95% of injécted
C3H/He mice. This highly leukemogenic extract was called Gross Passage
A (GPA) (Gross, 1957).

The cell-free GPA extract was shown to contain a mixture of severél
MuLVs, namely ecotropic, xenotropic and MCF-type particles (Faﬁ'ulari,
1982). This mixture has been later passaged 24 times on NIH SwiSé
fibroblasts, and one type of virus has been biologically purified by end-.point
dilution (Buchhagen et al., 1980). This clone (Gross virus) gave a l_bwer
incidence of disease and had a longer latency period prior to onset of the
disease. Nevertheless, the thymomas induced by this clone were identical to
those induced by the original cell-free extract.

Recently, the ecotropic Gross virus has been molecularly cloned
(Villemur et al., 1983). it appears that this virus is unable to indﬁc.e
thymomas by itself. However, the induction is associated with the formation
of MCF-type recombinants, which would then be directly responsible for

thymoma induction (Famulari et al., 1982). Recombinant DNA experiments
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between the cloned Gross virus and the weakly leukemogenic Balb/c MuLV
have shown that part of the env region, as well as the LTR of the Gross virus
are responsible for its high leukemogenic potential and induction éf
thymomas (DesGroseillers et al., 1983). Therefore, the prolonged Iatenéy
period for the biologically and molecularly cloned virus could be explainéd _
by the fact that more time was necessary after inoculation in order to
generate the MCF-type recombinants, which would then directly induce
thymus malignancies. Such MCFs may have been present in the original
cell-free extracts obtained by Gross, which had shorter latencies than the

cloned Gross virus.

2. The activation of cellular genes by insertional mutagenesis

2.1 Introduction

As seen in the previous section, retroviruses may be viewed as
naturally occurring, self-propagating mutagens of humans and animals.
They exert mutagenic effects by integration into host genome, a natural step
in the viral replication cycle. Retroviral integration disrupts the host genome
and may lead to activation or inactivation of cellular genes. Acuté—
transforming retroviruses will induce disease within 2 - 3 weeks post-
infection. While slow-transforming retroviruses cause tumors with a latency
of 3 - 9 months (Varmus, 1984; Bishop, 1987).

Studies of some diseases caused by slow-transforming retroviruses
led to the observations that the tumors were clonal descendents of a single
infected cell (Steffen and Weinberg, 1978; Cohen et al., 1979). Hayward et

al., (1981) suspected that cellular oncogenes might be targets for proviral
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integration. They screened ALV-induced bursal lymphomas in chickens for
rearrangements of known oncogenes and found that most Iymphomaé
contained provirus integrated in the 5' region of the c-myc oncogene.

The discovery that insertional mutagenesis plays an important role in
oncogenes led to the use of provirus-tagging as a method to identify genes
involved in this process. The strategy for identifying the relevant cellular
genes is analogous to transposon-tagging, first applied by Drosophila
geneticists (Bingham et al., 1981). Viral-host DNA junction fragments from
one tumor are cloned and probes are derived from the cellular sequences
flanking the proviruses. The presence of proviruses in a common region
detected by the cellular probes in multiple, independent tumors, is taken as
evidence for the presence of a cellular gene where activation has giveﬁ the
cell a growth advantage. The argument is based on the assumption that
retrovirus integration sites in the cellular genome are too numerous to rﬁake
detection of proviruses in the same genomic region in different tumors a
frequent event, if no selective pressures are involved. Therefore, a common
integration site indicates selection of one cell on its way to a tumorigenic
state out of a large population of infected, but otherwise normal cells. This
approach has led to the identification of new oncogenes (Table 1), revealed
potential oncogene interactions during multistep process of oncogenesis,

and provided clues of some aspect of gene regulation.

2.2 The mechanisms of activation of cellular genes
2.2.1 Promoter insertion

In this model, transcription of the cellular gene is under control of tfje

LTR promoter.



i, 2annencer insertion

. 3' LYR promation (pramoter inserticn)
Ly IR

._ V4 \
il e ]
U3™R US U3 RUS

[

R US
[ otessrmassd] AAA

18

I 5' LTR promotion (readthrcugh activation)
a.
i _J:UR
———: viral gene
) =] protconccgene excn
L.

i: poly A signal

AAA: poly A sequence
( ), deletion
\/: splicing
SD: spiice daoncr

V| mmevaaeemsaal AAA

3'LTR S'TR
a. | e || [—resl-sl—reae]—
us R U3 Us U3 |
— TV
e ormeiid AAA
Us R US U3 R US
a2 — 71 ]
c i

i s ] | TAAA

us R
Figure 4. The mechanisms of insertional activation of proto-

oncogenes. Arrows indicate direction of transcription, other symbols are
defined above. Exon followed by AAA represents the mature transcripts of

the the activated proto-oncogenes (figure adapted from Kung et al., 1991).



19

Table 1: Common Insertion sites (adapted from van Lohuizen and Bermns, 1990)

Tumor Insertion Site Retrovirus Frequency Mode of

of Insertion  Activation

Erythroleukemias sfpi1 SFFV 95% E
fi-1 F-MuLV 75% ?
p53 SFFV/F-MulLV En

Myeloid leukemias c-fms/fim-2 E-MuLV 20% E
evi-1/fim-3/CB-1 MulLV/F-MuLV 100% E
evi2 MuLV 10% ?
fim-1 F-MuLV 5% ?
GM-CSF SFFV/R-MuLV 35% E
multi-CSF(IL3) SFFV/R-MuLV 18% E
N-myc MuLV 3cases E
fis-1 F-MuLV 5-10%"* ?

T cell lymphomas c-myc MulLV 20-40% E
mis-1/pvt-1,mivi-1 MuLV 20-30% ?
miviF2 MulLV <10% ?
N-myc MuLV 35% E
pim-1 MuLV 15-45% E
Ick MuLV <10% P
c-Ha-ras MuLVv 1 case ?
gin-1 MuLV 25% ?
fis-1 F-MulLV 5-10% ?

B cell ymphomas pim-1 MuLVv 25% E
avi-1 MuLV 1 case ?
ahi-1 A-MuLV 16% ?
bmi-1 MuLV 25% E/P

Mammary carcinomas wnt-1(int-1) MMTV 30-80% E/P
int-2 MMTV 5-65% E/P
int-3 MMTV 8-40% ?
wni-3(int-4) MMTV 10% E
wnt-4(int-5) MMTV ? ?

*, % difference (depends on host strain); E, enhancement; P, promoter insertion; |,

inactivation due to insertion.



(1) 3' LTR promoter insertion (Fig. 4). Tumors have the provirus inserted at
sites clustered at the 5' end of a proto-oncogene. The provirus is oriented in
the same iranscriptional direction as the gene. The transcript for the
activated oncogene begins with R and U5 regions of the 3' LTR and contain
no other viral sequences (Peters, 1990; Van Lohuizen, 1990; Kung et al.,
1991).
(2) 5' LTR promotion (readthrough activation) (Fig. 4). This mechanism
shares some characteristics with 3' LTR promotion, such as the clustering of
proviruses at the 5' end of the gene. However, the proviruses involved in this
activation remain intact and the oncogene transcripis usually contain leader
sequences. Transcription extends through the viral genome as well as
through cellular sequences downstream from the insertion site. Most of the
primary transcripts are cleaved near the poly A signal of the 3' LTR to
generate viral genomic RNA and spliced viral messenger RNAs.
Approximately, 10 - 15% of primary transcripts, however, escape
polyadenylation at the 3' LTR site and use a poly A signal of the downstream
proto-oncogene. A readthrough transcript is generated including both'the
viral genes and the proto-oncogene. Splicing a donor site of the virus to an
acceptor site of the proto-oncogene can result in a functional mRNA for an
oncogenic fusion protein. DNA for viral 3' sequences (including the 3' LTR)
is sometimes deleted which may increase the level of proto-oncogene
message by eliminating interference due to polyadenylation at the 3' LTR
site (Lazo ans Tsichlis, 1990; Peters, 1990; Van Lohuizen and Berns, 1990;
Kung et al., 1991).

Activation by promoter insertion has been described for the fo[IoWing:
c-myc (N), c-erb B, c-myb (N), c-Ha-ras, c-Ki-ras, c-rel, c-Ick, Mivi- 4, Evi-1.

2.2.2 Enhancer insertion mechanism
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Provirus insertion near a cellular gene may occur at a 3' position
relative to the gene and in the same transcriptional orientation. Alternatively,
it may occur 5' of the gene and in the opposite transcriptional orientation.
The integrated provirus can either be full length or have internal deletions in
various regions. The net effect of these proviral insertions is the
transcriptional activation of a normally silent gene or transcriptional
enhancement of a gene expressed normally at lower levels in the tissye df
origin of the tumor. In either case, the gene is transcribed from its-ow;vn
promoter. If the transcription of the gene is normally under the control of
more than one promoter, provirus integration may shift the balance af
transcription toward one of them. This may be due to the interaction of the
introduced viral enhancer with neighboring promoters. Insertion at sites up
to 300 kbp away from a proto-oncogene has recently been reported (Lazo
and Tsichlis, 1990; Tsichlis, 1990; Kung et al., 1991)

Activation of genes by enhancer insertion has been described .for c-

myc, N-myc, c-mos, Pim-1, Spi-1, int-1/Wnt-1, int-2, int-4/\Whnt-3.

2.2.3 Truncation of gene: Synthesis of an abnormal gene product

Most of the proviral activation events observed in tumors dé’ not
perturb the structure of the gene product. However, in some instances, (i.e.
c-Erb B, N-myc and c-myb ) provirus insertion occurs within the codin'g
sequences or within an intron between two coding exons of an oncogene.
The net result of these insertions is the synthesis of mMRNA transcripts cdding
for proteins that are truncated either at their NH2-terminal or COOH-tefminaI
regions. ALV insertions in the c-Erb B oncogene lead to expression of an
amino truncated EGF - receptor protein (Downward et al., 1984; Nilsen et al.,

1985). The truncation removes most of the ligand-binding domain of the
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receptor, thereby constitutively activating the signal-transducing kinaée
domain. Proviral insertions in c-myb also result in truncation of the myb
protein. Analysis of acute-transforming viruses that transduce milb
sequences indicate that v-myb is truncated at both §' and 3' ends in these
viruses. Similarly, the c-myb gene is truncated to the same extent at the 5'
end in MLV-induced myeloid tumors, where viruses integrate upstream of
the first v-myb homologous exon (Mushinski et al., 1983; Shen-ong et al,,
1986). Carboxy-terminal truncations of c-myb have also been reported
(Shen-ong et al., 1986) in the intron between c-myb exons 6 and 7 givin_g
rise to mMRNAs coding for a truncated c-myb protein product. All of the known
proviral integrations do not interrupt coding domains, although viral
insertions outside coding regions could potentially influence spliciné
patterns (Shen-ong, 1987; Rosson et al., 1987; Watson et al., 1987) aﬁd/or

translational initiation (Marth et al., 1988).

2.2.4 Stability of RNA message

Although most cases of enhancer insertion do not perturb the coding

regions of the gene, there are some examples in which the integration has
occurred within the transcriptional unit and altered the structure of mRNA.
Provirus insertion in the 3' untranslation region of a given oncogene, in
some transcriptional orientation , results in transcription starting at the proto-
oncogene promoter and polyadenylation occurring at the integrated vi}él 5
LTR polyadenylation site, thus removing 3' untranslated sequences from the
proto-oncogene mRNA. In the case of Pim-1, activated in MulL.V-induced
tymphomas, this truncation resuits in the removal of AU-rich motifs, which
can confer instability to mRNAs (Stelten et al., 1986; Domen et al., 1987).

The net effect may be increased stability of the mRNA leading to an increase
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in steady-state level of Pim-1 transcripts in these tumors. Another gene that
may be activated by a similar mechanism is N-myc. Provirus insetion occdf
within 100 bp of the translation stop codon, thus removing AU - rich motifs as
well as the other evolutionary conserved domains (van Lohuizen et al.,
1989). Another example has shown removal of 6 aa of the N-myc protein

(Setoguchi et al., 1989).

2.2.5 Long distance gene activation

In the examples discussed in the preceeding sections, provirus
insertions affect the expression or structure of genes in its immediate vicinity.
In other cases, provirus insertion may affect the expression of genes over
large distances, up to 300 kbp away (Peters, 1990; Tsichilis et al., 1990; Van
Lohuizen and Berns, 1990; Kung et al., 1991). The best studied examble of
this phenomenon is the activation of c-myc in murine T cell lymphomas
mediated through integrations in the Mivi-4 or Milvi-1/mis-1/pvt-1 . loci,
located 30 and 270 kbp 3' of the c-myc gene, respectively (Tsichlis et al.,
1989, 1990; Lazo et al., 1990b). Cell hybrids were constructed between rat
thymic lympoma cells bearing integration in either Mivi-1 or Mivi-4 and a
murine T cell lymphoma line. The purpose of these cell fusions wés to
segregate the normal rat chromosome 7 (which contain c-mye, Mivi-1 , and
Mivi-4 ) from the rearranged allele, and to see if the expression of ¢-myc
was affected by one or the other proviral integration site (Lazo et al., 1990).
A correlation was found among the expression of c-myec, Mivi-1 and the
presence of proviral integrations in Mivi-4. All cell hybrids retained both the
normal mouse and rat c-myc alleles, but the rat c-myc was expressed only

in hybrids having the rearranged Mivi-1 or Mivi-4 locus. The levels of c-myc
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was undetectable in hybrids with the non-rearranged alleles. This led to the
conclusion that elevated expression of rat c-myc is linked to proviral
rearrangements of two distant loci.

Other examples of long distance activation of oncogenes by provirus
integration includes activation of Evi-1 by provirus integration in the Fim-
3/Cb-1 locus (Bartholomew et al., 1989) and the activation of the Lyt-2 gene
(CD8) by provirus insertion approximately 35 kbp 5' of the Lyt-2 promoter
(Tsichlis and Lazo, 1991).

These long range effects could represent cases in which the
chromatin structure was altered, and thus allowing the "looping” of large

DNA domains to bring enhancers close to promoter sequences.

2.2.6_Chromosomal rearrangements by homologous recombination

between integrated proviruses

Provirus insertion may be identified by gross chromosomal
rearrangements due to homologous recombination between integrated
proviruses as in the case of a Mo-MuLV-induced rat T cell lymphoma (Lazo
and Tsichlis, 1988). This tumor contained an integrated provirus 5' of the first
exon of c-myc in a transcriptional orientation opposite to the gene and a
second provirus 3' of the gene (Lazo and Tsichlis, 1991). The two proviruses
integrated in opposite orientations. Homologous recombination between the
3' LTR of the c-myc provirus and the 5' LTR of the provirus distal to c-myc
gave rise to an intrachromosomal inversion. One of the products of this
recombination event was characterized and found to consist of an aberrant
LTR structure flanked on one side by c-myc and the other side by cellular
sequences derived from the site of integration of the second provirus (Lazo

and Tsichlis, 1988).
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Another gross chromosomal rearrangement due to recombination
between integrated proviruses was detected in Mo-MuLV-induced murine T
cell lymphoma. This tumor contained an integrated provirus in the intron
between the 5' non-coding exon and the first coding exon of c-Ha-ras on
mouse chromosome 7. Recombination between this and another provirus on
the same chromosome resulted in the translocation of the c-Ha-ras coding
sequences and enhanced expression of the gene. The translocated gene
had the ability to transform fibroblasts in culture (Ihle et al., 1989). A similar
type of rearrangement due to homologous recombination between
integrated proviruses was also detected in an ALV-induced chicken

lymphoma (Nottenburg et al., 1987; Lazo and Tsichlis, 1991).

2.3 The_inactivation of cellular genes by retroviral insertional

mutagenesis
Tumor development is associated with mutations in two types of

genes, oncogenes and anti-oncogenes (recessive oncogenes) (Knudson,
1985). Mutations affecting oncogenes are usually dominant and they are
associated with overexpression or enhancement of the biological activity of
the gene product. Conversely, mutations affecting anti-oncogenes are
usually recessive and associated with lack of expression of the anti-
oncogene product. Alternatively, anti-oncogenes may suffer dominant
negative mutations, where the mutant alilele of the anti-oncogene produces
a product that competes with the product of the normal allele (Lane and
Benchimol, 1990).

To date, only one anti-oncogene, p53, is known to be the target of

insertional mutagenesis in retrovirus-induced tumors. Most tumors carrying
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insertion mutations of p53 lack a normal p53 allele. Proviral integrations are
frequently found in the p53 gene in Abelson MulLV-induced pre-B cell
lymphomas, (Wolf and Rotter et al., 1984; Rotter et al., 1984) and in Friends-
MuLV-induced erythroleukemias (Mowat et al., 1985; Chow et al., 1987,
Kovinski et al., 1987). While in some cases proviral integration completely
abolishes p53 expression (Hicks and Mowat, 1988; Ben-David et al., 1988),
in most instances high levels of p53 proteins are induced (Rovinski et al.,
1987; Ruscetti and Scolnick, 1983). The overexpressed p53 protein contains
mutations, which can alter both the stability and/or the conformation of the
protein (Hinds et al., 1987). Several reports indicated that the loss of function
by mutation in p53 is involved in erythroleukemia progression (Ben-David et
al., 1988; Ben-David and Bernstein, 1991). Further studies show that the
erythroleukemias induced by Friend virus result from the accumulation of a
number of genetic changes, including activation of members of the Efs gene
family (Spi-1/Pu-1 and Fli-1) and inactivation of the p53 gene (Ben-David
and Bernstein, 1991). Retroviral insertional activation of the Fli-7 is the first
detectable genetic event in F-MuLV induced' primary erythroleukemias.
Mutations in n53 gene were observed in the Epo-dependent cell lines at late
stages of tumor development (Howard et al., 1993). These data suggest that
activation of the Fli-1 gene may alter the self-renewal probabilities of
erythroid progenitor cells and that p53 mutations immortalize these cells,

enabling them to grow in vitro in the presence of Epo.

2.4 Genes affected by provirus insertion
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Provirus integration affects the expression of the structure of genes
involved in the transduction of proliferation or differentiation signals from the
cell membrane to the nucleus. These genes can be classified in at least 4
functional categories: (1) genes coding for growth factors; (2) growth factor
receptors; (3) membrane associated or cytoplasmic proteins involved in
signal transduction; (4) nuclear proteins, most of which are known to have

transcription factor activity. A list of some of these genes are presented in

Table 1.
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3. Spermatogenesis

3.1 Introduction

Spermatogenesis is a unique and continual process in mammals
whereby stem cells divide mitotically to become cells that either remain
quiescent or give rise to those that undergo a series of mitotic and meiotic
divisions, culminating in the onset of a remarkably complicated
differentiating pathway. It is this differentiating process, called
spermiogenesis, that results in the formation of immature spermatozoa. The
frequency of stem cell division is tightly controlled in rodents. Only each 13
days do unknown environmental and/or genetic cues result in mitosis, and
whereas one daughter cell begins its path to produce many genetically
identical spermatogonia, the other cell becomes arrested before it divides
and retains stem cell potential. Because of the incredibly intractable nature
of the process, little is known about the molecular mechanisms that control
spermatogenic stem cell renewal.

However, numerous studies have described in detail the dramatic
morphological changes that the differentiating cells undergo and the unique
structures that appear during the development and maturation of the male
gamete. These structural data provide an excellent framework on which to
study the changes in testicular gene expression that underlie the
developmental events. Moreover, the testis provides a superior system to
study certain eukaryotic control mechanisms. The ordered differentiation of
germ cells allows analysis of the temporal regulation of gene expression for
a series of defined proteins in a terminally differentiating system.
Furthermore, because transcription terminates early during spermiogenesis,

the translational regulation of stored mRNA is essential to synthesize many
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of the proteins appearing during this haploid phase of spermatogenesis. A
more detailed understanding of the molecular aspects and of the
biochemistry of spermatogenesis will disclose many essential regulatory
mechanisms unique to the development of the male gamete.

In this section, the literature on spermatogenesis and gene
expression during spermatogenesis will be examined. Many excellent
reviews of the biochemistry of spermatogenesis (Belivé, 1979; Bellvé and
O'Brien, 1983) and aspects of hormonal regulation (Steinberger, 1971; Fritz,
1978) are available. Therefore, most of this presentation will be restricted to
an overview of spermatogenesis, with specific attention to spermiogenesis,
as this process occurs without cell division and is one of the most
phenomenal cell transformations in the mammalian body. As well, gene
expression from both the diploid and haploid genomes during mammaﬁan

spermatogenesis will also be examined.

3.2 Scheme_ of spermatogenesis
The mammalian testis contains 2 discrete morphoiogical

compartments, interstitial tissue and the seminiferous tubules. Interstitial
tissue forms the minor compartment and is composed primarily of vascular,
lymphatic and connective-tissue elements, macrophages, fibroblasts and the
androgen secreting interstitial cells of Leydig. The seminiferous epithelium
forms the major compartment and contains the differentiating germ celis
intercalated between the supporting Sertoli cells. Spermatogenesis is a
continuum of germ cell differentiation which occurs in 3 principle stages: (1)
stem cell differentiation and renewal; (2) meiosis; (3) spermiogenesis. The

sequence of spermatogenesis in the mouse is presented in figure 5.
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3.2.1 Stem cell differentiation and renewal

During fetal development, primordial germ cells migrate to the genital
ridge, where they continue to proliferate (Eddy, 1970; Jeon and Kennedy,
1973; Spiegelman and Bennett, 1973; Zamboni and Merchant, 1973). After
a period of substantial cell growth and proliferation (Clark and Eddy, 1975),
the germ cells, now called gonocytes or prespermatogonia, enter a
nonproliferative growth phase and move to a position adjacent to the basal
lamina of the seminiferous cords, where they differentiate to a transitional
cell type, primitive spermatogonia (Baille, 1964, Franchi and Mandel, 1'964).
These cells, after several mitotic divisions, serve as progenitors of the
definitive spermatogonia that produce primitive type-A spermatogonia and
later, the presumptive type-A spermatogonia. It should be noted that the
precise mechanism by which stem cells are continuously produced, giving
rise to the differentiating type-A spermatogonia has not been resolved: One
model by Clermont and Bustos-Obregon (1968) suggested that all type-A
spermatogonia could be divided into 2 classes: The renewing stem cl,ells
(type A1-A4 spermatogonia) and the reserve stem cells (Ap spermatogonia).
Types A1-A4 would be responsible for forming more mature germ cells while
AQ spermatogonia would remain dormant, proliferating only upon
destruction of the renewing stem cells. In contrast, Huckins (1971) propoesed
3 categories of spermatogonia: (1) stem cells (Ajsolated or Ais); (2)
proliferating cells (Apaired or Apr, Aaligned or Aal); (3) differentiating cells
(A1-A4, Aintermediate or Ain, B). The Ajs spermatogonia would divide
occasionally and form either more Ajs or Apr cells. Once type Apr
spermatogonia were generated, they would mature in the following

sequence of spermatogonial cell types:
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Apr-=> Ag| > A1 --> A2 -->A3 > A4 --> Ain->B.

No matter what the preferred model, in mouse, all type-A spermatogonia
appear in the seminiferous epithelium 7 days postnatally, and type-B
spermatogonia are present in the testis by day 9 (Nebel, Amarose, and
Hackett, 1961; Clermont, 1972; Bellvé et al., 1977). These early germ cell
types are actively engaged in mitosis and constitute the mitotic phase of
spermatogenesis. Little is known at the molecular level of the regulatory
processes in spermatogonial differentiation, a time interval that is difficult to

study.

3.2.2 Meiosis

During the second major phase in the approximately 34 day cycle
producing spermatozoa in mice, type-B spermatogonia divide to form
preleptotene primary spermatocytes, initiating the meiotic phase of
spermatogenesis (Monesi, 1962). In mouse and rat species, each germ cell
must undergo 6 mitotic divisions in the progression from spermatogonia to
spermatocyte (Monesi, 1962; Clermont and Bustos-Obregon, 1968). The
final round of semiconservative DNA replication occurs in preleptotetje
spermatocytes to increase the DNA content from 2N to 4N. Preleptotene
spermatocytes differentiate into leptotene spermatocjrtes whose appearance
signals the initiation of meiotic prophase. During this time, the chromatin
condenses into chromosomes which remain unpaired. Pairing between
homologous chromosomes occurs in the synaptonemal complexes of
zygotene spermatocytes which succeed the leptotene cells. It is during the
leptotene and zygotene stages of meiosis that the spermatocytes translocate
from the basal compartment to the adluminal or central compartment of‘the

seminiferous epithelium (Dym and Fawcett, 1970; Fawcett, Ross, 1977). The
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duration of the first meiotic division is long, requiring approximately 12 days
to complete (Kofman-Alfaro and Chandley, 1970). Zygotene spermatocytes
then give rise to pachytene spermatocytes, cells in which sex vesicles and
complete synaptonemal complexes can be observed and where
chromosomes undergo homologous recombination. Finally, sufficient
changes occur which trigger two more meiotic divisions, thus reducing the
nuclear DNA content in the primary spermatocyte from a functional 4N level
to N level in round spermatids. This haploid cell can never again divide but
serves as the most immature cell in the spermiogenic differentiation
pathway.

Several events that occur during the life of a spermatogonium are
quite unusual and are undoubtedly programmed to ensure survival of
several genetically identical germ cells. First, all of the offspring of a single
cell develop as a clone or cohort (Huckins, 1972). The cells within each
cohort remain attached by cytoplasmic bridges that allow the transfer of
molecules, including proteins. Division within a cohort is synchronous and a
certain number of such clones eventually die and degenerate at an identical
stage within the cell cycle. The molecular principles that govern this unique
form of programmed cell death are unknown (Russell et al., 1990). Second,
the first meiotic cell becomes arrested in the cell cycle at metaphase Il but
continues to undergo remarkable morphological and biochemical changes.
Chromatin condenses and the nucleus becomes quite large and distinct.
Accompanying these morphological changes are an amazing array of
transcriptional events. Nuclear RNA synthesis is extremely active in the mid
to late pachytene spermatocyte stages (Monesi, 1964). Third, prior to
completion of the first meiotic division, the cells pass from the basal to

adluminal compartment (as mentioned earlier) within the seminiferous
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tubule (Dym and Fawcett, 1970). The developing germ cells that can no
longer divide mitotically thus become protected from the environment due to
the "blood-testis barrier" that separates the 2 compartments. This barrier is
formed by tight junctions between the adjacent Sertoli cells, within which the
developing germ celis are imbedded. Finally, the entire process has evolved
to function effectively at a temperature nearly 5°C lower than that of the body
(Waites, 1970).
3.2.3 Spermiogenesis

The phase of spermiogenesis, an interval of about 14 days in the
mouse (Nebel et al., 1961), is the period where the haploid round spermatid
differentiates to the mature spermatozoon. Many unique morphological
transformations occur, including remodeling and condensation of the
nucleus into specie-specific shapes, assembly of the tail, reduction of
number and localization of the mitochondria of the cell to the midpiece
region of the developing sperm, formation of the acrosome in the nucleus,
and topographical changes in the cell surface. Spermiogenesis can be
subdivided into steps based on the morphological changes which occur in
the acrosome forming adjacent to the spermatid nucleus. The number of
steps of spermiogenesis varies amongst species so that in the mouse there
are 16 steps whereas in the rat there are 19 steps (Leblond and Clermont,
1952; Oakberg, 1956). The" duration of spermatogenesis from type A
spermatogonia to spermatozoa also varies amongst species, requiring 34.5

days in the mouse and 48 days in the rat. (Oakberg, 1956)

(A) Nuclear shaping and condensation
Up to a certain point in spermiogenesis, the nucleus of the spermatid is

roughly spherical. Thereafter, the sperm head of each species attains its
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characteristic shape, i.e., the mouse head is sickle shaped. It has been
argued that the nuclear shape may be the result of a pattern of chromatin
condensation which is intrinsic to each species (Fawcett, Anderson and
Phillips, 1971). Nuclear DNA packing is caused by changes in histones and
other specific basic proteins that associate with DNA (Fawcett, Andersgn
and Phillips, 1971). The nuclear volume decreases substantially as the
result of tighter packing of DNA and the probable elimination of fluid from the

nucleus, creating a hydodynamically streamlined sperm head.

(B) Development of an acrosome
Although the general features of acrosomal development are similar in all
mammals, each species differs from one another in fine details of acrosome
formation and in the final shape of the acrosome over the sperm head.
Acrosomal formation is a slow but continous process that is not complete
until late spermiogenesis (Lalli and Clermont, 1981; Leblond and Clermont,
1952).

The most immature spermatids contain no acrosome, but show only
a perinuclear Golgi apparatus. Shortly after the spermatids are formed, fhe
Golgi apparatus is involved in producing small condensing or proacrosomali
vacuoles, that contain dense material or proacrosomal granules. One to four
very small membrane-enclosed proacrosomal granules eventually unite
within one large membrane bounded vesicle containing a single granule
known as the acrosomal vesicle. The acrosomal vesicle is rounded until it
makes contact within the nucleus. Shortly thereafter, it indents the nucleus,
becomes flattened on the side that makes contact with the surface of the
nucleus and spreads out over the surface. The acrosomal granule remgins

dense, while the other material within the acrosome is less dense. The Golgi
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apparatus is positioned nearby contributing more and more material to the
developing acrosome. The membrane of the acrosomal vesicle in contact
with the nucleus is called the inner acrosomal membrane and that not in
contact with the nucleus is the outer acrosomal membrane. Acrosomal
development is illustrated in figure 6. '

Through an unknown mechanism, the spermatid nucleus moves to
the cell surface (Russell et al., 1983). Here, the acrosomal region of the
spermatid becomes tightly apposed to the cell surface (plasma membrane).
This imparts polarity to the cell, signalling segregation of the head or nuclear
(anterior) region of the cell from the tail or flagellar (caudal) region.
Concomitantly, the cell begins to take on an elongate shape as the
cytoplasm is stretched out along the flagellum. As time passes, the nucleus
progressively elongates. The Golgi apparatus moves away from the
acrosome and migrates to the caudal aspect of the cell, illustrated in figure 7.
At this point, the acrosome appears not to grow further in mass, but
undergoes a gradual process of increase in density. The acrosome is

considered to be a sac of secreted enzymes necessary for penetration of the

€gg.

(C) Elimination of the cytoplasm
The spermatid is reduced in volume to approximately 25% of its original size
before sperm release. Since the cell is smaller and streamlined, the maotility
apparatus is capable of propelling it through the fluid environment.

There are at [east 3 phases in the process of making spermatids
smaller and more streamlined. First, water may be eliminated from the

nucleus and cytoplasm during the elongation of the spermatid. As a result,
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Figure 6. Acrosomal development. The proacrosomal vesicle(s) are

the membrane bound elements, each of which contains a dense substance,

the proacrosomal granule. The proacrosomal vesicle(s) may or may not

touch the nucleus. The proacrosomal vesicle(s) coalesce to form a single

acrosomal vesicle containing an acrosomal granule, the latter contacting the

nucleus and flattening out over its surface. Together, the acrosomal vesicle

and the acrosomal granule form the acrosomic system or acrosome

(adapted from Russel et al., 1990).
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Figure 7. Changes in the spermatid at mid-spermiogenesis. The
nucleus of the spermatid moves towards the cell surface. The acrosomal
region of the nucleus abuts the spermatid plasma membrane and rotates
within the cell to face the basal aspect of the Sertoli cell. The flagellum is
seen at the opposite pole of the cell. These changes accomplished, the
- spermatid shows both polarity and a spéciﬁc orientation within the

seminiferous epithelium (adapted from Russell et al., 1990).
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elongate spermatids may appear more dense than other cells. Second,
some cytoplasm is eliminated just before sperm release by a minute
structure called tubulobulbar complex (Russell and Malone, 1980). Third, the
separation of a cytoplasmic package, the residual body, is responsible for
about one-forth the volume reduction. Residual bodies are formed at sperm
release as a lobe of cytoplasm is pinched off from the spermatid (Fawcett
and Phillips, 1969; Russell, 1984). Residual bodies contain packed RNA and
other packed organelles and inclusions which were used earlier by tﬁe
spermatid but are no longer necessary for sperm survival after sperm have
been released. These residual bodies are phagocytized by the Sertoli cell
and transported to the base of the tubule where they are then digested by
the Sertoli cell (Kerr and de Krester, 1974). After cytoplasmic elimination, a
small amount of cytoplasm, the cytoplasmic droplet, remains around the

neck of the spermatid.

(D) Development of the flagellum -

The first evidence of a fiagellum is seen in the very youngest spermétids.
After the migration of the centriole pair to the cell surface, one of the pair
forms an axoneme, a structure containing microtubules (9 + 2 arrangement)
that causes the spermatid plasma membrane to protrude from the cell.-The
delicate forming flagellum rapidly extends into the tubular lumen. 'The
centriole pair forming the flagellar axoneme moves from the surface of the
cell to the nucleus and indents the nucleus. Although the flagellum may
become implanted on any non-acrosomal area of the spermatid nucleys, it
eventually becomes positioned directly opposite the acrosome, ‘thus

establishing acrosomal and flagellar poles of the nucleus.
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Accessory components are added to the flagellum to form its middle,
principle, and end pieces (Fawcett, 1975). Mitochondria are recruited from
the cytoplasm to form a helical pattern around the middie piece (or mid-
piece) of the flagellum. Quter dense fibers form in the mid-piece and
principle pieces and a fibrous ring also forms in the principle piece. The
various components are illustrated in figure 8. Flagellar development is‘.a
continuous process, lasting from the very start of spermiogenesis until sperm
release. Although the flagellum imparts motility to the cell, sperm released in
the testis are essentially immotile. The capability of motility is developed in
the epididymis and not until sperm are deposited in the female reproductive

tract are they vigorously maotile.

3.2.4 Cycles, stages and waves in spermatogenesis

Leblond and Clermont (1952) have studied numerous croés—
sections of seminiferous tubules and have shown that germ cell types are
grouped into “cellular associations” As such, the [east mature germ cell type
of the cellular association are located towards the basement membrane-of
the tubule whereas the more mature cells are toward the lumen. Each
cellular association can be refered to as a stage in spermatogenesis so tﬁat
as one association replaces another, the region progresses into the _néxt
stage of development. Progression to the following stage involves the
synchronous maturation of each cell type in the cellular association to its
next respective phase in development. The stages are identified by the
spermatids contained within and the step of spermiogenesis that these cells
have reached. A cycle of seminiferous epithelium is therefore defined as a
series of changes occurring in a given area of the seminiferous epithelidm

between two successive appearances of the same cellular association
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(Leblond and Clermont, 1952). In rats the succession of 14 stages or cellular
associations make up one cycle of the seminiferous epithelium whose
duration is 12.9 days in Sprague-Dawley rats, although this value \{aries
amongst strains. in mouse however, one cycle consists of 12 stages and
lasts 8.6 days (Fig. 9), indicating that as well as strain differences, there are

also specie variations in the duration of the cycle.

3.3 Differential gene expression in testes
3.3.1 RNA synthesis

In the mouse, Monesi (1964a, 1965, 1971, 1978) observed that

following incorporation of [SH]-uridine, spermatogonia, midpachytene
spermatocytes and spermatids up to step 8/9 were most active in RNAV
synthesis.
(A) RNA synthesis during meiosis
Some of the RNA synthesized in mouse primary spermatocytes was
polyadenylated and appear on polysomes. This demonstrated that the
meiotic transcripts are used to synthesize proteins (D'Agostino, Geremia,
and Monesi, 1978). Furthermore, the presence of labeled poly (A)* mRNA in
intermediate and late spermatids up to 14 days after intratesticular inje,ct_ion
of [3H]-uridine (Geremia et al., 1977) suggests that some of the mRNA
synthesized in pachytene spermatocytes are long-lived. The synthesis of
large numbers of polypeptides in elongating spermatids after the termiﬁatidn
of transcription further argues for the need to storage and utilization of
mRNAs from earlier cell types.

Some evidence for the storage and utilization of long-lived mRNAs

in haploid cells comes from studies analyzing the regulation of protamine.
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Figure 9: Stages of the cycle. Roman numerals indicate stages of the

cycle; numbers indicate steps of the maturation of round spermatids to
elongated spermatids to mature sperm. Letters indicate spermatogonia or
spermatocytes (Pl=preleptotene; L=leptotene; Z=zygotene; P=pachytene;

D=diplotene) (adapted from Russel et al., 1990).
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Dixon and associates (latrou and Dixon, 1978) demonstrated that trout
protamine mRNAs are synthesized in the pachytene spermatocytes, stored
in the cytoplasm as ribonucleoprotein particles, and later activated and
transiated in condensing spermatids. Kleene, Distal and Hecht (1984) have
demonstrated that in mice, protamine mRNA is first detectable in round
spermatids, although the protamines are first synthesized much later in

stages 12-15 of spermiogenesis.

(B) RNA synthesis during spermiogenesis

Proof that mRNA is synthesized during spermiogenesis was obtained by
isolation of heterogenous poly (A)* from post-meiotic celis following a 1-3
hour labeling interval with [3H]-uridine (Geremia, D'Agostino and Monegi,
1978; Erickson et al., 1980a). Furthermore, in a study by Kleene et al.
(1983), the concentration of poly (A)* RNA was found to be twofold higher.i'r;
round spermatids than in pachytene spermatocytes. Other studies (Erickspn
et al., 1980b) suggests that this increased poly (A)* RNA found in round
spermatids codes for unique genes products (i.e. protamines) of the

differentiating haploid cell.

(C) Translational reguiation of mRNAs

Concurrent with the morphological changes seen as the spermatid
differentiates to a spermatozoon, RNA transcription decreases and
terminates (Monesi, 1964a). Thus, transcriptional regulation of stored
mRNAs of either meiotic or early post-meiotic origin is thought to play a
crucial role in the orderly synthesis of essential sperm components during

spermiogenesis.
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Cell fractionation experiments demonstrate that translational
regulation occurs in meiotic and post-meiotic testicular cells. When the
mRNAs from the polysomal and nonpolysomal fractions of a mouse téstis
extract are analyzed by a cell free translation assay, approximately two-
thirds of the total mRNA or poly (A)* RNA is present in the nonpolysomal
compartment (Gold and Hecht, 1981). This suggests, that in testes, some
form of selective activation (or inactivation) or cytoplasmic sequestration
regulates the loading of specific mMRNAs onto polysomes to allow théir
temporal expression (Gold et al., 1983; Stern et al., 1983b). In contrast, ov__ér
80% of total liver mRNAs is found in the polysomal fraction. Although the
majority of testicular mRNAs are in the nonpolysomal compartment, the
distribution of individual mRNAs during spermatogenesis varies greatly. For
instance, 82% of phosphoglycerate kinase 2 (PGK-2) mRNA is present in the
polysomal fraction in total testis extracts; whereas 100% of PGK-2 mRNA is
present in the nonpolysomal fraction in pachytene spermatocytes and more
than half of the PGK-2 mRNA is found on polysomes in round spermatidé.
Another example is of the mouse protamines, which are the best stud,i"eg._d
proteins in post-meiotic cells. Kleene, Distal and Hecht (1984) found that
approximately 85% of mouse protamine 1 (mP1) is found in the
nonpolysomal fraction in round and elongating spermatids. Moreover, th_e
nonpolysomal form of mP1 was approximately 580 nucleotides long,
whereas the polysomal mP1 mRNA was about 450 nucleotides long. It wégs
established that the size difference in mRNA length is due to a shorten'ing .q’f
the poly (A) tail from about 160 nucleotides to approximately 30 nucleotides
(Kleene, Distal and Hecht, 1984). These data indicate that mP1 mRNA is
synthesized and stored in spermatids for up to 7 days before translation as

an untranslated ribonucleoprotein of 580 nucleotides. Upon translation in
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elongating spermatids, the polysomal mP1 mRNA becomes partia!ly
deadenylated. The reason for the loss of a sizable part of the 3' end of
protamine mRNA concurrent with translation is unknown. Protamine 2 mRNA
has also been shown to be similarly translationally regulated during
spermiogenesis with a reduction of mRNA length between round and

elongating spermatids.

3.3.2 Protein synthesis
Many studies by Monesi and associates (1964b, 1965, 1967, 1971,

1978) have shown that protein synthesis occurs in spermatogonia and
pachytene spermatocytes and to a lesser extent in round spermatids.
Evidence for differential gene expression of specific proteins has
been accumulated from analyses of a wide variety of proteins. The ability to
analyze polypeptides from isolated populations of testicular cell types by
two-dimensional polyacrylamide gel electrophoresis has provided evidence
that large numbers of polypeptides are temporally regulated in the
mammalian testis. Boitani, Polombi and Stefanini (1980) found differences
in the polypeptides present in meiotic and postmeiotic cells by examiniﬁg
radiolabeled testicular polypeptides that has been synthesized whve-n
seminiferous tubules were incubated with [3H]-leucine. By using cells
obtained by centrifugal elutriation, Kramer and Erickson (1982) analyzed the
in vivo 35S-methionine-labeled proteins from pachytene spermatocytes,
round spermatids and elongated spermatids and found stage specific
synthesis for approximately 15% of the soluble proteins. Using .;':1
combination of STAPUT sedimentation and Percoll density gradients.fto
separate cell types, Stern et al. (1983a) analyzed the polypeptidés

synthesized in pachytene spermatocytes, round and elongated spermatiqs
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and residual bodies following intratesticular injection of radiolabeled
methionine and leucine. They concluded that for a constant number of cel]s,
pachytene spermatocytes incorporated 5.4 times more isotope than rouﬁd
spermatids, which incorporated 2.4 times more isotope than elongated
spermatids - results in close agreement with the 10:2:1 incorporation ratio
reported by Kramer and Erickson (1982). These experiments demonstrated
that different cell types, including haploid cells, did indeed synthesize cell-

type specific proteins.

3.4 Novel genes and proteins of the testis

One interesting aspect of gene expression in male germ cells }s in
the existence of a large number of novel proteins and unique isozymes
variants (i.e. phosphoglycerate kinase, lactate dehydrogenase and
cytochrome c) in the testis (Table 2). In addition, the testis contains many
other novel enzymes and structural proteins (Table 2). Some such as
acrosin and the protamines are unique to testes. Others such as the meiotic
histones are highly enriched in the testis. Most of these proteins are required
for specific functions and structures of the testis and their expression is
temporally controlled. For example, during spermatogenesis, the tubui:i‘ns
and actins are believed to play important roles in the mitotic and meiotic
divisions, in changing cell structure and shape, in the formation of the
specie-specific shapes of sperm heads and in the synthesis of the axoneme
of the sperm tails. Both tubulins and actins are encoded by multigehe
families and may have distinct functional isoforms of these proteins

(Cleveland et al., 1980; Minty et al., 1982).
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Table 2: Novel genes and proteins of the testis (adapted from
Wolgemuth and Watrin, 1991)

Gene Class &/or Spermatogenic Somatic & or  Translation
possible function expression Embryonic regulation
expression
Hox 1.4 Homeobox gene Spermatocytes (P)to  embryonic ?
spermatids (R & E) expression
Zfp-35 zinc finger spermatocytes to yes ?
spermatids
Zfy-1, Zfy-2 zinc finger spermatocytes to yes ?
spermatids
c-abl proto-oncogene spermatids (R & E) yes yes
c-mos proto-oncogene spermatocytes (late) to yes, low levels  ?
spermatids (R)
c-pim-1 proto-oncogene  spermatids yes ?
c-raf-1 proto-oncogene spermmatogonia (A &B) yes ?
to spermatids
C-kit proto-oncogene  all stages, highestin yoes ?
spermatogonia (A & B)
to spermatids
Ha-ras proto-oncogeng  spermatocytes to yes ?
spermatids
Ki-ras proto-oncogene  spermatocytes yes ?
N-ras proto-oncogene spermatocytes to yes ?
spermatids
c-fos proto-oncogene spermatogonia B yes ?
c-myc proto-oncogene most abundant in yes ?
spermatogonia B
c-fun proto-oncogene  most abundant in yes ?
spermatogonia B
wnt-1 proto-oncogene  spermatids (R & E) yes ?
NGF growth factor spermatocytes to yes no
spermatids
hsp-70.2 heat shock gene spermatocytes ? ?
hsp-70.1 heat shock gene  spermatids yes yes
hsp-86 heat shock gene spermatogonia to yes ?
spermatids
pro-opiomelano- neuropeptide spermatocytes to yes yes
cortin spermatids (R)
pro-enkephalin neuropeptide spermatocytes to yes ?
spermatids (R & E)
LDH-A lactate spermatocytes (P) to yes yes
dehydrogenase  spermatids (E)
subunit
LDH-B lactate spermatogonia yes ?
dehydrogenase
subunit
LDH-C (Idh-x) lactate spermatocytes (L) to no yes
dehydrogease spermatids (E)
subunit
PGK-2 phosphoglycerat spermatocytes to no yes
e kinase spermatids



B1,4-galtase

Cs
ct

M-a-3,-7
actin

H2B
MP1, MP2
TP1
TP2

Mea

B1,4-galactosyl
transferase
enzyme
cytochrome ¢

cytochrome ¢

tubulin

smooth muscle y
actin

histone
protamines
transition nuclear
protein

transition nuclear
protein

male enhanced
Ag

spermatogonia then
spermatids

spermatogonia to
spermatids
spermatogonia to
spermatocytes to
spermatids

?
spermatids (E)

spermatids (R)

spermatids (R & E)
spermatids (R & E)
spermatids (R & E)

spermatogonia to
spermatids

yes

yes

no

no
yes

no
no
no
no

yes

yes

yes

yes
yes
yes
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E, elongated spermatids; L, leptotene; P, pachytene; R, round spermatids; ?, not

determined.
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In addition, a large number of proto-oncogenes are expressed in the
testis (reviewed in Propst et al., 1988). These genes will be discussed in the
following section. ‘
More genes and their products have yet to be identified. A more
complete understanding of the unique components and the genes that
regulates their functions is likely to provide an explanation for sperm defects

of animals and man.

3.5 Proto-oncogene expression during premeiotic, meiotic and
postmeiotic steps of spermatogenic cell development

During the 1980s, it was recognized that proto-oncogenes are
expressed in spermatogenic cells during their proliferation and
differentiation. A summary of the various proto-oncogenes expressed in tr_1é
testis is presented in Table 2. Although the specific significance of c-kit in
testicular development and initiation of spermatogenesis (c-kit is linked to
the generation of primordial germinal cell) is well defined (Manova et al.,
1990), very little is known about the function of other proto-oncogenes
expressed in the testis.

Testicular proto-oncogenes are known to express at least 3 distinét
classes of proteins. For example, proto-oncogenes in mouse spermatogenic
cells express products belonging to the protein kinase family (c-kit, c-abl, c-
raf, c-mos, pim-1), GTP-binding proteins with GTPase activity (c-rasH, K and
N) and nuclear transcription factors (c-fos, c-jun). A fourth class of proto-
oncogenes includes the Wnt proto-oncogene family represented in the testis,
by 3 members: Wnt-1, Wnt-58 and Wnit-6 (Gavin et al., 1990). Wht-1 (or Int-1)
is involved in mammary gland tumorigenesis and is normally expressed

during mouse early neural development (Gavin et al., 1990). in addition,
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Whnt-1is a homolog of Wingless, a gene with a role in Drosophila embryonic
segmentation. Related Wnit-1 DNA isolated from Xenopus, Drosophila and
C. elegans indicate multiple roles of the proto-oncogene family, in particular
during mesoderm formation. In the mouse, Wht-1 expression is limited to the
round spermatids (Shackelford and Varmus, 1987). Aithough the function of
Whnt-encoded proteins is not well defined, it is known that the Wht-1 product
is secreted (Papkoff et al., 1987) and binds to the extracellular matrix and/or
cell surfaces to elicit developmental changes, probably as a local growth
factor or as a cell adhesion molecule. Different Wnt genes are expressed
during early development of the central nervous system, but the test_.is»,is
regarded as a unique site where Wnt expression continues in the adult. Bbth
the selective expression of Wnt-1 during mouse early spermiogenesis and
the presence of high Wnt-5B and Whi-6 transcript levels in testis sugg'ests
that these proto-oncogenes may be involved in regulatory pathways during
sperm formation. A

The c-mos proto-oncogene is expressed during mouse and rat
spermatogenesis and its product has serine-threonine protein kinase
activity. The c-mos transcripts of different sizes were detected in mousc:a
ovary and mouse and rat testis: transcripts in mouse oocytes are smaller in
size (1.4 kb, Propst and Vande-Woude, 1987) than in mouse spermatids (i_.?
kb). Rat spermatogenic cells express 3 ¢-mos transcripts: 5.0, 3.6 and ihe
more abundant 1.7 kb (Van der Hoorn et al., 1991) directed by seminiferous
tubule-extracted transcription factors binding to the c-mos promoter region.
in the mouse testis, c-mos encodes a p39MOS as well as a protein of slightly
higher molecular mass [p43MOS (Herzog et al., 1988)]. The function of c-

mos-encoded products during spermatogenesis is presently unknown. In the
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ovary, the c-mos product (p39MOS) is involved in meiotic maturation of fully

grown oocytes (Goldman et al., 1987).
The c-abl proto-oncogene encodes a protein with specific tyrosine

kinase activity and is expressed throughout mouse prenatal development
and during mouse spermatogenesis (Mdaller et al., 1982) but not during
oogenesis (Ponzetto and Woigemuth, 1985). Primary spermatocytes contain
larger size c-abl transcripts (8.0 and 6.2 kb) than early spermatids (4.7 kb)
(Ponzetto and Wolgemuth, 1985). The existence of a single copy of the c-abl/
proto-oncogene indicates that its expression is developmentally regulated
during spermatogenesis.

Three closely related and evolutionary conserved c-ras proto-
oncogenes encoding GTP-binding protein with GTPase activity aré
expressed during mouse spermatogenesis (Sorrentino et al., 1988; Wolfés
et al., 1989). While c-ras H transcripts 1.2 - 1.4 kb are expressed_in
spermatocytes and spermatids, c-ras K (2.0 - 2.2 kb) is detected in
pachytene spermatocytes and c-ras N (1.4 - 1.6 kb) predominate in
spermatids (Sorrentino et al., 1988). Nuclear transcription factors (c-fos, 2.2
kb and c-jun, 2.7 kb) are expressed during premeiotic and meiotic steps of
spermatogenesis (Mdller et al.,, 1982). Hopefully, in the near future,
investigators will study the expression of other cellular oncogenes duriﬁg
spermatogenesis. The testis could provide an excellent system to clarify rthe

function(s) of oncogene products in normal cell growth and differentiation.

3.6 Transgenic animal in male reproduction research
Transgenic animal technology is becoming one of the most valuable

tools in biomedical research. This approach allows the study of gene
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function, regulation and dysfunction in vivo. Moreover, the study of
expression of a transgene is sometimes the only way to investigate the role
and regulation of non-coding sequences of genomic DNA, such as
promoters, enhancers and cis-acting elements, and to discover tissue-
specific transcription factors. Many genes, especially those expressed
during spermatogenesis, are now being studied in vivo by transgenic
animal technology. This may provide further insight to determine their role in
spermatogenesis.

Transgenic mice are produced by introducing sequences of foreign
DNA, containing the gene of interest, into the mouse genome. At present, the
technique of choice is pronuclear injection, but it is increasingly being
replaced by the introduction of transformed embryonic stem cells into
blastocyst-stage recipient embryos (otherwise known as gene targeting by
homologous recombination or gene knock-out).

Very few studies have been designed specifically to investigate the
function of genes or regulatory sequences on spermatogenesis. Most of the
data with transgenic mice relevant for the male reproductive function had
been obtained by chance, as a result of insertion mutagenesis or
unexpected expression in the testis of genes not known to be invoived in
spermatogenesis. However, an increasing number of researchers are using
a transgenic strategy to address specific problems related to male (in)fertility.

An example of these studies is the elimination of the a-inhibin gene
that was obtained by homologous recombination (Matzuk et al., 1992).
Heterozygous males were normal and fertile, while homozygous inhibin-
deficient animals were normal but developed mixed or incompletely
differentiated gonadal stromal tumors, uni- or bilaterally. This model showed

that inhibin is a very important regulator of the proliferation of gonadal
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stromal cells, and that it is a potent local tumor suppressor, without any
direct, notable effect on germ cell maturation. Other exapmles are
summarized in a review by Simoni (1994).

The limitations of the transgenic approach can be multifold. Most of
the work till now has been carried out with pronuclear injecticn. Expressing
or overexpressing transgenes in the testis may result in complex
perturbations of testicular function, sometimes difficult to interpret. Thus,
knock-out experiments will have more relevance. However, it has to be
expected that many genes involved in spermatogenesis might also be
involved in other developmental events. In this case, the interpretation of
experiments of targeted elimination of genes in transgenic animals could be
problematic and developmental problems might become prominent. An
alternative strategic approach would be targeted delivery of antisense
oligonucleotides to living aduit animals, allowing a local block of selected

functions (Baertschi, 1994).

Objectives of the research

The Pom-1 gene was initially identified (from the Gin-1 region) as a
common insertion provirus integration site in 11 of 44 GPA-MuLV induced
thymomas (Villemur et al., 1987). By using single copy probes spanning a
60 kbp region of cloned sequences around the integration site, a testis
specific gene has been identified and a part of this gene was isolated
(Monczak, 1990). The remaining sequences needed to be cloned in order to
characterize this gene in tumorigenesis as well as in spermatogenesis. This
body of work will discuss the cloning of the remaining sequences and the

characterization of the Pom-1 gene.
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2.1 Phage Library Screenings

2.1.1 Titration_of recombinant bacteriophage

Serial dilutions of a recombinant phage suspension was prepared in
100 ul of phage buffer, to which 100 ul of Y1090 E. coli (grown in LB and
0.2% maltose and 200 ul of 10 mM MgCl2/CaCl2) were added. These
dilutions were incubated for 15 mins at 37°C to allow the phage particles to
bind to their receptors on the surface of the bacteria. 4.5 ml of liquified top
agar was added to the infected bacteria, and the suspension was poured
onto an OBA (ordinary bottom agar) petri plate. After solidification, plates
were incubated overnight at 37°C. Phage plaques were counted and the
titer was determined (i.e. 100 plaques on a 10-6 petri plate would give a titer

of 1 x 108 recombinant phages per m.

2.1.2 Plating of phage library

Large square (22 x22 cm) agarose petri plates were pre-heated at
37°C. 1 x 106 phages were added to 1 ml of Y1090 bacteria, 1 mi of phage
buffer and 2 ml of 10 mM MgCl2/CaCl2 and incubated for 15 mins at 37°C.
35 mi of liquified top agarose was added to the phage-bacteria suspension
and evenly poured over the petri plates. The plates were incubated

overnight at 37°C.

2.1.3 Phage plaque transfers to nylon membranes

Hybond (Amersham) nylon membranes were placed onto the plated
phage library plate in order to absorb the free phage cDNA from each lysis
plaque, for a duration of 10 mins. Reference points were marked with a

needle, piercing both the membrane and agarose. The filters were removed
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and soaked in 0.5M NaOH - 1.5M NaCl for 10 min, after which they were
neutralized in a solution of 0.5 M Tris-HCI pH 7.0 - 3M NaCl for a further 10
min. Meanwhile, a replicate filter was prepared in the same manner with the
same reference points marked on the duplicate filter as the original. All filters
were air-dried and fixed under UV light (DNA cross-linking). Filters were

rinsed in 0.1X SSC and hybridized with an appropriate probe.

2.1.4 Phage purification

Phage plaques that hybridized to a specific probe were picked off with
the wide end of a pasteur pipette, and the agarose plug was incubated for 4
hours in 0.5 ml of phage buffer. Serial dilutions were made, and these were
plated out as previously descibed. The phage plaques were transferred onto
nylon membranes and hybridized with the original probe. Isolated positive
plaques were then picked with the small end of the pasteur pipette, eluted in
phage buffer and plated again in order to verify the purity. Once all plaque

hybridize to the probe, it is considered 100% pure.

2.1.5 Small scale phage cDNA preparation

The method for rapid, small scale preparation of phage DNA was
described by Grossberger (1987). Briefly, one plaque was picked with a
pasteur pipette and added to a 14 ml tube (Falcon #2059) containing 0.3 ml
10 mM MgCla/CaCl2 and 0.2 ml Y1090 bacteria grown in LB - 0.4%
maltose. This was incubated for 10 min at 37°C without shaking. 10 ml of LB
containing 10 mM MgCl2 and 0.1 % glucose was added to the tube and was
incubated overnight at 37°C in a shaking incubator.

The tube was centrifuged for 10 min at 2000 rpm in a bench-top

centrifuge to pellet the bacterial debris. The supenatant was then centrifuged
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in an SW41 rotor (Beckman) for 30 mins at 30,000 rpm, 16°C. The pellet was
resuspended in 200 ul of plaque buffer and transferred to a 1.5 ml eppendorf
tube. 200 ul of proteinase K (1 mg/ml) was added and incubated for 2 hours
at 37°C. The preparation was extracted once with phenol, once with
phenol/chloroform, and once with chloroform. 100 ul of 7.5 M ammonium
acetate and 1 ml of EtOH was added to precipitate the DNA. The tube was
centrifgued for 15 min, the pellet was washed once with 75% EtOH and

resuspended in 100 wl of H2O. 10 ul aliquots were used for restriction

enzyme analysis.

2.1.6 Large scale phage cDNA preparation

Four large petris, plated to confluence (1 x 105) were eluted in 35 ml
of phage buffer for 4 hours, shaking at room temperature. The buffer was
collected and centrifuged at 6 000 g for 10 min to pellet bacterial debris. 50
ug/ml of RNase (1mg/ml) and 1ug/ml DNase | were added to the supernatant
and incubated for 30 min at 37°C. 14 ml of this preparation was layered onto
a discontinuous glycerol gradient made up as follows: 7 mi 5% glycerol (in
phage buffer) over 7 ml 40% glycerol (in phage buffer). The gradient was
centrifuged for 210 min at 24 000 rpm in N SW27 rotor (Beckman) at 4°C.

The supernatant was quickly decanted, and the tubes were kept
inverted for 10 min to allow adequate draining. The pellet was resuspended
in 0.5 mi phage buffer. The suspension was adjusted to 0.5% SDS and 50
ug/ml proteinase K, and incubated for 30 min at 37°C. The phage cDNA was
extracted twice with phenol, once with phenol/chloroform, and once with

chloroform, and precipitated with EtOH.

2.1.7 Bacteria and phage media
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- LB medium: 0.2% MgCl2, 1% N-Z amine (Sheffield), 0.5% yeast extract
(DIFCQ), 0.5% NaCl, 0.5% casamino acid (DIFCO), pH 7.3.
+ Plaque buffer: 100 mM NaCl, 10 mM MgSOg4, 20 mM Tris-HCI, pH 7.5,

0.01% gelatin. _

»+ OBA agar: 0.2% MgCl2, 1.5% bacto agar (DIFCO), 1% N-Z amine
(Sheffield), 0.5% yeast extract (DIFCO), 0.5% NaCl, 0.1% casamino acid
(DIFCO).

* Top agarose: 0.2% MgClo, 1% agarose (Sigma), 1.3% N-Z amiﬁe
(Sheffield), 0.6% NaCl, 0.1% casamino acid (DIFCO).

2.2 Endonuclease Digestions, Agarose Gel Electrphoresis,
Hybridization Procedure and Sequencing

2.2.1 Restriction enzyme digestions

Genomic or cloned phage/cosmid DNA or cDNA was digested with
various restriction endonucleases (New England Biolabs, Inc., Beverly,
Mass.; Boehringer Mannheim Biochemicals, Montreal; and P-L. Pharmacia,
Montreal) under conditions recommended by the manufacturers, as
previously described (Maniatis et al., 1982). Briefly, DNA is digested with. 1
unit of enzyme per ug of DNA at 37°C for 1 h in the presence of an
appropriate buffer (New England Biolabs, Inc., Beverly, Mass.; Boehringer

Mannheim Biochemicals, Montreal; and P-L Pharmacia, Montreal).

2.2.2 Agarose gel electrophoresis

DNA or cDNA fragments were separated by electrophoresis in
agarose gels. Various concentrations of agarose were used, ranging fram

0.7% - 2.0%, in order to separate high molecular weight DNA to very small
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molecular wight DNAs, respectively. Ovemight gels were electrophoresed in
a Tris-acetate buffer (40 mM Tris-acetate pH 7.7, 1 mM EDTA) under
constant voltage of approximately 40 - 50 volts (35 mA), whereas minigels
were run at a much higher voltage of 100 - 150 in a Tris-borate buffer (89
mM Tris-borate, 2 mM EDTA). The DNA samples were loaded in 1X loading
buffer (10 X buffer: 80% sucrose, 0.2% w/v SDS, 0.5% bromophenol blue).

2.2.3 Ethidium bromide staining

DNA was visualized in an electrophoresis agarose gel by staining
with ethidium bromide (EtBr). The agarose gel was soaked in 0.3 ml of 0.5
pg/mi EtBr for 20 min, then destained in water for 10 min, after which it was
photographed under UV illumination. Alternatively, 20 pl of 10 mg/mi EtBr

was added to the ligiud agarose before pouring to make the gel mold.

2.2.4 Southern blotting
This technique has been described elsewhere (Southern, 1975).

Briefly, after electrophoresis, the agarose gel is treated with NaOH (0.5 M
NaOH, 1.5 M NaCl) for 30 min to denature the DNA. The gel is then
neutralized in Tris/NaCl (0.5 M Tris-HCI pH 7, 3 M NaCl) for 30 min. Six
layers of Whatman 3M paper were soaked in 20X SSC (1X SSC: 150 mM
NaCl, 15 mM sodium citrate) and stacked one on top of each other. The
agarose gel is laid on top of the paper, and covered with nylon membrane
(Hybond, Amersham). Two layers of Whatman 1M paper, soaked in 2X SSC,
were placed on top of the membrane, followed by a thick layer of absorbant
paper. The transfer was allowed to proceed for 4 - 16 hours, after which the

nylon membrane was air-dried and UV fixed.
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When high molecular weight DNA was to be transferred, the gels
were first soaked in 0.25 M HCI for 10 min. This causes a partial
depurination of the DNA; subsequent treatment of the DNA with NaOH
causes a breakage in the DNA molecules at the site of depurination. This
allows for more efficient transfer of large molecular weight DNA from the gel

to the membrane.

2.2.5 Electroelution of DNA or cDNA fragments

Specific DNA or cDNA fragments were isolated from agarose gels by
eluting the DNA onto NA45 membrane (DEAE cellulose, Schleicher a[)d
Schuell). Briefly, a thin slit was made in the gel below the fragment of DNA to
be isolated, into which a strip of NA45 membrane was inserted.
Electrophoresis was continued until the DNA was completely transferred
onto the membrane. As well, a second strip of NA45 membrane was inserted
into the gel just above the DNA of interest to prevent contaminating DNA to
co-transfer onto the membrane. The membrane containing the DNA of
interest was then washed in low salt NET buffer (20 mM Tris-HCI pH 8‘.0,
0.15 M NaCl, 0.1 mM EDTA), and the DNA was eluted in 400 ul high salt
NET buffer (20 mM Tris-HCl pH 8.0, 1 M NaCl, 0.1 mM EDTA) at 65°C for 45
min in an eppendorf tube. The DNA was extracted with phenol:

phenol/chloroform: chloroform and precipitated with EtOH.

2.2.6 Hybridizations
32p-|abelled probes (32P: 0.8 mCi/ml, Amersham Corp.) were

labelled by the random priming method with the Klenow fragment of DNA
polymerase | in the presence of hexamers (Feinberg and Vogelstein, 1983).

Nylon membranes were hybridized in SET 4X (1X is 0.15M NaCl, 30mM
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Tris, 2mM EDTA, pH 7.4) with 0.1% sodium pyrophosphate, 0.2% sodium
docecyl sulfate (SDS), 10% dextran sulfate and 0.5 mg of heparinlml'.at
65°C for 16 h. After hybridization, all membranes were washed in 2X SSC<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>