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ABSTRACT

Breast caneer remains one of the leading malignancies in wonten of the developed world
despite the eatra ettorts that have been deployved in the past decade or 50 o the study of this
disease. 1Uis well known that the degree of aggressivity of the tumor is related to the stage off
ditferentiation, Transtormation ot'a ¢ell having a high proliteration potential will fead to a
more aggressive tumor than transtormation of'a more ditferentiated cell. For this reason itis
important to have a good understanding of the process of mammary difterentiation.

The work in this thesis was directed at finding novel genes that are involved in the normal
development of the breast with the hope that these may open new avenues for breast cancer
therapies. The approach used was 1o look for genes that are expressed during breast development
in the living mouse. A promoter-trap retrovirus containing an oncogene as the promoteriess
indicator gene was introduced locally in the mammary glands of pubescent female mice. Integration
of proviruses near an active cellular promoter lead to the expression ot the oncogene from a
cellular promoter which was detected by the tormation of a tumor. To identify genes that are
specifically active during differentiation of the breast tissue we looked for the appearance of
tumors atter the animals were mated. Two promoter-trap retroviruses were tested. The first one
(COPT) was replication deficient and although it did work in virro it did not give a high enough
fevel of intection to be used in vivo. The second virus (PyT) was replication competent and was
found 10 be a more suitable promoter-trap to be used /in vivo. This was demonstrated by the

isolation of a novel murine gene named TRAPI.
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CHAPTER |

INTRODUCTION

Breast cancer

Breast cancer is affecting an ever growing number of women. It is estimated that
11% of Canadian women have a lifetime risk of developing breast cancer (Statistiques
canadiennes sur le cancer 1996). Despite the progress that has been made regarding
treatments, the mortality rate remains practically unchanged. a consequence of a steady rise
in the incidence every year (Harris er al. 1992a: Statistiques canadiennes sur le cancer 1996).
Breast cancer is more prevalent in the industrialized world but it is becoming more frequent
in developing countries. The factors that put women from these countries at higher risk are
not known. The fact that immigrants who come from countries with a low incidcncé of
breast cancer become at higher risk when they move to a country where the incidence is
higher (McMichael and Giles 1988; Buell 1973) would indicate that the environment is lo
blame rather then the genetic makeup of the person. The environmental factors responsible
for these differences have not been identified. The only factor that could be associated with
an increased risk, beside a genetic predisposition, is an elevated lifetime number of

menstrual cycles (early menarche, late menopause, no child birth). This may be a reflection
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of the lite styles of more industrialized countries and represents a gigantic challenge for the
development of prevention strategies.

Despite extensive research the etiology of breast cancer is still unknown. To begin
to understand the cause of breast cancer, panels of human breast tumors have been screened
for the presence of genetic alterations. A number of protooncogenes have been found to be
altered or over expressed in certain mammary tumors (ren/Her-2. EGFR, c-Ha-ras, c-rnve,
TGF-e. cyclin D1, p33: van de Vijver er al. 1988: Slamon er al. 1989: King er al. 1985: van
de Vijver er al. 1987: Zhou er al. 1987: Berger er al. 1988: Lundy et al. 1991 Fitzpatrick er
al. 1984; Sainsbury er al. 1987: Sainsbury er al. 1985; Sainsbury et al. 1985: Yokota et al.
1986: Slamon er al. 1984: Escot er al. 1986: Mariani-Costantini et al. 1988: Garcia er al.
1989: Dickson et af. 1987: Zukerberg er al. 1995: Weinstat-Saslow ez al. 1995: Lammie er
al. 1991: Schuuring et al. 1992: Malkin er al. 1990: Harris er al. 1992a: Reik er al. 1985:
Cornelis er al. 1994), and the list is likely to expand as more genes involved in cell growth
and differentiation are identified. While a number of these genes have been shown to
promote tumorigenesis in transgenic mice (Stewart er ¢, 1984; Leder e al. 1986; Sinn er al.
1987: Andres et al. 1987; Schoenenberger er al. 1988; Tremblay er al. 1989; Muller ez al.
1988: Wang er al. 1994). they are not believed to initiate the formation of spontaneous
human tmors. These mutations may be subsequent to transformation, due in part to the
genomic instability associated with neoplastic cells, and/or may confer a growth advantage
t0 the tumor. Unfortunately, none of these alterations are specific to breast cancer and they
give very little clue as to what the early events are. There are still no specific markers

available for early diagnosis of breast cancer, reducing the chances of more optimistic
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prognoses.  Same of these genetic alterations however, are usetul markers in the staging of
breast cancer which helps determine which treatment should be applicd.  For example,
carcinomas in which the Her-2/neu protooncogene is overexpressed have poor prognoses.
These tumors are usually negative for estrogen and progesterone receptors, and this was
recently shown to be linked to the increased activity of the Her-2/neu gene product (Pietras
et al. 1995). The presence of estrogen and progesterone receplors in a tumer is associated
with a good prognosis. These tumors are often responsive to hormonal and chemotherapy.

Approximately 5% of all breast cancers (and 25% ol those with onset before age 30)
can be attributed 1o a genetic predisposition (Claus ¢7 @f. 1991). Two genes, BRCAT and
BRCA2 (located on chromosomes 17 and 13 respectively: Hall er al. 1990: Wooster er f.
1994) have been linked to a high incidence of breast cancer in certain families. Together
BRCAT1 and BRCA2 account for the majority of tamilies with carly onset of breast cancer.
BRCAT is associated with 45% of tamilies with an increased incidence of breast cancer
alone but with 80% of families with a high incidence of both breast and ovarian cancer
(Easton er al. 1993). BRCA?2 is associated with a similar proportion (45%) of carly onset
of breast cancer alone. Both genes have been cloned, and both encode large proteins which
may be related (Jensen er al. 1996).

When it was cloned (Miki er al. 1994) BRCA! was believed to be a transcription
factor, based on the presence of a zinc ﬁngér motif in its amino acid sequence, but it was
recently shown to be a secreted molecule that shares some features with a family of proteins
called granins (Huttner er al. 1990). BRCA1 germ line mutations have been identified in

families with an increased incidence of early onset of breast and ovarian cancer, and tumors
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from alfected individuals were shown o have Jost the wild tvpe allele, suggesting thad
BRCAT is a tumor suppressor gene (Neuhausen and Marshall 1994). This is supported by
the demonstration that expression off BRCAT in breast cancer cells reduced their
proliteration (Holt er @l 1996). The effect was found to be specitic to breast cancer eells,
BRCAI is expressed in a number of tissues undergoing proliferation and differentiation
(Marquis ¢ al. 1993), including breast epithelium. and is induced by ovarian hormones
(Gudas ¢f al. 1995 Marquis er al. 1993). Secrction of some granins has been shown to be
regulated by hormones. BRCA1 may therefore be a breast epithelium-specific gr?\\'th
suppressor. Given the high penetrance ot the BRCA1 germ fine mutation (Claus er af. 1991:
Futreal er al. 1994) one might expect to tind a large number of sporadic tumors with BRCA1
mutations. A survey of sporadic breast tumors. looking for loss of heterozygosity and
mutations in the gene. indicated that somatic BRCA1 mutations were rare (Futreal er al.
1994: Cropp er al. 1994). However, a study of the expression level showed reduced BRCAL
expression in sporadic breast tumors (Thompson er al. 1993) indicating that the mechanism
leading 1o the loss of BRCAT function may be different in sporadic and familial breast
cancer. BRCAT mutations therefore. may be more relevant to the more common (87%) late
onset category of breast cancer than was first believed.

BRCA2 has only been cloned recently. and expression and functional data are not
yet available. It has been postulated to be related 1o BRCA! based only on sequence
homology in the granin domain (Jensen er al. 1996). Other loci. including the p53 gene
(Malkin er al. 1990). are thought to be involved in hereditary cases of early onset of breast

cancer.



The lack of characteristic markers for breast cancer makes carly diagnosis more
difTicult: mammography remains the major mean of deteeting mammary wmors, This test
however is not a routine one and is used enly in higher risk groups (members ot famulies
with a genetic predisposition and women over 30 vears of age, although not widely available
yet). For the other women, breast cancer is often detected at later stages of the disease
decreasing the chances of a good prognosis. Although treatments have improved. they only
oflset the growing incidence, keeping the mortality rate at a steady level (Harrds o of. 19920;
Statistiques canadiennes sur le cancer 1996).  The most efficient treatments remain the
breast-conserving surgery (lumpectomy) followed by irmadiation (Harris or af. 1992b),

Despite these drastic

3

easures, the rate of relapse is high and metastatic events are very
common and occur rapidly. emphasizing again the timportance of an carly diagnosis,

Because prevention of breast cancer is still in its infancy it is important to improve
on both early detection and treatments.  Although treatments have improved. the current
therapies based mostly on the removal of the tumor mass tollowed by irradiation. are not
sufticient to reduce the number of Tives lost to breast cancer every vear.

As more genetic alterations are discovered in all types of malignancies. it becomes
more evident that neoplasia is the result of a dercgulation of the controls of cellular growth
and difTerentiation. The new thinking in cancer therapy is toward strategies directed at
changing the fate of tumor cells into a more differentiated state. It has long been recognized
that the aggressivity of a tumor is related to the state of differentiation of the tumor cells ,
with a less differentiated cell developing into a more aggressive tumor. In recent years a

wealth of information has emerged on the pathways leading to cellular proliferation or
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ditferentiation and it appears that difterent dssues use ditterent signals as well as difterent
combinations of ettector molecules w drive the ¢ell to divide or ditTerentiate. This means
that cach tvpe of cancer may require a slightly ditterent therapeutic approach. and it is
theretore important to understand the mechanisms controlling differentiation of various
organs.

2enes

-

The work in this thesis was directed at developing a strategy 10 look tor novel
involved specitically in the development of the normal murine mammary gland. 1tis hoped
that as the genetic controls responsible for breast development are identified they may be

used as tools for early detection as well as the design of novel cancer therapies.

Mouse mammary gland development

The mammary gland is unusual in that. unlike other organs. it is not tully
differentiated at birth. [t awaits puberty to undergo turther development and reaches full
diftferentiation during pregnancy. In the mouse embryvo the mammary anlage slowly
develops into a rudimentary ductal tree between day 10 and 17 (Sakakura 1987). This
proliferation depends heavily on the presence of the surrounding mesenchyme, Embrvonic
mammary glands can be induced to proliferate in vitro but only in the presence of the
mesenchyme. The nature of the interaction between the epithelium and the mesenchyme is
not well understood but is undoubtedly reciprocal. The embryonic stage of mammary
development does not appear to require any hormone. Although mammary glands can grow
and proliferatc upon treatment with insulin, prolactin and aldosterone in culture, these

hormones don't appear to be involved in the embryo ir vivo (Sakakura 1987). One exception
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is in the male embryo where the mammary epithelium renders the mesenchymal cells
responsive to androgens causing these latter to contract. crushing the epithelium and
destroving the glands (Sukakura 1987).

At birth, the mouse mammary glands contain 15w 20 branched duets but no
alveolus. From that point until puberty there is very fittle proliferation of the epithelium
(Daniel and Silberstein 1987). The glands only grow isometrically.  Maturation of the
ovaries and the production of the sex hormones estrogen and progesterone at puberty trigger
a burst of growth in the mammary glands. This second stage of development oceurs around
the fourth to the cighth week of age in mice. The mammary ductal tree expands, mfilating
the surrounding stroma. The end result is a very extensive armay of branching ducts
converging toward a central duct which connects with the nipple. There is still very little
alveolar development at this point. The growth of the ductal tree is lead by the end buds
which form at the extremity of each duct. These respond to both systemic hormones for the
growth and to local signal for the direction and the extent of the growth, The end buds
progress until they reach the limit of the fat pad. which is the differentiated stroma.
Mammary development then pauses until the onset of pregnancy.

Elevated levels of estrogen and progesterone during pregnancy initiate the final stage
of mammary development which is characterized mainly by the development of the alveoli
(Daniel and Silberstein 1987). As the pregnancy progresses. alveoli start forming at the end
of each duct in response to the lactational hormones prolactin and placental lactogen and the
genes coding for the milk proteins are progressively activated, reaching their maximum level

of expression during lactation (Rosen 1987). Later during pregnancy, cellular secretion
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begins due to the presence of lactogenic and adrenal steroid hormones. At parturition the
levels of estrogen and progesterone drop abruptly resulting in active lactation. The fatter
continues for as long as nursing is maintained. atter which the glands resorb. via the process
ol apoptosis (Strange ¢z af. 1992 Marti of al. 19942 Li o7 al. 1996). retuming to their pre-
pregnancy state.

Up until recently our knowledge of the signals controtling the development of the
mammary gland was more or less limited to the hormones involved. In recent vears a
number of genes involved in cell growth and division have been identified and their
expression pattern as well as the eftect of some of these have been studied in normal breast
development. A number of genes have been found to be up regulated by kormones or signat
peptides.  Some of the molecules that mediate the stroma‘epithelium interactions have
started to emerge. For example. the hepatocyvie growth factor (HGF. also called scatter
factor) is produced by stromal cells and the receptor. the c-mer protooncogene, is tound on
mammary epithelial cells (Niranjan er al. 1995: Moghul er al. 1994). HGF was shown to
have either a morphogenic or mitogenic etfect on epithelial cells. depending on their type
(myoepithelial vs luminal) (Niranjan er al. 1995). Another example is the c-kit receptor and
its ligand. the stem cell factor (also called kit ligand). c-kit is normally expressed at low
levels in the mammery gland epithelium (Matsuda er al. 1993). The rolg of c-kit in the
mammary gland is not clear, as different groups found either a loss of c-kit expression
(Natali er al. 1992a; Natali er al. 1992b), or co-expression of c-kit and the kit ligand (KL)

(Hines er al. 1995) in breast tumors. Finally, stromal cells produce extracellular matrix

components in response to signals from the epithelium. The composition of the ECM varies
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according o the type and location of the epithelium (Keely o . 1995), These genes
however are not exclusive to mammary development and it is still not ¢lear what are the key
events leading o mammary ditterentiation. The aim of the work presented in this thesis
was to identify genes specifically involved in breast differentiation using a novel approach:

an in sity promoter-trap.

Promoter-trap

Promoter-trap is a strategy that was developed o identity active eeliular genes. A
promoteriess indicator gene is inserted in the genome where integration downstream of an
active promoter may lead to its expression.  The disrupted transeription unit can be cloned
using the transgene as a tag. Because promoter-traps need to integrate in the gene in order
1o be expressed. they make pertect insertional mutagens. For this reason.  promoter-traps
have been a very etfective strategy for cloning genes which are developmentally regulated
in the mouse, using ES cells. ES cells are pluripotent stem cells that are derived from the
inner cell mass of a blastocyst and can be propagated in culture while keeping their {ull
differentiation potential (Martin 1981). After manipulation. ES cells can be reintroduced into
blastocysts to generate chimeric embryos. to look for developmental defects. Because the
insertion is disruptive, breeding the animals to homozygousity generates a null mutant which
allow detection 6t' recessive phenotypes. By including a visual marker such as the lacZ gene
in the vector, the patiern of expression of the trapped genc can be followed through
embryonic chelopment by staining embryos with the chromogen X-gal. Promofcr-traps

have increased considerably the efficiency of cloning by insertional mutagenesis since they
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seleet for insertions into genes only, as opposed to inert sequences, decreasing significantly
the number ol 1S clones to be sereened for a phenotype. The enrichment was estimated o
be 100 10 1000 fold (Chang er . 1993). Promoter-traps also tacilitate the cloning of the
integration site since the transgene is located in the gene. In previous insertion mutagencsis
strategies (reviewed in Gridley of af. 1987) the insertion could have an effect several
hundreds of kilobases aﬁ-a_v from the site of integration ofien making the identification and
cloning of the atfected gene ditticult,

Promoter-trap vectors used for insertional mutagenesis i ES cells can be of two
types: a plasmid vector which is electroporated. or a retroviral vector. Rossant and her
colicagues used a promoter-trap plasmid vector with the lacZ gene as the promoterless
indicator gene and the neomyein phosphotransferase gene under the control of the human
f-actin promoter to select for integrations (Gossler er al. 1989). To increase the chances of
the lacZ gene to be expressed. a splice acceptor site was inserted in front. so that integration
of the construct in an intron would allow lacZ sequences to be spliced with the endogenous
transcript {also called gene-trap). They found that 1% of all integration events. as scored by
G418 resistance. were also expressing lacZ (Wurst ez a/. 1995). Thirteen percent of the lacZ
expressing clones that were used to generate chimeras (36 clones) showed a restricted
patiern of expression at day 8.5 of embryogenesis, the period of development they chose to
study. The cloning of the integration site from some transgenic lines that showed an
embryonic lethal phenotype led to the identification of novel genes (Skames er al. 1992;
Gasca er al. 1995). Other groups have used similar vectors to clone developmentally

regulated genes from ES cells (Takeuchi er al. 1995) or F9 cells (Okazaki er al. 1994). The
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promoter-trap strategy has also been integrated into gene targeting vectors (Vaulont o7 .
1995). With the use of an internal ribosome entey site (!RES) both the selectable marker
and lacZ are expressed from the promoter of the targeted gene as part ot a bivistronic
message. This greatly diminishes the number of non-homologous integration events because
the selectable marker needs a eeilular promoter to be expressed. 1Fone can extrapolate trom
the results reported by Rossant's group where 19 of random imegrations trapped a cellular
promoter, the use of a promoter-trap targeting veetor can possibly reduce the background
of homologous recombination by two orders of magnitude.

Soriano and coworkers introduced a similar gene-trap, retroviral veetor into ES cells
(Friedrich and Soriano 1991). To avoid having to seleet for lacZ expression among G418
resistant clones. they used a fusion ot the lacZ and neomyein phosphotransterase gene.
calied B-geo. This should ensure that all G418 resistant clones also express lac-Z. They
found this to be true in 95% of their clones based on X-gal staining. Further analysis ot
some of these apparently lacZ negative clones showed staining during certzin stages of
embryogenesis indicating that the expression of lacZ in the ES cells might have been below
the detection level of X-gal staining. They included a splice acceptor site in front o B-geo,
and to avoid removing the viral § packaging sequence by splicing from a viral upstream
splice acceptor sequence, they positioned their SAB-geo cassette in the reverse orientation
relative 1o the viral transcription (hence the name ROSAP-geo for reverse orientation splice
acceptor B-geo). They reported that the addition of the splice acceptor site in front of the
promoterless gene (tested in a plasmid vector) increased the frequency of the promoter-trap

by 45-fold (from 0.1% to 4.6%). They also found that a retroviral vector is 2.5 times more
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etticient than a plasmid vector (they compared electroporation of the retroviral vector with
mfection with the virus). Out of 24 transgenie lines that showed X-gal staining during
embryomie development. 9 turned out to be recessive lethal (38%6). One of these insertion
mutants was found to have disrupted the transeriptional enhancer factor 1 gene (TEF-1:
Chener . 1994), Using the same vector, another group reported the disruption of the BTF-
3 general transeription factor gene (Deng and Behringer 1993).

Yet another group has designed a similar retroviral promoter-trap that facilitates the
cloning of the integration site by including a pBR322 origin of replication in the vector.
They used their vector 1o look for genes involved in neuronal differentiation using F9 cells
(Okazaki er al. 1994).

Ruley's group designed a ditferent type of retroviral promoter-trap vector (von
Melchner and Ruley 1989). Theyv chose to insert‘- the promoterless reporter gene in the U3
region ot the MoMuLV LTR. upstream of the viral promoter. This positioned the transgene
30 basc pairs away trom host DNA. They initially inserted the histidinol dehydrogenase
(his) coding sequence (conferring resistance to histidinol) in the LTR. and the neomycin
phosphotransferase gene under the transcriptional control of the Herpes Simplex Virus
thymidine kinase genc promoter, in place of the viral genes. By comparing their titers (1.4 -
1.9 x 10° cfw/ml) to those of other MoMuLV-based vectors. they demonstrated that the Ais
coding sequence (1.8 kb) in the 3’ LTR ‘did not interfere with the ability of the virus to be
passaged. They were able to introduce an insert as large as 3.1kb (lac-Z) in that site without
aftecting the titer (Reddy er al. 1991). Stuhlmann and coworkers also introduced a 1.8 kb

cassette containing the DHFR ¢DNA and obtained replication competent viruses at high
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titers (Stuhlmann ez 19891 The matio of listidined resistant over G 1N resistant closes
was 38 107 L meaning that one integration event vut of 2,300 allowed hstdin
dehydrogenase expression. This low frequeney of promoter-trap was later demonstraten
be due 1o the low sensitivity ot histidinol (Chang of @0 19930 The fregqueney was U do0
when hygromyein was used as the promoterless gene, and 1 in 2000 tor cither thvandie
Kinase or facZ, This represents 2 4o and 23-told ditlerence with the troquency obtanad
with the ROSAB-gal vector of Soriano's group (116", Unlike their ROSAB-geo vevtor,
the ROSAB-gal vector has separate laeZ and neo genes (but still has a sphee aceeptor site
in front of lacZ) so that they could caleulate separately the number of integrations and the
number of promoter-trap events which gave a frequency of promoter-trap ot Flots. Tlus
23 and 46-told ditference ix in the same range as what was reported by these same authors,
when comparing a vector with a splice aceeptor site to one without (43-told) indicating that
the U3 vector is as efficient as the ROSA vector without a splice acceptor site.

Using various sclectable markers in the U3 region. Ruley and coworkers
demonstrated that their virus could trap novel genes in both NIH 3T3 tibroblasts (von

Melchner er al. 1990) and ES cells (von Melchner er al. 1992). including developmentaliy

regulated genes such as the REX-1 gene.

Retroviruses
Retroviruses are positive strand RNA viruses which go through a DNA intermediate
to replicate. Upon entry into the cell through specific receptors (cationic amino acid

transporter for MoMuLV; Wang er al. 1991; Kim er al. 1991) the viral RNA is converted
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1o double stranded DNA by the viral enzyme reverse transcriptase. The DNA migrates to
the nucleus and integrates in the host genome. where it is called the provirus, and is
replicated as part of the cellular DNA.  Provirus integration requires cellular DNA
replication and occurs via recombination which is orchestrated by the viral integrase
(encoded by the pol gene).  In the process, 4-6 nucleotides (depending on the retrovirus) of
host sequences are duplicated on each side of the integration site. the only alteration made
to the host DNA. Although integration oceurs through a precise recombination mechanism.
it does not depend on any specific cellular sequences, meaning that integration could happen
anywhere in the genome. However, there is considerable evidence indicating that integration
tends to take place preferentially around Dnasel hypersensitivity areas. which often
correspond to regions of promoter activity (Vijaya er al. 1986; Rohdewohld er al. 1987:
Schuback and Groudine 1984: Scherdin e al. 1990). In the proviral form. viral sequences
are transcribed to produce full length genomic RNA as well as some spli}:ed transcripts from
which the viral proteins are translated. These include structural proteins (gag and env gene
products) necessary for the assembly of infectious particles, and enzymatic proteins (pol
gene products) which are packaged with two copies of genomic RNA in the virion. Finally,
the mature virus particles are produced by budding out of the cell to complete the life cycle.

The provirus is not a direct linear copy of the RNA genome. Two direct repeats (the
LTRs) are located at each end of the provirus. These sequences contain all the transcription
control elements: promoter, enhancer and polyadenylation signal. The LTRs are formed
during the process of reverse traljscription (Figure 1.1). The synthesis- of DNA

complementary to the viral RNA starts at a site called the primer binding site from a cellular
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Figure 1.1 Reverse Transcription of Viral Genomic RNA

Thin lines and small letters represent RNA. thick lines and capital letters represent DNA.
1. Schematic of two identical copies of the MoMuLV RNA genome. The "t sequence
(68pb) is found at both ends of the RNA, u5 (76bp) is urique 1o the ' end. and u3 (449bp)
1s unique to the 3' end. The cloverleat-like structure represents a cellular proline tRNA
molecule that is partly complementary to the primer binding site (PBS). 2. Reverse
transcription is initiated by the viral polymerase (reverse transcriptase) at the primer binding
site using the tRNA as a primer. and stops at the 3' end of the RNA. RNAscH (a subdomain
of the polymerase) digests the RNA portion of the RNA/DNA duplex. exposing the RUS
sequence of the DNA strand. 3. The nascent (-)strand DNA is translocated to the 3' end of’
the RNA template at the complementary /R site. 4. (-)strand DNA synthesis resumes until
the end of the RNA template. 5. RNaseH nicks the rest of the RNA template providing an
RNA primer for the initiation of the second strand of DNA at the polypyrimidine tract (ppt).
The (+)strand DNA synthesis uses the (-)strand DNA as template and stops in the primer
binding site. 6. The (+)strand is then translocated to the end of the (-)strand at the primer
binding site and the synthesis of both DNA strands is completed. 7. The end result is a
double stranded DNA molecule with two long terminal repeats (LTRs).
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tRNA primer (proline IRNA in MoMul. V), and stops upon reaching the 3 end of the RNA
(rud). As DNA is synthesized. RNaseH (a tunction encoded by a domain of the polvimerase)
degrades the RNA part of' the uSr RNAIDNA duplex exposing the USR portion of the DNA,
The nascent (~)stand DNA is then transtocated 1o the 3' end of the RNA template (this may
be on the same or on the other RNA molecule) at the complementary rsite. Elongation of”
the (-)strand DNA resumes up to and including the primer binding site. Puring that time,
the RNaseH introduced a nick in the RNA:DNA duplex at the start of the u3 and the RNA
is used as a primer 1o initiate the (+)strand DNA svnthesis which uses the (-)strand DNA as
atemplate. The (-)strand DNA is again translocated. this time onto the (+)strand DNA
molecule and joined at the primer binding site. The newly joined DNA molecules contain
all the sequences necessary to complete the synthesis of both stands, forming the complete
DNA provirus. At the end of the process a region unique to the 3' end of the RNA (u3) has
been duplicated at the 5' end of the DNA and similarly. a region unique to the 5' end of the
RNA (u3) has been duplicated at the 3' end of the DNA. Each LTR is theretore composed
of a U3 sequence. an R sequence (present at both ends of the RNA), and a U3 sequence
(U3RUS3).

In the provirus. transcription initiates at the end of the U3 region in the 5' TR and
terminates at the end of the R region in the 3' LTR generating genomic RNA with only one
US (at 5’ end) and one U3 (at 3' end), and the r sequence at both ends. Between the two
LTRs sequences are located the viral genes which encode the above mentioned viral
proteins. These genes are essential for the replication of the virus. Viruses lacking part or

all of these genes fail to produce infectious particles and are called replication deficient, as
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opposed to replication competent viruses. Replication deficient viruses can be rescued by
providing the missing genes in rrans. This can be done in two ways. A replication
competent virus (helper virus) can be used to coinfect with the replication deficient virus to
provide the missing viral proteins.  Alternatively, the replication deficient virus can be
propagated in a cell line containing all the viral genes, a so called packaging cell line. All
of the viral genes can therefore be replaced by forcign DNA making retroviruses excellent
mammalian vectors. Once introduced in the cellular genome the recombinant sequences are
stable and behave like host DNA. Unlike the introduction of DNA into cells by transtections
methods, where the DNA often integrates in concatamers with large rearrangements of host
DNA. retroviruses insert a single provirus per site of integration without any loss of host
sequences. Retroviruses have also been the vector of choice when a high efficiency of DNA
delivery is required. Infection is more efficient than any transfection method. Finally.
retroviruses allow promoter-trap experiments to be done in situ. as is the case in the work

presented in this thests.

Thesis work

The goal of this thesis was to design a promoter-trap strategy that would allow us to
identity genes involved in the development of the normal murine mammary gland. Given
that cancer is the result of a deregulation of cellular growth and differentiation pathways, our
eftorts at understanding, detecting and developing better therapies for breast cancer can only
benefit from 2 better knowledge of the genetics of breast development. It is our belief that

there exist genes that are specific to the ciifferentiating mammary epithelium and we decided
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an a promoter-trap approach o identity such genes. The study of breast development is
greatly facilitated by the tact that most of it takes place atter birth. This, and the thaet that
unlike most organs, the mammary gland is casily accessible in the animal prompted us o do
the promoter-trap in sitw, by delivering the promoter-trap retrovirus through the mammary
central duct of living mice. In a study on the role of ray in mammary neoplasia, Wang 7.
al. demonstrated that it is feasible to infeet rat mammary epithelium specifically by injecting
the retrovirus through the nipple (Wang eral, 1991). They fiest used the lacZ visual marker
1o test the etliciency of the infection. By staining sections of infeeted mammary glands with
X-gal. the authors estimated their infection efticiency to be 0.3% (with a titer of' § ~ 107
cfivml). Assuming that a rat has a total of 10¥ mammary cells. they suggest that about 10
cells would be infected provided that all twelve glands were intected. This technigque would
allow us to target the epithelium of the end buds specifically. which are the site of active
cellular proliferation (Daniel and Silberstein 1987).

The two promoter-trap retroviruses used in this thesis were constructed based on the
viruses presented by Ruley (von Melchner and Ruley 1989) . with the promoterless gene in
the MoMuLV LTR. Because the promoter-trap is done in living animals, it is not feasible
to use cytotoxic drugs to select for transgene expression. Instead, we used oncogenes as
reporter genes so that expression could be indicated by the formation of a tumor, which can
easily be detected in the animal.

The ras gene was the first cellular oncogene to be identified, from a human bladder
cafcinoma (Goldfarb er al. 1982). In mammals, there are three highly homologous ras

genes which all code for a very similar plasma membrane-associated 21 kDa protein
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(Barbicid 1987). Ras is @ member of a large family of G proteins and is involved in signal
transduction (reviewed in Satoh er af. 1992), These proteins bind and hydrolyze GTP. Inits
active torm (GTP bound) Ras interaets with downstream eftector molecules, one of which
(raf) initiates a phosphorylation cascade by a series of kinases which ultimately leads to gene
activation. By hydrolyzing GTP to GDP, Ras becomes inactive.  The level of Ras is
relatively constant in the cell. Its activity however is regulated by activators {guanine
nucleotide releasing tactors: GNRF) which catalyse the release of GDP thereby favouring
the binding of GTP. and inhibitors (GTPase activating proteins: GAP) that catalyse the
hydrolysis of GTP (Haubruck and McCormick 1991). Activating mutants of ras can no
longer respond to inhibitors of its activity. One of the most common activating mutations
is the point mutation at codon 12 that was found in the ras gene of the Harvey murine
sarcoma virus (v-Ha-ras). Ras is a downstream etlector of a number of transmembrane
tyrosine kinase receptors (Satoh er al. 1992). In the case of the epidermal growth tactor
receptor. for example. activation and autophosphorvlation of the receptor allow its
interaction with an adaptor molecule (Grb2) that is found associated with the Ras activator
mSOS (Satoh er al. 1992). Activation of the receptor therefore has the effect of bringing the
GNRF (mSOS) in contact with Ras at the plasma membrane. Being the converging point
of' a number of signalling pathways involved in cellular proliferation, it is not surprising that
an activated form of ras (oncogenic) leads to the transformation of various cell types.
Overexpression of activated ras hés been demonstrated to be transforming in established
cells (Land er al. 1983) as well as in primary cells either in transgenic mice (Andres er al.

1987; Tremblay er al. 1989: Sinn er al. 1987) or infected embryos (Compere er al. 1989b).
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The transtormation efficieney of ras can be enhanced by a number of oncogences
including ¢-mye.  c-mve is a member of a small family of highly related nuclear
phosphoproteins (c-ave, N-pve and L-mven, c-mye (from now on referred o as mie) has
been the most studied because it is widely expressed during embryvonic development and in
adult tissues, 1tis one of a few transeription factors that contain both a keucine zipper (L2)
and a basic helix-loop-helix domain (bHLH). both invalved in protein dimerization and
DNA binding (Jones 1990). mye has been shown to bind o a specitic DNA sequenee
(Blackwell er al. 1990: Prendergast and Zit?' 1991) when associated with the closely related
human protein max (or the murine homologue anw : Prendergast ef of. 1991). Heterodiners
of Mye and Max (or Myn) are transcriptional activators. My can alse form homodimens
and bind to the specific sequence. acting as a repressor (Max contains both LZ and a bHLH
motits but does not have a ransactivating domain: Reddy er of. 1992: Kato ¢r af. 1992). The
activity of myc is also regulated by another protein called Mad which dimerises with nyvn,
preventing its association with mye. The role of myc has been associated with DNA
synthesis and cell survival. Levels of mye are high in proliferating cells and decline during
differentiation. Its effect may therefore be mediated through the up regulation of genes
involved in cellular proliferation. In addition to being regulated at the level of its activity,
myc expression is tightly regulated. both positively and negatively, at the level of
transcription and translation. It is not too surprising then to find that the transforming
activity of myc is due to overexpression rather than activating mutations in the coding

sequence. myc overexpression has been associated with a number of cases of Burkitt

lymphoma and B-cell acute lymphocytic leukemia in human, as well as murine plasma cell
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tumors, where the mye locus was found translocated next to an immunoglobulin gene locus
(Taub e @f. T982: Ertckson e ¢f. 1983). with no alteration to its coding scquence. It seems
that tn cach case the new surrounding sequences either stabilize the wve transeript or
climinate some negative transcriptional control.  mve was identified as the cellular
homologue of the transforming gene (v-mye) found in the avian myelocytomatosis virus
MC29, where the intact coding sequence of mye was fused 10 part of the gag retroviral
protein (Alitalo er al. 1983). nnve overexpression can cause the immortalization of primary
cells but is rather inefficient at fully transforming. Transgenic mice expressing mve in the
mammary gland (MMTV-myc) developed adenocarcinomas of the breast atter a long latency
(Stewart er al. 1984: Leder er al. 1986: Sinn er al. 1987). Embryos infected with a retrovirus
expressing mye also develop tumors (Compere er al. 1989a).

The combination of mye and ras however is more efficient then either oncogene
alone at transforming primary cells. Leder's group showed that double transgenics carrving
¢-myc and v-Ha-ras under the MMTV LTR promoter developed mammary adenocarcinomas
with better efficiency and a much shorter latency than either of the single transgenics (Sinn
et al. 1987). Similarly. Jaenisch's group infected mouse embrvos with retroviruses
expressing c-mye or v-Ha-ras and found thai the combination of the two oncogenes was
more powerful at causing neoplasia, including carcinomas (Compere er al. 1989a). These
studies made it possible to expect a promoter-trap carrying these two oncogenes to cause
carcinomas of the breast in mice.

The first virus that we constructed (COPT, Figure 1.2A) was replication deficient and

contained a promoterless activated viral ras (v-Ha-ras) inserted in the LTR, 95bp away from
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the 3 end. The ¢-mve coding sequence, under the control of the ubiquitously expressed pek
gene promoter, was introduced in place of the viral genes. Theretore, e is constitutively
espressed but ras is only expressed when the provirus integrated near an active cellular
promoter. The virus was called COPT for cooperating oncogenes promoter-rap.

The second retrovirus was constructed with a single oncogene at the same position
in the LTR and was kept replication competent (PyT, Figure 1.2B). The oncogene used was
the Polyomavirus middle T antigen. The promoter-trap retrovirus was named Pyl for
Polyoma map. PyMT has been demonstrated to be one of the genes responsible tor the
transtormation of cells by the Polyomavirus (PvV) (Treisman ef ol. 1981). This DNA virus
belongs to the papovavirus class of DNA tmor viruses. In the natural host (the mouse), the
PyV replicates inside the cell until it reaches a certain density and lvses the cell. In cells
which are not permissive for the replication of the virus. the fate of the host cell may be
transformation. It has been shown that PyMT. one of three immediate carly gene products
of the virus, was causing transformation by associating with. and activating the cellular
protooncogene src. 2 membrane associated protein tyrosine kinase involved in signal
transduction. Although in cells transformed by the PyV, the large T antigen was also shown
to be necessary, in other systems it was demonstrated that PyMT can transform primary cells
on its own. One example is where PyMT was shown to transform mammary epithelium

when driven by the MMTYV promoter in transgenic mice (Guy ef al, 1992). A number of



Figure 1.2 Promoter-Trap Retroviral Vectors

Thick lines represent MoMulLV sequences and thin lines represent plasmid sequences. Open
boxes represent the LTRs.  In the COPT vector, a pgk-~c-mye casseite replaced most of the
gag, pol and env genes. The v-Ha-ras sequence was inserted in the 3' LTR so that it could
be duplicated in the 5' LTR during reverse transcription. The PvT vector had the PyMT
sequence inserted in the 3 LTR. The packaging signal () was intact in both vectors to
altow the viral RNA genome to be packaged into virions.
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transgenic lines were generated and in all of them multitocal breast wmors formed.
indicating that PyMT was quite efticient at transtorming mammary epithelium requiring
very little help. The activation of the PyMT gene by cellular promoters should therefore be
expected to generate mammary tumors in the animals.

Pertorming the promoter-trap experiment in the living animal had the great
advantage of offering a biological screen to identity genes that are specitically active during
mammary differentiation. Mice were injected with the virus at puberty because cellular
proliferation is a requirement for proviral integration. The first tumors to appear would be
the result of proviruses integrating in ubiquitously expressed genes. The interesting tumors
would be the ones appearing after the mice were mated. The cloning of the integration site
ot one such tumor was part of the work presented in this thesis.

Some of the strategies that have been used in the past to identify cell type specific
loci include the use of subtractive libraries (Davis er al. 1987: Basset er al. 1990: Yaswen
et al. 1990). This approach involves the isolation of messenger RNA from differentiated and
undifferentiated cells separately and subtracting one from the other by hybridization.
Although there has been a number of variations and improvements in methods to isolate
genes that are differentially expressed between two cell types or following treatments, all

‘of'these methods are based on the use of mMRNA as the starting material and are unavoidably
biased towards more highly transcribed genes. Here we were interested in regulatory genes
that are expressed in the normal epithelium and are most likely to be expressed at low levels.
Also. the expression of these genes would be restricted to a small proportion of the

epithelium, that is the cells of the terminal end buds. This would dilute the mRNAs even
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more and would mvohve solatmy a large number of these end buds to obtam starting
material.  Although modem amplitication methods would tacilitate the sk, because we
don't know the time at which and tor how long hey regulatony genes ane active Jdurmg
mammary difterentiation, this would require that the procedure be performed tor vanous
stages of mammary development. Promoter-traps have the great advantage of targeting the
DNA rather than the RNA, which climinates problems of copy number bias. The strength
of this approach is illustrated by the number of reports in recent vears where
developmentally regulated genes have been cloned using promoter-traps (Joyner and Martin
1987: Friedrich and Soriane 1991: Takeuchi o7 @l. 19952 Gasca o ol 1995; Okazaki o of,
1994). Interestingly. a3 number of these genes tumed out to be transeription tfactors,
indicating that promoter-trap is a 2o0d strategy to identity genes whose expression may be

low or temporally restricted.
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CHAPTER 2

MATERIALS AND METHODS

| Bacterial transformation
Bacteria were transformed by electroporation. 10 il of DNA from a ligation mixture
(or Spl of TE containing 25ng of plasmid) were mixed on ice with 50ul of competent
bacteria (TG1 or DHS5e) and incubated for five minutes. The DNA/ bacteria solution was
ansferred to a 2mm cuvette and electroporated using either a BioRad (25uF. 2.5kV. 200Q)
ora BTX (2.45kV. 129Q) gene puler. Iml of LB (10g peptone, 5g yeast extract. 5g sodium
chloride in 1L) was added promptly and mixed well by pipetting. The bacteria were allowed
to recover at 37°C for 30 to 60 minutes with agitation. An aliquot of 10-200ul of bacteria
(in a total volume of 200ul) was spread onto a 100mm bacterial dishes coated with 1.5%
agar (15g of agar in 1L of LB) containing 50pg/ml ampicillin (Boehringer Mannheim). The

- plates were incubated, inverted, at 37°C overnight.

Small scale plasmid preparation
Bacteria were grown in Sml of LB or TB (12g bacto-tryptone, 24g yeast extract, 4ml

glycerol, and 10m! of a 170mM KH,PO, and 720mM K,HPO, solution, in 1L) containing
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S0ug/ml of ampicillin, at 37°C with agitation overnight. Two times 1.3ml ol bacterial
culture was centrifuged in a 1.53mi microfuge tube for 3 seconds and the supernatant was
removed. For subeloning or restriction analysis purposes, piasmid DNA was isolated using
the following boiling method (Holmes and Quigley 1981). The bacterial pellet was
resuspended in 350ui of STET solution (8% sucrose. 0.5% Triton X-100, S0mM EDTA pH
8.8. 10 mM Tris-HCI pH 8.0) by vortex. 250ug of lysozyme (Bochringer Mannheim:
10mg/ml stock in 10mM Tris pH 8.0) was added and mixed by vortex. The bacterial lysate
was boiled for four minutes and centrifuged at room temperature for five minutes. The white
genomic DNA was removed using a sterile tooth pick. 350u! of isopropanol was added and
mixed by invlersion. The DNA was recovered by centrifugation at 4°C tor five minutes. The
DNA peliet was rinsed with 1ml of cold 70% ethanol and centrifuged again for five minutes.
The pellet was dried under vacuum and resuspended in 200ul of TE ( 10mM Tris pH 8.0,
ImM EDTA).

For sequencing purposes the DNA was prepared using the following alkaline lysis
method (Bimboim 1983). The bacterial pellet was resuspended in 100u] of an ice cold
solution containing SOmM glucose, 10mM EDTA and 25mM Tris-HCI pH8.0, by vortexing.
After five minutes at room temperature, 200pl of a freshly prepared solution containing 0.2N
NaOH and 1%SDS was added. Samples were mixed by inversion and incubated on ice for
five minutes. 150p] of an ice cold solution of potassium acetate pH4.8 (7ml of glacial acetic
acid and 15ml of a 5M potassium acetate solution in 25ml total) was added. Samples were

mixed briefly by vortexing and incubated on ice for five minutes. Following centrifugation

at 4°C for five minutes, the supernatant was transferred to a clean tube and centrifuged for
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another {ive minutes. The supernatant was again transferred to a clean tbe and RnaseA
(Bochringer Mannheim: 10mg/ml) was added to 30ug/ml. Samples were incubated at 37°C
for 30 minutes. An cqual volume of phenol/chloroform (1:1) was added, mixed by vortexing
tor one minute and centrifuged at room temperature for five minutes. The supernatant was
transferred to a clean tube and Iml of cold 95% cthanol was added. After mixing by
vortexing. the samples were incubated on dry ice for 20 minutes. The samples were
centrifuged at 4°C for five minutes. The DNA pellet was rinsed with cold 76% cthanol and
centrifuged at 4°C for five minutes. The pellet was dried under vacuum and resuspended in
20pi of water. The DNA concentration was determined by diluting {-2ul of DNA in a total
of S0ul of water and reading the absorbance at 260nm on a Beckman DU* 640

spectrophotometer using a microcuvette.

Large scale plasmid preparation

Bacteria were grown (from a 5ml overnight culture) in 500m! of Luria Broth (LB)
containing 50ug/ml of ampicillin at 37°C with agitation. overnight. Plasmid DNA was
isolated using the same alkaline lysis method described above on a larger scale. The
bacterial culture was centrifuged at 5,500g (6,000rpm in 2 Beckman JA-14 rotor) for 10
minutcs at 4°C. The bacterial pellet was resuspended in 4ml of a solution containing 50mM
glucose, 10mM EDTA and 25mM Tris-HCI pH8.0 and mixed by vortex. 2mg of lysozyme
was added and samples were mixed by vortexing. After a 10 minute incubation at room
temperature 9ml of a freshly made solution containing 0.2N NaOH and 1%SDS was added.

The samples were mixed by inversion and incubated on ice for five minutes. 4.5ml of acold
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solution of potassium acetate pH-+.8 was added and mixed briefly by vortexing, Adter a 43
minuics incubation on ice the samples were centrifuged at 12,000xg (10.000rpm in a
Beckman JA-20 rotor) for 10 minutes. The supernatant was transterred to a clean wbe and
1 Iml of isopropanal was added and mixed by vortexing, After a 10 minute incubation at
room temperature the samples were centrifuged at 12,000xg for 10 minutes. The supernatan
was discarded and the tube was inverted to drain excess liquid. The nucleic acid pellet was
resuspended in Iml of TE. RnaseA was added 10 100pg/mt and the samples were incubated
at 37°C for 30 minutes. 20ul of'a 10%SDS solution and was added and mixed by vortex.
Proteinase K (Bochringer Mannheim: Smg/ml stock solution in water) was added to
200ug/ml and incubated at 37°C for one hour. An equal volume of phenol/chlorotorm (1:1)
was added and.mixed by vortexing for on¢ minute, After centrifugation for five minutes at
room temperature the supernatant was transferred to a clean tube and an equal volume of
butanol was added and mixed by inversion. After a three minutes centritugation at room
temperature (ciinical centrifuge) the bottom aqueous phase was transterred to a clean 15ml
conical tube (Falcon). The volume was adjusted to 2m! with TE. Exactly 2.3¢ of cesium
chloride was added and dissolved by taversion. 100u] of a 10mg/ml solution of cthidium
bromide was added and mixed well. The DNA/CsCI solution was transferred to a quick
sealed tube (Beckman; 11x32mm), sealed, balanced and centrifuged in a TLLV-100 rotor in
a Beckman TL-1G0 ultracentrifuge at 60,000rpm overnight. The DNA was recovered by
inserting a needle at the top of the tube to allow air in. A second needle attached to a 3mi
syringe was inserted in the tube at right angle below the DNA band, and approximately

0.5m] of solution was drawn in the syringe. The needle was removed and the DNA
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trunsterred to a 4ml polystyrene push cap tube. The ethidium bromide was extracted by two
wiashes of equal volume of water-saturated butanol.  The bottom agueous phase was
transferred to a ¢lean tube and two volumes (1-2ml) of water were added and mixed well,
Three volumes (3-6ml) of 953% ethanol were added, mixed and the samples were incubated
at -20°C for 30 minutes. The DNA was recovered by centrifugation at 12,000xg for 30
minutes at 4°C, The air dried pellet was resuspended in Iml of TE. The DNA concentration
was determined by diluting 10l of DNA in Iml of water and reading the absorbance at
260nm.

Large scale plasmid DNA was also prepared using the maxi protocol of QIAGEN.

Plasmid vectors

All restriction enzymes were from either Bethesda Research Laboratories (BRL).
Bochringer Mannhetm Canada (BMC) or New England Biolabs (NEB). To make pLTRras,
the coding sequence of the v-Ha-ras gene (position 338 to 910) was amplified by PCR from
the HB-11 plasmid (ATCC 41013). using oligonucleotides containing a BamHI restriction
site (5-TTATAGGGATCCGCGATGACAGAATACAAG-3' and 5'-
TTCAGTGGATCCTCAGGACAGCACACACTT-3"). The PCR reaction (50ul) contained
25ng of plasmid DNA. 0.2mM each deoxinucleotide triphosphate (dNTP) (Pharmacia),
I 5Spmol each oligonucleotide, 1x PCR buffer (Stratagene), 1U Pfu polymerase (Stratagene).
The amplification was performed in a COY thermocycler by 30 cycles consisting of 30

seconds at 94°C, 30 seconds at 55°C and | minute at 72°C. The PCR product was

precipitated with 0.3M sodium acetate and 2.5 volumes of 95% ethanol. The DNA was
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recovered by centritugation at 4°C tor 13 minutes, rinsed in T0% cthanol and resuspended
in an appropriate volume of water. The DNA was digested with Bamiil and the 380bp
fragment was puritied by standard agarose gel electrophoresis (Sambrook or af. 1989), using
%6 Seakem agarose (Sigma). The DNA was recovered trom the agarose using glass milk
(GeneClean).  The s sequence was inserted in the MoMulV-LTR using the pL.TRI2
plasmid (Reik er ol 1985) which contains one LTR with an engineered BamlH1 site in place
ot the SaulllA site at position 95,

The pUCRas plasmid was constructed by replacing the 3'LTR of the pUCN2 vector
(Armentano ef al. 1987) with the v-Ha-res-containing LTR from the pLTRrs plasmid
described above. The pUCN2 vector was first digested with Clal and then partially digested
with Sstl. The proper dilution of Sstl necessary to give a partial digest was first determined
by digesting small amounts of pUCN2 plasmid (3pg/50ul) with increasing dilutions ol Sstl
(0.2-0.025U) for one hour at 37°C. A concentration of 0.1U/3ug of Sstl was used to cut
Clal-digested pUCN2. The 6.9kb vector fragment was gel puritied as described before and
ligated to the purified 1140bp Clal-Sstl fragment containing the LTR(ras) from the pLTRras
vector.

To make the COPT vecior. a pgk-c-myc cassetie (EcoRI-BamHI) from the
pPGKmycX vector (Dr.McBumey; it contains part of the first exon and all of the second
and third exons of c-myc, linked to the pgk promoter) was inserted in place of the neomycin
resistance gene (EcoRI insert) in pUCRas. This was done by ligating the EcoRI site first,
gel purifying the ligated product as described above, then making the other end blunt using

the Klenow fragment of DNA polymerasel (Szmbrook er «f. 1989) and ligating again.
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The PyT vetor was constructed by inserting the Polvoma Virus middle T antigen
(PyMT) sequence, a HindIl o EcoRI fragment (rom the MMTVMT veetor (a gift from Dr.
W. Muller), in the BamHl site of pLTR12 by blunt ligation. The remainder of the Moloney
provirus was ligated to the modified pLTR12 vector (pLTRMT) as an EcoRI1-Clal fragment
from pMov3 (gitt ot Dr. R. Jacnisch). This positioned the PyMT coding sequence in the 3
LTR.

The pTRAP-CAT vector was constructed by ligating the 2kb Nhel genomic tragment
of TRAPL into the Xbal site of the pCAT-Enhancer vector (Promega). Clones containing

the insert in cach orientation were isolated.

Cell lines and transfection

All cell Tines (NIH3T3. P19, GP+ES6 and XC) were grown in ¢-MEM (GIBCO
BRL) supplemented with 10% bovine serum (3% tetal and 5% newbom). at 37°C with 5%
CC,. Transfections were done using calcium phosphate (Graham and van der Eb 1973) and
BES butter (Cheng and Okayama 1987). For stable transfections, NIH3T3 and GP+ES6
cells were seeded at 5x10° cells per 100mm tissue culture dish. The following day 10ug of
retroviral vector DNA and Iug of selectable marker DNA were mixed in a solution of

calcium chloride to a tinal concentration of 62.5mM in 0.5mi. While vortexing very gently,
0.5ml of a BES buffered solution (50mM BES, 280mM NaCl, 1.5mM Na.HPO;"2H,0, pH

6.96) was added dropwise. Calcium phosphate precipitates were allowed to form at room

temperature for 5-10 minutes. The Iml of CaPO, /DNA solution was added to the cells
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dropwise, The cells were rinsed with PBS (82 NaCl, 02g KCL Ldde KHPOL 0240
Na.HPO,, pH 74 i one liter) and fed tresh medium & hours later. Two days post
transtection, the cells were replated at a density of 107 per 100num dish with 400pg ml o
G418 (Gibeo BRL) or 2ug/ml of puromyein (Sigma). Resistant colonies were isolated 10-14
days later and expanded.

For transicnt transtections, P19 (MeBurney 1993) or 293 cells were plated at a
density of SX10° cells per 60mm tissue cufture dish. Five micrograms of cach plasmid
(pCAT and pgk-B-gal) were used to prepare the calcium phosphate precipitate as described
above. The cells were rinsed with PBS and feed tresh medium atter 6 hours, and were

harvested 24 hours post transfection.

Virus production and infection

The pUCRas vector was transtected alone, and the COPT vector was cotranstected
with the pgk-neo vector (McBumey er al. 1991). in the GP+ES86 packaging cell line. Twelve
(pUCRas) and 24 (COPT) colonies were isolated and expanded. The PyT vector was
cotranstected with the pgk-puromycin vector ('Fr;)m Dr.McBumcy's laboratory) in NIH 3T3
cells and 24 colonies were isolated. expanded and tested for titer by XC assay (sce below).

To determine the titer of the pUCRas producer clones. NIH 3T3 celis were seeded
at 2x10° cells per 60mm tissue culture dish. The producer cells were seeded at 2.5x 10" cells
per 60mm dish. The next day, the supematant from the producer clones was cleared of
cellular debris by centrifugation in a clinical centrifuge for 3 minutes at maximum sectting.

Dilutions of the virus (10" -10"*) were prepared on ice in ¢.-MEM supplemented with 2%
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newborn serum. The medium was removed from the NIH 373 cells and these were infected.
in duplicates, with [m] of'the vurious virus dilutions containing Sug'ml of potybrene (Sigma:
10mg/ml stock solution in PBS). Ceils were incubated at 37°C for 30 minutes and 4ml of
medium was added and the cells were returmed 10 37°C. The tollowing day the eells were
led fresh medium with 400 pg/mi of G418, This was repeated after 4-5 days.  When
colonies were visible (10-14 days post infection) the medium was removed and cells were
soaked in a solution of methyleneblue (2% in 93% cthanot) for 15-20 minutes. The staining
solution was removed and the cells were rinsed in copious amount ot water. The plates were
inverted to dry and titers were caleulated by counting the number of colonies and correcting
tor the dilution factor.

To determine the titer ot COPT producer clones (or verify the structure of the PyT
virus) by Southern blot analysis, NIH 3T3 cells were seeded at 1-2x10° cells per 60mm
tissue culture dish and producer cells were seeded at 2.5x10° cells per 60mm dish. Thel
following day. the supematant from the producer clones (5mi) was cleared of cellular dcbﬁs
by centrifugation for 5 minutes (maximal speed in a clinical centrifuge) and was added to
the NIH 3T3 cells with 8pg/ml of polybrene as described before. The cells were fed fresh
medium the next day and harvested for DNA extraction two days post infection. For serial
passages of the virus (PyT)., the supernatnant from the infected cells (3ml) was transfered
to fresh NIH3T3 cells (seeded at 1-2x10° cells per 60mm tissue culture dish the day before)
in the same manner as above.,

For injection in the nude mice, a total of 8x10° NIH3 T3 cells were seeded at 10%cells

per 100mm tissue culture dish. The COPT producer cells were seeded in eight 100mm tissue
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culture dishes at 2.5x10° cells per dish. The next day, the supernatant from the producer
cells was filtered through a 0.2u filter and transtered to the NIH3T3 cells with Sug ml of
polybrene (multiplicity of infection of 1. The tollowing day. the infected cells were
trypsinized. rinsed and resuspended in PBS (4x10° cellvml) . The cells were injected
subcutancously at four sites in a nude mouse (two shoulders and two hips).  The same
number of uninfected NIH3T3 cells were injected in the same way in a second nude mouse.

For injection of the COPT or PyT virus in the mammary glands, the producer cells
were seeded at 2.5x10° cells per 60mm tissue culture dish.  The lollowing dav, the
supernatant was filtered through a 0.2 filter and polybrene was added to S0pg/ml, The

virus/polybrene solution was kept on ice until ready to be injected in the mice.

Plaque (XC) assay

For the XC assay (Rowe er al. 1970). NIH 3T3 cells were plated at a density of 2x10°
cells per well in a 6-well tissue culture dish with Spg/ml of polybrene. The following day.
fresh virus from producer clones was filtered through a 2u filter and diluted on ice in «-
minimum essential medium (¢-MEM) supplemented with 2% fetal calf serum. The miedium
was removed from the NIH 3T3 cells and 800ul of the various virus dilutions were added
in duplicates. The infected cells were incubated at 37°C for 30 minutes, afier which 2 ml
of medium were added and the cells were returned to 37°C. Cells were fed fresh medium
on the second and forth day. After 5-6 days, or when the cells were confluent, the
supernatant was removed and the cells were UV-irradiated with 20mJ using a BioRad UV

chamber. XC cells were added at a density of 8x10° cells per well in 2ml of medium. The
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cells were ted tresh medium every second day until they reached confluency. Plaques were
visualized by methyleneblue staining: the medium was removed and approximately 2ml of
a solution of 2%methylencbluc in 95%ethanol was added for 15-20 minutes. The staining
solution was removed and the dishes were rinsed in copious amount of water.  After
allowing the dishes to dry inverted, the number of plaques were counted. The titer was

caleulated taking into account the dilution factor.

Nipple injections

Nipple injections were performed using a modification of the method published by
Wang er al. (Wang er al. 1991). Four week old Balb/C female mice (Charles River) were
anaesthetized using Avertin (10g of Tribromoethanol [Aldrich] in 10mi of tert.amylalcohol
[BDH]. diluted in saline) at 0.4 mg per gram of body weight. Freshly isolated virus. to which
80 ug/ml of polybrene (Sigma) was added. was injected directly in the nipple using a 30
gauge needle. Approximately 0.05 - 0.1 ml (10°-2x10° cfis for COPT and 5x10°-10° cfu for

PyT) was injected into each nipple.

X-gal staining of mammary glands

Following extraction (three days post-infection), the mammary glands were fixed in
0.2% gluteraldehyde overnight at 4°C, or in 2% gluteraldehyde for several hours at 4°C. The
glands were rinsed twice iﬁ PBS and stained in X-gal staining solution (10ml: 35mg of K™-
ferrocyanide[SmM], 27.3mg of K"-ferricyanide[8mM], 9.7ml of 100mM PBS pH7.4, 10ul

of 1.0M MgSO,, 10mg of X-gal (Sigma) dissoived in 300ul of dimethylsulfoxide) at 37°C
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overnight. The stained glands were rinsed 2-3 times in PBS and 2-3 times in water, and
were cleared of fat by soaking in a 1*HCL solution tfor 3-10 minutes. They were rinsed in

a 23% then 50% glyeerol solution for few hours cach, and tinally preserved in 100%,

glyeerol.

Southern blot analysis

DNA was isolated by digesting the cells or the tissue in Tml of DNA extraction
bufter (75mM NaCl, 25mM EDTA. 10mM Tris pH7.6, 1%SDS, 400 pg/ml proteinase K)
at 37°C overnight on a rotator. An equal volume of phenol:chlorotorm (1:1) was added and
mixed by inversion. After centrigugation at 3.000xg at room temperature, sodium acetate
was added (0.3M final concentration pH3.2) to the DNA solution and 2.5 volumes of 93%
ethanol was added. The DNA was recovered by centrifugation at 12,000xg (Beckman JA-20
rotor) at 4°C for 30 minutes, air dried and resuspended in Iml of TE. The concentration was
estimated by reading the absorbance at 260nm. 10pg of DNA was digested with 70U of the
appropriate enzyme in a total volume of 100ui at 37 °C overnight. The DNA was
precipitated as before and resuspended in a small volume of water. The DNA was
electrophoresed on 1% agarose (Sigma) using standard procedures. The gel was soaked in
a staining solution of ethidium bromide (~1 ngml) for 15-20 minutes and photographed. The
gel was then soaked in denaturing solution (1.5M NaCl, 0.5N NaOH) for 45 minutes and in
neutralizing solution (1.5M NaCl, IM Tris pH8.0) for 45 minutes. The DNA was transfered
to a Hybond N membrane (Amersham) following standard protocol (Sambrook e af. 1989).'

Following UV cross-linking (100mJ in a Biorad UV chamber), the membrane was
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prehybridized in a solution containing 3x SSC (20x SSC: 17532 NaClL L88.2g2 sodium
citrate in 1L, pH7.0).1x Denhartd's solution (50x: 5g ticoll 400, 3¢ polvvinyipyrrolidone. 3g
bovine serum albumin traction V. in 500 ml of water), 30% deionized formamide, 1%SDS
and 100pg/ml Herring sperm DNAL at 42°C tor a few hours to overnight. 25ng of DNA
fragment  was radioactively  labelled  using  “P-dCTP(Amersham) and random
oligonucleotides primers (Bochringer Mannheim).  The probe was scparated from
unincorporated nucleotides using a G-50 Sephadex (Pharmacia) column.. The probe was
denatured by boiling for 4-3 :ﬁinutcs and added to the membrane, Hyvbridization was carried
out at 42°C overnight with agitation. The membrane was rinsed twice in 2xSSC at room
temperature and washed in 0.1x SSC and 0.1%SDS at 63°C tor one hour with agitation. The

membrane was exposed to X-ray film (Dupon NEN ).

Northern blot analysis

RNA was extracted using lithium chloride/urea (Auffray and Rougeon 1980). Cells
or tissue (frozen in liquid nitrogen) were placed in Sml of LiCl/urea solution (3M lithium
chloride and 6M urea) and subjected 1o a polyviron pulse for 2 minutes. The lysed cells/tissue
was left on ice overnight. The RNA was centrifuged at 11.000xg (Beckman JA-17 rotor)
at 4°C for 30 minutes. It was rinsed twice in 3M LiCl and centrifuged as before. The RNA
pellet was air dried and resuspended in 500p1 of DEPC treated water ( 1ml of DEPC [BDH]
in 1L of water, stirring for a few hours and autoclaved to inactivate the DEPC). The
concentration was determined by reading the absorbance at 260nm. PolyA+ RNA was

isolated according to the protocol of Jacobson (Jacobson 1987) (BDH columns, BRL resin),
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with the exception that the bound RNA was eluted four times with 0.3ml of clution butter.
For northen blot analysis. 10ug of total RNA or 3ug of Poly A" RNA was precipitated
with sodium acctate (0.3M pHS.2) and 93% cthanol. and resuspended in 20 ul of RNA
loading bufler (307 formamide. 1x MOPS buffer, 17.3% formaldehyde, and oading
dyef10x: 0.4% bromophenolblue in 30°, glveerol and tmM EDTA]. The samples were
heated at 68°C for 10 minutes and cooled down on tee tor a tew minutes. Ethidium bronude
was added 10 20pug/mi and the samples were run on a 1% formaldehyde-agarose el

(50%formaldehyde. 1x MOPS butler [200mM MOPS, 30mM NaQA¢ 3H,O. 10mM EDTA,

pH7.0 ]). The RNA was transtered 10 a Hyvbond-N membrane and hybridized as described

for Southern blots.

PCR analysis

To isolate DNA flanking the provirus. 1-2 ug of genomic DNA from the lum;\r was
digested with 10U of either Smal (25°C) or Thal (30°C) tor at least 2 hours. The DNA was
diluted to a concentration of 10ng/ul to favor self ligation and ligated at 16°C overnight
using 1U of T4 DNA ligase (BRL). 300ng of circularized DNA was used in the PCR
reaction  which included 15 pmol of each  primer (oligol: 5
ACAGGGATCCCGATCTGAAC-3'. oligo2: 5-CCAATCAGTTCGCTTCTCGC-3') (see
Figure 3.8 for location of the oligonucleotides). 0.2mM of each deoxinucleotide triphosphate
(dNTP)(Parmacia) and the manufacturer’s buffer in a 50u! volume. Reaction samples were

prepared by mixing all the components except the enzyme. The samples were preheated at
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96°C ftor | minute and annealed at 62°C for 5 minutes in a COY thermocycler. The tubes
were centrifuged briefly to bring down condensation and 4U of Vent polymerase (exo” :
NEB) were added and the reactions were ¢overed with parafilm oil and put through 50-60
cycles of 3 minutes at 72°C | 1 minute at 96°C and | minute at 62°C. The last cycle was
followed by a 10 minute incubation at 78°C. A 10pl aliquot of the product was analyzed on

a 1.2% agarose gel.

Genomic cloning

To build the genomic library . 50ug of DNA from the tumor was digested with
EcoRI and 12-20kb fragments were isolated using a 5-20% potassium acetate gradient. The
digested DNA was layered on top of the gradient and spun at 40,000rpm for 7 hours at room
temperature in an SW41 rotor (Beckman). The DNA was recovered in fractions of 1.5ml
through a needle (20 gauge) inserted at the bottom of the tube: An aliquot of each fraction
was analyzed on a 0.8% agarose gel, and the fractions containing the desired size DNA
fragments were pooled and dialysed in TE. 1ug of EcoRI fragments was ligated to 2pg of
ADASHII arms digested with EcoRI (Stratagene), in 2 volume of 10p] with 1U of T4 DNA
ligase (BRL) at 16°C overnight. The DNA was packaged into phage particles using a
Gigapack extract (Stratagene) acording to the manufacturer’s instructions. To determine the
titer of the library, 10l of appropriate dilutlions (103-10"%) of the phage lysate was mixed
with 100p1 of an overnight culture of K802 bacteria, grown in LB (with 10mM MgSO,),
and incubated at 37°C for 15 minutes. 3-4m! of warm (55°C) 0.7% agarose (with M.gSOJ)

_ was added, mixed quickly by inversion and poured onto a layer of solidified 1.5% agar in
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t00mm bacterial petri dishes. The dishes were incubated, inverted. at 37°C for 10-16 hours.
The number of plaque forming units (ptu) was caleulated from the number of plaques taking
into account the dilution factor,

To screen the library, 500 000 pfu were plated on 10 150mm bacterial petri dishes
(50 000pfu per dish) in the same way as described for the determination of the titer, except
that the phage lysate was mixed with 200 ul of bacteria and 7ml of 7% agarose was added.
After an overnight incubation at 37°C the plates were cooled down at 4°C. Plaque litts were
done in duplicates on Hybond-N membrane (Amersham). The membrane was laid on the
plate for a few minutes and lifted gently. The membrane was marked with pensil and a
corresponding mark was placed on the dish to locate positive plagues later, The DNA was
denatured by placing the filters between Whatman papers and autociaving ihem at 100°C for
one minute. The DNA was UV cross-linked (100mJ) using a BioRad UV chamber. Filters
were hybridized with a radioactively Iabellgd PyMT sequence and washed in the same way
as described for a Southern blot.

Positive plaques were removed from the agar using the large end of a Pasteur pipetc,
placed in a 1.5ml eppendorf tube with Iml of SM medium (5.8g NaCl, 2g MgSO,-H,O, 50m|
of IM Tris-Cl pH7.5, and 2% gelatin in IL) and two drops of chloroform, and vortexed
briefly. The phages were allowed to diffuse out of the agarose at 4°C for at least four hours,
or at room temperature for two hours. Samples were centrifuged briefly to bring down the
chloroform. Clones were plaque purified by two more rounds of plating and screening as
described above (on 100mm petri dishes) using progressively higher dilutions until a single

plaque could be isolated. Usually, final dilutions of 10~ and 10" were used for these two

i

fy
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rounds of purification. The final single plaque was placed in a 10ml polypropylene tube
with & drop of overnight culture of bacteria, An extra wbe contained bacteria only and served
as a control for cell lysis by the phage. After a 10 minute incubation at 37°C, 2ml of LB
with magnesium was added and the samples were incubated with shaking at 37°C for 3-6
hours {or until culture is clear compared to the control). Two drops of chloroform was added
and mixed by vortexing, Samples were centrifuged at 3.000xg for 3 minutes.

To prepare phage DNA, [5pl  of the above lysate was mixed with iml of an
overnight culture of bacteria and incubated at 37°C for 10 minutes. This starter was added
to 50mi of LB (with MgSO,). in a 250ml conical flask. and incubated at 37°C with vigorous
shaking overnight. Ten drops of chloroform were added and mixed by swirling. 1.5g of
NaCl was added and dissolved completely. Samples were centrifuged at 2.000xg for 5
minutes. The supernatant was transfered to a new tube and 5g of PEG 8000 (BDH) was
added and mixed by inversion. The samples were placed on ice for one hour then
centrifuged at 2.000xg for 30 minutes at 4°C. The supernatant was discarded and the tube
inverted to drain all liquid. The pellet was dissolved in 600ul of SM by pipetting up and
down. The suspension was transfered to 2 1.5mi eppendorf tube, 25 pg of Dnasel (BMC)
was added and inubated at 37°C for 30 minutes. 2.5pl of diethylpyrocarbonate
(DEPC)(BDH) was added and mixed well to inactivate the enzyme. The samples were
divided evenly into two tubes and a solution containing 1M Tris pH 8.5, 1.5% SDS and
0.1M EDTA was added. After mixing, the samples were heated at 65°C for 5 minutes.
© 300ul of'a SM potassium acetate solution was added and samples were incubated on ice for

30 minutes, After centrifugation at 4°C at maximum speed, the supernatant was transfered
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to a new tube and the tube was tilled up with isopropanol. The DNA was recovered by
centritugation at 4°C for 10 minutes. The dried DNA pellet was resuspended in 200u] of
TE. 10 ul of DNA was digested with the appropriate enzyme(s) and ran on a 0.8% agarose
gel. The insert DNA was subeloned into the pBlueseript SK+  vector (Stratagene) as an

EcoRI-Kpnl fragment as described betore,

¢DNA cloning

A murine lung cDNA library obtained from Strutagenc was screened. and clones
isolated in the same way as it was descnibed for the genomic library with the exception that
XL1-Blue bacteria (Stratagene) were used and 200.000 plaques were sereened (20,000
plaques per 150mm dish). The cDNA inserts were recovered in the form of plasmids using

a helper phage (ExAssist) as per manufacturer's protocol (Stratagenc).

Sequencing

Plasmid DNA was prepared on a small scale using the alkaline lysis method
described earlier. For manual sequencing the reactions were prepared using a Phamacia T7
polymerase sequencing kit and *S-adATP from Amersham. The reactions were run on a
6 or 8% polyacrylamide (19:1 acrylamide:bisacrylamide) gel with 50% urca in TBE buffer
(5xTBE: 54g Tris-HCI, 27.5g boric acid, 0.3g EDTA in IL). The gel was fixed in
10%methanol and 10% acetic acid for 15-20 minutes, transfered 1o a Watman paper and
dried at 80°C under vacuum using a BioRad gel drier. The gel was subjected to

autoradiography using Kodak BMR! film. Sequencing was also done on an ABI automated
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sequencer using the ABI Collection Prism 377 software. Sequence analysis was done using

DNASIS software.

CAT assay

Transiently transiected cells were washed in cold PBS and harvested in a solution
o' 0.25M Tris pH 7.8. The cells were scraped ofT the plate using a rubber policeman and
transiered to a [.5ml microtuge tube on ice. The samples were lysed through two rounds of
treeze/thaw on dry icc and at 37°C. Half of the sample was saved for B-galactosidase assay
(see below) and the other halt was heated at 65°C tor 10 minutes and centrituged in a
microcentrifuge at maximum speed at 4°C. The supematant was transfered to a new tube
and assayed for protein concentration using a BioRad micro assay. Sug of protein was used
for the CAT assay using a tluorochrome based kit (FMBIO* TANGERINE FAST CAT*
trom HITACHI). An aliquot (5-15ul) of the sample was subjected to thin layer
chromatography using TLC aluminium sheets (silica gel 60 without fluorescent indicator)
(MERCK) tn a mixture of 15% methanol/85% chloroform until the two forms of the
substratz were properly separated. The results were analysed on a Hitachi fluoroimager
using the FMBIO(V4.04) software. The results are presented as persent converted substrate
(amount of converted substrate x 100 divided by the total amount of converted plus

unconverted substrate).



B-galactosidase assay

Samples for the B-gatactosidase assay (from transient transfections) were processed
together with the ones for the CAT assay up to the point where the samples are divided in
hatt.  The half of the sample that was used tor the B-galactosidase assay was directly
centrifuged at 4°C in a microcentrituge for 10 minutes afler the two rounds of frecze thaw,
The supermatant was transfered to a new tbe and assayed for protein concentration using
a BioRad micro assay. To assay for B-galactosidase activity, 10ug of protein was mixed
with 800ul of assay butler (100mM NaPO, pH7. ImM MgSO  and 10mMp-
mercaptocthanol) and 200u! of ONPG (4mg/mI}BDH). The absorbance was measured at
420nm on 2 Beckman DU*640 spectrophotometer. and the data analysed using the
manutacturer's "Kenetic/Time" program. The slope was used to compare the efticiency of

transfection between samples.
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CHAPTER 3

RESULTS

A) The COPT promoter-trap retrovirus

Construction and production of the COPT retrovirus

The COPT retroviral vector contained the v-Ha-ras oncogene coding sequence in
the U3 region of the 3' LTR of the MoMuL V. upstream of the promoter (Figure 3.1A).
Other examples of MoMuLV vectors containing foreign sequences in the LTR showed no
cfiect on the replication of the virus, with titers being comparable to those of viruses with
wild type LTRs (Stuhimann er af. 1989: Reik er al. 1985: Lobel er al. 1985: von Melchner
and Ruley 1989; Reddy er al. 1991). The ras sequence amplified by PCR included the
complete translated sequence, starting four base pairs before the initiating AUG. and ending
at the termination codon. The COPT vector also contained the c-myc oncogene under the
control of the ubiquitous pgk promoter (McBumey er al. 1991). This cassette was inserted
in place of the retroviral genes between position 1484 and 81235 of the retroviral vector. The
vector contained an intact packaging signal sequence ({r) so that it could be packaged into
infectious virions. Upon infection, the ras sequence is duplicated in the 5" LTR, through the

process of reverse transcription (see Figure 1.1), positioning the oncogene 95bp away from
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Figure 3.1 COPT Promoter-Trap Retrovirus

Thick lines represent MoMuLV sequences. thin lines represent plasmid sequences. and the
double lines represent cellular DNA. Open boxes represent the LTRs. The large shaded
boxes represent the v-Ha-ras sequence and the thinner grey boxes represent the c-mye
sequence. Black boxes represent the pgk promoter.

A. The COPT retroviral vector showing the ras sequence inserted in the 3' LTR and the pak-
c-myc cassette replacing most of the viral genes. The dark line under the 5' LTR shows the
Nhel-Kpnl fragment used for probes.

B. The COPT provirus showing the ras sequence duplicated in the 5' LTR. The broken line
arrow indicates a potential active cellular promoter. Any restriction enzyme present in the
LTRs only generate a 4.2kb proviral fragment. The only EcoRlI site is indicated.
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cellular DNA (Figure 3.1B). In the event that the provirus integrated near an active cellular
promoter. ras may be expressed and sinee anve is constitutively expressed, the presence of
the two oncogenes should Tead to the formation of a tumor, The virus was given the name
COPT for cooperating oncogencs promoter-fap.

Because the virus is replication deficient, the GP+E86 packaging cell line
(Markowitz er al. 1988} was used to produce the COPT virus. This cell tine, derived from
NIH 3T3 cells, encodes the three viral genes from two separate plasmids, thus climinating
the possibility of recombinatioﬁ events that could produce \\'ild-t}'p§ virus, The COPT
retroviral vector was cotranstected in this cell line along with a vector conferring neomyein
resistance {pgk-neo) (McBurney er al. 1991). Twenty-four G418 resistant colonies were
tsolated. expanded and tested for virus production,

To test that the COPT virus was intact, NIH 3T3 fibroblasts were intected with
COPT virus from the various producer clones and the DNA was analysed by Southern blot
analysis 48 hours post-infection. By digesting the DNA with Sstl which cuts once in cach
LTR we expected to see one band of 4.2kb using ras as a probe (Figure 3.2A). Figure 3.2B
shows the results from six representative clones. Different producer clones showed varying
amounts of virus with some being below detectable levels. The proviral band was of the
expected size, indicating that the COPT vector was producing a functional intact virus.

Clone 3 had the strongest signal and was selected as the source of COPT virus.
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Figure 3.2 Southern Blot Analysis ot the COPT Virus

A. The COPT provirus. Thick lines represent MoMulV sequences and double lines
represent cellular DNA. Open boxes represent the LTRs and the shaded boxes represent the
v~Ha-ras sequence. Sstl digestion generates a 4.2kb fragment.

B. Southern blot analysis of NIH 3T3 cells infected with COPT virus trom different
producer clones (1-6). The DNA was digested with Sstl and the blot was probed with the
ras sequence. Markers are the 1kb ladder (BRL).
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Because COPT is replication deficient and lacks a selectable marker, the titer could
not be assessed directly. Instead. an estimate of the COPT titer was obiained using the same
tvpe of’ Southern blot analysis. A retrovirus very similar 1o COPT was used to demonstrate
that the amount of virus produced can be reflected by the intensity of the signal from
infected cells on a Southern blot. The pUCRas vector (Figure 3.3A) is identical to the COPT

vector, except tor the ncomyein phosphotransferase gene replacing the pak-c-mye cassette.

o

The neo gene is expressed from the LTR promoter. The pUCRas virus was produced in

{

GP+ES6 cells in the same way as described for COPT (except that it was transtected alone
since it encodes its own drug resistance gene). The titer of 6 pUCRas producing clones was
cstablished by drug selection of NIH 3T3 cells infected with dilutions of the virus. The titers
were in the same range as those obtained from the COPT producer clones (10° cfw/ml). To
ensure that this approach was valid. NIH 3T3 fibroblasts were first infected with undiluted
as well as a two fold dilution of the virus and the signal on a Southem blot was compared.
Figure 3.3B shows that the intensity of the signal from infected cells reflected the titer of the
various pUCRas producer clones. It also shows that for every clone tested. a two fold
dilution of the virus gave a signal which was half the intensity ot that from undiluted virus.
When comparing the signal from cells infected with the COPT virus to the signal from cells
infected with viruses of known titer (pUCRas) it was estimated that the titer of clone 3 was

approximately 2x10° cf/ml.
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Figure 3.3 Titer Determination by Southern Blot Analysis

A. The pUCRas retroviral vector. Thick lines represent MoMuLV sequences and double
lines represent cellular DNA. Open boxes represent the LTRs and the light shaded box
represents the v-Ha-ras sequence. The dark shaded box represents the neomycin
prosphotransferase gene (neo). expressed from the LTR promoter. ¥ represents the
packaging signal. Xbal digestion generates a 3.7kb fragment.

B. Southcm blot analysis of NIH 3T3 cells infected with pUCRas virus from diflerent
producer clones (1-4). or infected with the COPT virus from clone 3. For cach clone. cells
were infected with undiluted (u) as well as diluted (d) (two-told) virus. The DNA was
digested with Xbal and the blot was probed -vith the ras sequence. The titer of the pUCRas
clones is indicated. The titer of the COPT clone 3 was estimated at 2 x 10° cfwml. Also
shown is DNA from the four pUCRas producer clones. Markers are the 1kb ladder (BRL).
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Testing of the promoter-trap in vitro

The promoter-trap capability of the COPT virus was tested in nude mice. NIH 313

cells were infected with the COPT virus from the producer clone 3 at a multiplicity of

o

infection (m.o.i.} near one. The next day, 6x10%intected cells were injected subcutancously
in one mouse in four different sites: above the two shoulders and above the two hips. As a
controt for the potential of the cell line to form tumors, a second mouse was injected with
6x10" uninfected NIH 3T3 cells. Three tumors formed in the mouse injected with the COPT
infected cells with a latency of two to three weeks (Figure 3.4). The control mouse did not
develop any tumor during the same period of time. The mice were sacrificed at four weeks
post injection. and the tumors were isolated. The tumors were reimplanted in a nude mouse
by mincing a small portion of the tumor tissue with blades and breaking it down further by
passing it through a 20 gauge needle to obtain a single cell suspension. Each tumor cell
suspension was injected in two sites per mouse. Only tumor | developed a secondary tumor,
which was isolated. Tumor 3 was injected in the same mouse as tumor 1 and may not have
had time to grow a secondary tumor before the mouse had to be killed (three weeks later)
because of the large size of the first tumor. The mouse injected with tumor 2 never

developed tumors.

Analysis of the tumors
For each tumor (including the secondary tumor 1) a small portion was used to
establish a culture. The tumor tissue was minced with blades and passed through a 20 gauge

needle as described above. The tumor cells were grown in the same medium used to grow
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Figure 3.4 The COPT Promoter-Trap in Nude Mice

The mouse on the left was injected subcutancously with COPT infected NIH 3T3 cells. Ti
appeared after 2% weeks. and T2 and T3 appeared after three weeks. The mouse on the right
was injected with uninfected NIH 3T3 cells.
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NIH 373 cells (e-MEM with 10%scrum). Tumors | and 3 grew well but tumor 2 tailed to
grow pasta few generations. Part of cach tumor was used to prepare DNA tor Southern blot
analysis and PCR amplitication. For tumor 2, this represented the rest of the tumor because
it was quite small. For tumors 1 and 3. as well as the secondary tumor 1, the rest of the
tumor was used to prepare RNA for northern blot analysis. RNA was also prepared from
the established tumor cell lines.
Southern blot analysis

The tumors were first tested for the presence of the COPT provirus by
Southern blot analysis to establish a correlation. The tumor DNA was digested with Xbal
which should give a 4.2kb band when probed with the ras sequence (Figure 3.1B). Figure
3.5 shows the results of this analysis. Control samples included untreated NIH 3T3 cells
(lane 1) and COPT producer clone 3 (lane 3). The second lane was DNA from NIH 3T3
cells that were infected with MoMuLV. The band seen at 10kb represents the endogenous
ras gene.  All three tumors were positive for the provirus but two of them showed
rearrangements.  Tumor 3 had a shorter proviral band and tumor 1 showed two bands
(~1.7kb and 9kb). To investigate the nature of these rearrangements, the same blot was
probed again with myc and then the pgk promoter to try to identify the missing sequences
(data not shown). The provirus in tumor | was negative for the presence of both myc and
pgk which would indicate that a large portion of the provirus was lost. The provirus in
tumor 3 was positive for both myc and pgk promoter sequences. Further restriction enzyme

analysis indicated that the internal deletion in tumor 3, estimated at 500bp, is most likely
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Figure 3.5 Southern Blot Anaiysis of COPT-induced Tumors in Nude Mice

Southern blot containing DNA from the three tumors obtained in the nude mouse (Fig 3.4).
The DNA was digested with EcoRI or Xbal as indicated. and the blot was probed with the
ras sequence. Lane 1 contained DNA from uninfected NIH 3T3 cells. Lane 2 contained
DNA from NIH 3T3 cells infected with a wiid type MoMuLLV. Lane 3 contained DNA from
the COPT producer clone. Tumors 1.2 and 3 correspond to T1. T2 and T3 in Figure 3.4,
Tumor 1 was propagated in another nude mouse (transplant) and in culture (cell line).
Markers are the 1kb ladder (BRL). and high molecular weight markers (BRL).
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1

around the 3' end of the myc sequence. This conclusion was supported by northern bl
analysis (see below).

To getan idea of how many viruses infected the original cell that gave rise to the
tumors, genomic DNA was digested with an enzyme which cuts only once in the provirus.
EcoRI was chosen because it cuts in the middle of the provirus (Figure 3.1B). Each
integrated provirus should give two bands (when probed with ras or the LTR) corresponding
to the proviral-celiular junction fragments. the size of which will depend on the site of
integration. Figure 3.5 shows the results of this analysis using the ras sequence as the probe.
Tumor 3 showed two bands (3.5kb and ~7kb) that are farge enough to be junction fragments.
Tumor 2 showed only one band (~8kb). The second band may be too faint to sec or simply
100 large to have transferred efficiently. It is ditticult to know what to expect from tumor
1 due to the large recrrangement. Only one band (5.5kb) was detected which may mean that
the internal EcoRl site was part of the deletion and the band represent a genomic fragment
harboring the truncated provirus. The fact that no more than two junction {ragments were
seen indicated that each tumor contained a single provirus.

Northern blot analysis

As illustrated in Figure 3.6, two transcripts are expected from the COPT
provirus. The longer one is generated by the LTR promoter and should be 4.2kb in length.
The second, shorter transcript is produced by the pgk promoter and should be 2.7kb long.
If a tumor was caused by a promoter-trap event, an extra transcript initiated by an active

cellular promoter and terminated in the 5' LTR should be detected (indicated by the dotted

line). This transcript would be responsible for the expression of ras. The length of this
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Figure 3.6 COPT Proviral Transcript

The COPT provirus. Thick lines represent retroviral sequences and double lines represent
cellular DNA. Open boxes represent the LTRs and the shaded boxes represent the ras
sequence. The arrows represent a cellular promoter and the two proviral promoters. Every
provirus should produce two transcripts. one initiating in the 5' LTR (4.7kb). and one
initiating at the pgk promoter (2.7kb). The dotted line represents a hybrid transcript
inttiating in the celiular sequence and terminating in the 3 LTR. This transcript would have
a minimum sizc of 1kb and would be present only if the provirus integrated near an active
cellular promoter.
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hybrid transeript would depend on the distance between the start of transeription in the
cellular gene, and the start of the provirus, but should be at Teast 1kb long. that is the distanee
from the 5" end of the provirus 1o the polvadenylation site in the ¥ LTR.  Transcripts
mittuting at the cellular promoter and terminating in the 3' LTR may be produced but are not
expected to allow ras protein expression (von Melchner and Ruley 1989: Reddy er af. 1991).

Total RNA (10pg) was used for northern blot analvsis and the ray sequence was used
as the probe (Figure 3.7).  As 2 negative control. the first lane contained RNA trom NIH
3T3 cells. As a positive control for the two proviral transcripts. the last lane contained RNA
trom the COPT producer clone 3. As shown by the loading control (@-tubulin) this lane
contained much less RNA, which explains the weaker signal. The primary tumor 1 showed
a number of transcripts, some of which correspond to the two expected proviral transcripts
(+.2kb and 2.7kb). These transcripts seem to have disappeared in the tumor 1 cell line and
in the transplanted tumor. The main transcript in all of the tumor 1 samples is approximately
1.5kb fong. This is consistent with a hvbrid gcnomic-provirus transcript.

Tumor 3 showed two transcripts which are both shorter than the expected size for the
two proviral transcripts by about 500bp. This was consistent with the Southern blot analysis
which indicated an internal deletion of about the same size somewhere in the mye sequence.
These two transcripts can also be detected by probing with mye or pgk promoter sequences.
No additional transcript was detected in this tumor. As mentioned earlier. RNA from tumeor

2 was not available.
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Figure 3.7 Northern Blot Analysis of COPT-Induced Tumors in Nude Mice

Northern blot analysis using 10 ng of total RNA extracted {rom two of the three wmors
obtained in the nude mouse (Figure 3.4). RNA from uninfected NIH 3T3 cells and tfrom the
COPT producer clone 3 were included (first and last lanes). The blot was probed with the
ras sequence. o-tubulin was used as the loading control. The position of the 188 and 288
ribosomal RNA is indicated on the left. The two expected proviral transcripts are indicated
by arrow heads. Tumor [ was propagated in another nude mouse (transplant} and in culture
(cell line).
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PCR amplification and sequencing

To clone the site of integration, genomic DNA adjacent to the 3 end of the
provirus was amplified by the polymerase chain reaction. Figure 3.8 illustrates the reverse
PCR strategy employed (Silver and Keerikatte 1989), Genomic DNA was digested with
either Thal or Smal. These sites are found in the LTRs at position 322 323 and 404
respectively.  Because Thal has a tour base pair recognition site (CGCG) its site should
normally be found in genomic DNA atan average trequency of once every 256bp. Smal has
a six base pair recognition site (CCCGGG) and is therefore found less frequently than Thal
in genomic DNA (approximately once every 4kb),  However, CG dinucleotides are tound
in DNA ata lower frequency than expected (four times less frequent: Cross and Bird 1995)
making Thal and Smal sites less frequent than estimated. On the other hand, CpG
dinucleotides are more trequent around promoter regions (Cross and Bird 1995) than in
random DNA sequence. and restriction sites containing CpG dinucleotides are otten found
in clusters near promoters. Since our promoter-trap requires that proviruses integrite ncar
cellular promoters, Thal and Smal sites may be present upstream of the provirus at a greater
frequency than expected in random DNA sequences. Digestion with these enzymes should
release a DNA fragment containing a portion of the LTR, including ras. and some genomic
sequence. The length of the restriction fragment depends on where the enzyme(s) cut in the
genomic DNA. Self-ligation of these junction fragments allows the genomic sequences to
be amplifted using oligonucleotides in the LTR with opposite direction of polymerisation

(going away from each other, see Figure 3.8).
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Figure 3.8 Reverse PCR Strategy

PCR strategy used to amplitied genomic DNA 5° of the proviral integration site.

1. lilustrated is the 53' LTR of the COPT provirus. The thick line represents retroviral gag
sequences and the double line represents cellular DNA. The open box represents the LTR
and the shaded box represents the v-Ha-ras sequence. Genomic DNA from the tumors or
from NIH 3T3 cells was digested with either Thal or Smal.

2. The junction fragments were allowed to ligate on their own. forming a close circular
molecule.  Using oligonucleotides as shown (1 and 2). the goinomic sequences were
amplificd by PCR.

3. The resulting PCR products contained cellular DNA flanked by portions of the LTR.
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To make the amplitication spectfic to the COPT provirus, as opposed to endogenous
ceotropic proviruses, oac oligonucleotide (oligol) spanned the junction Setween the ' end
ol the ras and the LTR. The sccond oligonucleotide (oligo2) was positioned in the LTR

between the 3' end of ras and the Thal restriction site. These oligonucleotides should give
an amplification product with a minimum size of 139bp.

Using Thal to digest the genomic DNA. a fragment of approximately 1kb was
amplitied from tumor 1. To confirm that this fragment contained part of the LTR. Southern
blot analysis was performed on the fragment using a portion of the LTR as a probe (Nhel-
Kpnl fragment shown in Figure 3.1A).  Figure 3.9A shows that the 1kb PCR product did
contain part of the LTR and hopefully included genomic DNA 5' of the provirus. One could
not however exclude the possibility that the amplified fragment represented the 3'LTR.
From an intact provirus the product from the 3' LTR should produce a 1.1kb fragment.
Because of the truncated provirus in tumor 1. this product may not be of the expected size.
The question would have to be answered by sequencing. The lkb fragment was then
subcloned in the Smal site of the pGEM4 vector (Promega). Four clones were used to obtain
sequence from both ends of the insert, using the T7 and Sp6 primers (Pharmacia). From the
sequence it was observed that all clones were truncated versions of the 1kb fragment, This
was most [ikely causcd by an over active MungBean nuclease used to blunt the end of the
amplificd fragment before subcloning. The various segments of sequence obtained
contained either some of the 3'LTR (including part of the env gene), some of the 5' LTR

(inciuding some of the downstream sequences) or sequences downstream of the 5' LTR.

Although these sequences were found on separate pieces of DNA from different subclones
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Figure 3.9 PCR Amplification Products

A. Southern blot anatlysis of fragments amplificd from tumor DNA by the polymerase chain
reaction. The left panel shows the amplification products {rom the indicated tumors when
genomic DNA was digested with Thal. The right panel shows the amplification products
from the indicated tumors when the DNA was digested with Smal. The probe used was the
LTR fragment shown in Figure 3.1A. NIH 3T3 DNA scrved as a negative control. Markers
are the [kb ladder (BRL).

B. Structure of the rearranged COPT provirus from tumor | as deduced from Southern and
northern blot analyses and sequencing. The LTRs are shown by the open boxes and the v-
Ha-ras sequence by the shaded boxes. The double lines represent cellular DNA. The
distance between the LTRs was estimated at 600bp.
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of the 1kb fragment. it strongly suggested that the provirus in tumor 1 had lost a large piece
of DNA between the two LTRs. Because the subclones were severely truncated by the
nuclease it was not possible o map the break points of the deletion. Untortunately, the §
genomic junction did not amplify, and the possibility of a promoter-trap could not be
confirmed.

No fragment could be amplified from Thal digested DNA from wmor 3. Snul
however, gave an amplitication product of approximately 900bp. This amplification product
was also shown to contain LTR sequences by Southern blot analysis (Figure 3.9A). but could
never be successfully subcloned. It was therefore not possible to prove or disprove the
possibility of a promoter-trap event in that tumor cither.

Flanking genomic DNA from tumor 2 could never be amplitied using cither Thal or

Smal.

Mammary gland injections

To first test the efficiency of virus delivery to the target cells via nipple injections,
pubescent mice were injected with a MoMuLV-based virus expressing the B-galactosidase
gene from the LTR promoter. The titer of the so called BAG virus (Price er al. 1987) was
in the same range as that of the COPT virus (2x10° cfu/ml). Staining of whole glands with
X-gal , two to three days post injections, revealed blue staining in the celis of the end buds
(Figure 3.10). The intensity of the stain decreased as the distance from the end buds to the

nipple increased. No staining was detected in uninfected glands from the same mouse. It



Figure 3.10  X-gal Staining of Mammary Glands

Whole mount of three mammary glands stained with X-gal (sce materials and methods).
The bottom gland was isolated from a transgenic mouse carrying the lacZ gene under the
control of the pgk promoter (Dr. McBurney). The middle gland was injected in situ with the
BAG virus (encodes lacZ). The top gland came from the same animal as the middle gland
but was not injected with the virus.,
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was not possible to estimate the efficiency of infection from whole mounts due to the low
resolution.

To test the L'()F'l' virus /7 vivo, 24 four week old Balb/C temale mice were used. The
mice were anaesthetized and a tine needie was used to inject the virus in the gland through
the nipple. A volume of 0.05 to 0.1 ml of {resh virus was injected into cach of the ten glands
whenever possible. That represented approximately 10%- 2x10 infectious particles per
gland. The mice were monitored every four to five days for the presence of palpable tumors.
After 8 weeks, none of the mice had developed tumors and they were all mated.  Aftera
total of 6 months, no tumor had formed and the mice were sacrificed.  One mouse was used
to extract RNA from infected mammary glands to see it COPT transcripts could be detected.
Using polyA’ sclected RNA and c-mive as a probe. no proviral transcripts were seen despite

a good signal for the endogenous mve transeript (data not shown).

B) The PyT promoter-trap retrovirus

Construction and production of the PyT retrovirus

The PyT retroviral vector, also a MoMuLV based vector, contained the Polyomavirus
middie T antigen (PyMT) oncogene inserted in the U3 region of the 3' LTR (Figure 3.11A).
The rest of the retroviral sequences were kept intact making the PyT retrovirus replication
competent. Upon integration of the provirus in host DNA PyMT is positioned 95bp away

from cellular sequences and may be expressed from a cellular promoter (Figure 3.11B).



Figure 3.11 PyT Promoter-Trap Retrovirus

Thick lines represent MoMuLV sequences. thin lines represent plasmid sequences, and
double lines represent cellular DNA. Open boxes represent the LTRs. The Polvomavirus
Middle T antigen (PyMT) is represented by a shaded box.

A. Schematic of the PyT retroviral vector with the PyMT inserted in the 3' LTR.
represents the packaging signal. The dark line under the 5' LTR indicates the Nhel-Kpnl
tragment used for probes.

B. Schematic of the PyT provirus. The PyMT sequence has been duplicated in the 5 LTR
during reverse transcription. The broken line arrow indicates a potential cellular promoter.
Xbal restriction sites are indicated.
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The PyT vector was cotranstected in NIH 3T3 cells with o vector conferring
puromyein resistance (pgk-puro, from the laboratory of Dr. MeBumey),  Twenty-tour
puromycin resistant colonies were isolated, expanded and tested tor PyT virus production.
This was done by infecting NIH 3T3 fibroblasts with Py’ virus trom difterent producer
clones. The DNA trom the intected cells was isolated 48 hours post-infection and analysed
by Southern blot. The DNA was digested with Xbal which cuts four times in the provirus
so that two bands of 5.5kb and 3.6kb were expected using a portion of the LTR as a probe,
Figure 3.12A shows a schematic of the PyT provirus and the expected bands when the
portion of the LTR indicated in figure 3.11A (Nhel-Kpnl) was used as a probe.  Figure
3.12B shows that all of the clones were producing virus.

The titer from the different producer clones was determined using an XC assay which
is based on the fact that XC cells. which are tumor cells from a rat sarcoma induced by the
Rous Sarcoma Virus. tuse with Moloney virus-intected celis to form large syneytia, NIiI
3T3 cells were infected with dilutions of the virus. Once the cells reached confluence. they
were UV irradiated and XC cells were added. Any colony of intected NIH 3T3 cells would
fused with the XC cells to form large syncytia which can be visualized as clear plaques by
methyleneblue staining. The titers ranged from 1 to 5x10" cfu/ml.

From Southern blot analysis of PyT-infected NIH 3T3 cells, like the one shown in
Figure 3.12B, the observation was made that for most producer clones an extra band was
present (2.3kb) (3' LTR-PYMT). The size of the band could correspond to the size expuected
of a wild type 3' LTR. To test that idea, the same Southern blot was reprobed with the

PyMT sequence. Asshown in Figure 3.13, only the 3.6kb band corresponding to the 3'LTR
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Figure 3.12  Southern blot analysts of the PyT virus

A. Schematic ot the PyT provirus and the expected Xbal fragments. Thick lines represent
MoMuLV scquences and double lines represent cellular DNA. The open boxes represent
the LTRs and the shaded boxes the Poliomavirus Middle T antigen.

B. Southerm blot analysis of NIH 3T3 cells infected with PyT virus from difterent producer
clones. The DNA was digested with Xbal and the blot was probed with the MoMuLV LTR
(see Fig 3.11A). Markers are the 1kb ladder (BRL). The first lane contained DNA trom
uninfected NIH 3T3 cells. The numbers across the top indicate the different producer
clones. The larger band represents the fragment of the provirus containing part of the 3' LTR
(sec A, above). The middle size band represents the fragment containing most of the 3' LTR.
The smaller band represent a wild type 3' LTR (see text). Also shown at the bottom is the
titer of cach producer clone.
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Figure 3.13 Southern blot analysis of the PyT virus using PyMT as a prabe.

The Southern blot is the same as the one shown in Figure 3.12 but was nrobed with the
PyMT sequence. Lanes are labelled the same as in Figure 3.12.



W hud

[\

uninfected

PyT infected NIH 3T3

I |
1 2 4 8 9 1011

3'LTR (+MT)



71
of the PyT provirus is detected by PyMT, and not the 2.3kb band.  This pointed to the
possibility that the PyMT sequence was somewhat unstable and got deleted at a trequency
which varied among different producer clones, Since clone 2 showed a more stable provirus
than the other clones (Figure 3,12BY, it was chosen for future experiments.

First. to investigate the stability of the PyMT sequence in clone 2. an experiment
was performed where the virus was passaged serially. NIH 3T3 fibroblasts were infected
with PyT virus and every 48 hours. the supernatant was transierred onto fresh NIH 3T3 cells
and the infected cells were harvested for Southern blot analysis. Once again, Xbal was used
to digest the DNA and the probe was the same fragment of LTR as before. Figure 5.14
shows how the virus became unstable after three rounds of infection and had completely lost

the PyMT sequence by the fifth passage.

Mammary glands injections

The mammary gland injections were done in the same manner as for the COPT virus.
Twenty-four Balb/C pubescent females were anaesthetized and injected with the PvT virus
in the mammary glands through the nipple (0.5-1 x 10° cfu per gland). All ten glands were
injected whenever possible. The mice were monitored every three to tour davs for the
appearance of palpable tumors. Three mice out of the nineteen survivors developed tumors
at three different times of mammary gland development. This is summarized in Figure 3.13,

The_ first mor was detected in an inguinal gland six weeks post-infection
(nulliparous mouse). The same mouse eventually developed a fev;' other tumors which

appeared to be of mammary origin. A total of five apparently separate tumor masses were



Figure 3.14 Serial Passage of the PyT virus

Southern blot analysis of NIH 3T3 cells in which the PyT virus was passaged. The DNA
was digested with Xbal and the blot was probed with the MoMuLLV LTR (sce Fig 3.11). The
first lane contained DNA from the PyT producer clone 2. The second lane contained DNA
from cells that were intected with the PyT virus from clone 2. The next lane represents cells
that were infected with PyvT virus collected from infected NIH 3T3 cells (1°infection). and
50 on. Forty-cight hours separated each intection. The origin of the three bands was
described in Fig 3.12. Markers are the 1kb ladder (BRL).
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Figure 5.15 Summary of tumors obtained with the PyT virus

Summarized are the number of wmors (mammary and others) obtained in three animals
injected with the PyT virus. with the time of detection post-intection (and post-mating). The
mice were labelled according to the stage of mammary development at which they were at
the time of detection.
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isolated. One was the first wumor detected and was isolated from the other ones. The
second, third and fourth tumors were all in the inguinal region (opposite to the first tumor)
and very close to cach other.  Although one was of a darker colour (red as opposed o
whitish) they were ditficult to isofate from cach other. The fifth tumor was quite small and
was located near the shoulder. The liver and a kidney were isolated to be used as negative
controls. After detection of the first tumor the rest of the animals were mated. Three weeks
later 2 second mouse (monoparous) developed a tumor.  This was near the end of the
pregnancy. That tumor grew slowly and remained small as the mouse was monitored daily
until it was sacriticed 4 days later. Onee again the twmor seemed 0 be in the mammary
tissue. While isolating a kidney to serve as a negative control. a lump was found on the
surface of the spleen and was saved for analvsis,

Finally. a third mouse (weaning) developed a tumor seven weeks after the matings.
which was a week after weaning the pups. The animal was sacriticed a week later and 2
second mammary tumor was found. as well as a small tumor on the colon which was saved
for analysis. A kidney was isolated 10 serve as a negative control.  The rest of the animals
were Killed four months post infection when no further wumors formed. Many animals

showed symptoms of viraemia. including an enlarged thymus (Kozak and Ruscetti 1992).

Analysis of the PyT tumors
For some of the tumors an effort was made to grow them in culture. As described
before. a small portion of the tumor mass was minced with blades and passed through a 20

gauge needle in a small volume of PBS. The cells were grown in a-MEM supplemented
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with 10" fetal bovine serum, insulin | 0w mhand dexamethazone (107N ), Untortunately
the tumor cells did not grow past a tew generations, Most of the tumor tissue was used to
extract DNA for Southern blot analvsis. From tumors that were large enough RNA was also
extracted.
Southern blot analysis
The tumors were tirst tested for the presence of the PyT provirus by Southem
blot analysis. The DNA was digested with EcoRI because this enzyme does not cut
anywhere in the provirus so that cach integrated provirus will generate an independent band.,
This would tell us how many proviruses are in each tumor. It can also give information on
whether two tumors are related in terms of their origin.
Figure 3.16 shows the Southern blot for the EcoR1 di gest of tumor DNA probed with
PyMT. The first mouse (nuiliparous) showed the presence of the PyT provirus in all of the
umors maybe with the exception of the last one (tumor 5). The first tumor had one
integrated provirus (~19kb). Tumors 2.3 and < had a few integrated proviruses. some might
have been the same indicating maybe that there was some contamination with cach other
during disscction (on this particular gel tumor 4 DNA did not digest but other blots showed
that some of the bands are the same as in tumor 2 or 3). Tumor 3 was small and the proviral
signal might have been diluted with surrounding normal tissue. The liver was negative for
the presence of the virus as expected. The second mouse (pregnant or monoparous) had only
one mammary tumor which was positive for the virus, with two integrated proviruses. The

fact that the bands are equally intense indicated that there was simultaneous infection of the



Figure 3.16 Southern Blot Analysis of PyT-Induced Tumors

Southern blot analysis (0.8% agarose gel) of DNA extracted from tumors induced by the
PyT virus in mice. The DNA was digested with EcoR1 and the blot was probed with the
Polyomavirus Middle T antigen sequence. Mammary tumors from the three animals are
indicated by numbers. 2° was a spleen tumor. and 37 was a colon tumer. Liver or kidney
were used as negative controls. Nulliparous, monoparous and weaning refer to the stage of
mammary development at which the mice were at the time the twmors were detected.
Markers are high molecular weight DNA markers (BRL).
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ortginal cell by two viruses. The Kidney was negative, as expected. The spleen tumor alse
showed the presence of the PyT provirus, There was the question of whether the tumor
found on the spleen was a metastasis of the mammary tumor or a primary tumor trom an
independent infection. The tact that the spleen tumor had only one tntegrated virus and that
the stze of the EcoR! tfragment did not match cither one scen in the mammary twmor
indicated that the spleen tumor originated from a separate event. This also indicated that the
PyT virus was replicating in the mouse and made its way to the spleen possibly through the
Iymphatic system or through the blood circulation. For the third mouse {weaning) there was
no detectable signal in any of the tumors.
Northern blot analysis

Most of the tumors were too small to be able to extract both DNA and RNA.
Figure 3.17 shows the results of 2 Northern blot analvsis on a number of tumors using total
RNA. The quality of the RNA recovered from the tumors was poor and made conclusions
difficuit. The left panel shows transcripts from cells infected with wild type Moloney or
recombinant PyT virus. When probing with the LTR. two mRNA were seen from the wild
type virus as expected. In the PyT infected cells. four main transcripts were detected by the
LTR. Bands labelled 1 and 3 represent the full length transcripts from an intact PyT
provirus. These were also detected by the PyMT probe (lane | in the right panel). Bands
2 and 4 also were detected by the PyMT probe and appeared to be truncated versions of

transcripts labelled 1 and 3, as they were both proportionally shorter. Also seen with the

LTR probe were two transcripts of the same size as the wild type transcripts, that were not
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Figure 53.17 Northern Blot Analyvsis ot Py T-Induced Tumors

Northem blot analysis of tumors induced by the Py T virus in mice. The lett panel shows g
northem blot containing RN A extracted from NIH 3T3 cells inficted with cither a wild npe
MoMuLV (Moloney) or with the PyT virus trom clone 2 (PyT2-3T3). The blot was probed
with the LTR. The right panel shows a northemn blot containing RNA trom a number of”
PyT-induced tumors.  The blot was probed with the Polvomavirus Middle T antigen
scquence. The first lane contained RNA tfrom NIH 3T3 cells infected with the Py T virus
from the producer clone 2 (same as in left panel). Numbers at the top correspond to
mammary mors from the indicated animals. Liver and kidney served as negative controls.
Monoparous and weaning refer to the stage of mammary development at which the mice
were at the time the tumors were detected. The position of the 188 and 288 ribosomal RNA
is indicated.
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detected by PyMT sequences (the smaller one. between bands 3 and 4. 15 more visible than
the larger one. between bands | and 2). This is consistent with the Southern analysis which
showed a loss of the PyMT sequence ina subpopulation of the intected cails (Figure 3.12B).
Some of'the expected (larger) proviral transcripls were present in the tumor samples probed
with PyMT (right panel) but the quality of the RNA did not allow smaller or novel
transcripts, that would be indicative of a promoter-trap, to be detected. Consistent with the
Southern analysis. the tumors from the third mouse (weaning) were negative for the presence
of any PyMT-positive transcript. It was not tested whether any transcript could be detected

with an LTR probe.

Cloning of the integration site from a mammary tumor

An attempt at isolating genomic DNA flanking the integration site from the various
tumors using the PCR strategy described earlier was unsuccessful. An alternative PCR
approach that should have overcome the limitations of the reverse PCR strategy was also
tried. The new method. published by Sorenson and coworkers (Sorensen er al. 1993).
eliminated the need to digest and ligate the DNA prior to amplification. Unfortunately, that
method did not work out either. Instead. a more conventional approach was used to clone
the integration site. A genomic library was constructed from tumor DNA and the fragment
containing the provirus was isolated by hybridization to the PyMT sequence. Because each
tumor would need its own library it was not feasible to work with all the tumors at once.
The wmor which formed in the pregnant mouse was selected for a couple of reasons. First,

we had no convincing evidence that any of the tumors from the third mouse were positive
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for the provirus. [n addition. the amount of DNA necessary to build the library was a

limiting factor for the mammary tumors of that mouse. Second. according to our hiological

screcning strategy. the tumors tound in the nulliparous mouse would be the result of

1%

integrations in "housckeeping genes™. For the same reasons, the mammary tumors from the
pregnant mouse Was more interesting as we suspected it to be the result of an integration in
a gene that was newly activated when mammary development was induced.

The DNA was digested with EcoRI so that the two genomic fragments corresponding
to the two integration sites (in Figure 3.16) could be isolated. Knowing that the size of these

fragments was in the range of 12-20kb the library was enriched for larger size fragment

o

using a potassium acetate gradient. Four clones were originally isolated and two of them
were considered as candidates for the two proviral integration sites based on mapping study
(Figure 3.18). The size of clones 1 and 4 were compatible with the size of the EcoRlI
proviral fragments detected by Southern blot (Figure 3.16). For further analysis, the
genomic sequences flanking both sides of each provirus were subcloned in the Bluescript

vector using EcoRI and Kpnl sites.

Southern blot analysis of genomic flanking sequences

To confirm that the two isolated genomic clones corresponded to the two bands seen
in the Southern blot shown in Figure 3.16, the genomic sequence from each clones was used
to reprobe that same Southern. Each 5' fragment identified one of the two bands first
detected with PyMT (data not shown). To see whether these genomic sequences were part

of a single copy gene as opposed to repetitive sequences, they were used to probe a Southern
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Figure 3.18  Map of genomic clones corresponding to two proviral integration sites from
one PyT-Induced tumor.

At the top is depicted the genomic structure of the PyT provirus. The thick lines represent
cellular sequences and the thin lines represent proviral sequences, The open boxes represent
the LTRs and the shaded boxes represent the PyMT sequences. Restriction sites used in the
mapping or subcloning of the flanking genomic scquences are indicated. The distance of the
EcoRl sites from the LTRs will differ for each provirus. A DAHII clones I and 4 show the
structure of two PyT proviruses found in the mammary tumor from the MOonoparous mouse,
The thin broken lines represent lamda phage sequences. The thick lines represent genomic
DNA. 16kb and 15kb indicate the size of the genomic inserts. The size of the flanking
genomic sequences is indicated. The junction fragments were subcloned into a plasmid
vector as EcoRI to Kpnl fragments (indicated by light shaded boxes). The Nhel fragment
shown below the 5'-genomic sequence of clone ! was used as a probe tor Southern and
northern blot analysis. as well as for the screening of a cDNA library.
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blot containing DNA from NIH 3T3 cells digested with three different enzymes. Also
included on one of the blots was genomic DNA trom the tumor digested with EcoRI (Figure
3.19A). Figure 3.19 shows that both clones gave patterns that are consistent with single

copy gene. As expected. clonel identitied an extra band in tumor DNA when compared to

NIH 3T3 DNA (EcoRI digest). corresponding to the disrupted allele.

Northern blot analysis of genomic flanking sequences

Northern blot analysis was used 1o see whether expression of the trapped gene was
specific to the mammary gland.  With the hope that the isolated genomic sequences from
the genomic clones 1 and 4 could detect a transcript. they were used to probe a northern biot
containing RNA from mammary tissue from a virgin and a pregnant mouse. A first attempt
with total RNA was negative for both clones (data not shown). Using polvA~ selected RNA
clone 1 detected 2 band corresponding to a transcript of approximately 4.5kb. The intensity
of the signal however was equivalent in the virgin and the pregnant mouse mammary RNA
samples, indicating that expression was not restricted to. nor enhanced during mammary
development. Clone 4 did not detect any transcript with polvA® RNA. Clone I was then
selected as the putative promoter-trap and was named TRAPI.

To study the pattern of expression of TRAPI in more detail, northern blot analysis
was repeated with a wider variety of tissues (Figure 3.20). The gene was expressed at
comparable levels in all tissue tested with the exception of testes which showed higher
expression. Testes also showed an extra band in the range of 1-2kb but this was not

investigated further.
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Figure 3.19  Southern Blot Analysis of NIH 3T3 DNA using genomic flanking sequences
as probes

Southern blots containing DNA from NIH 3T3 cells. probed with the 5' flanking sequence
of clone 1 (A) and clone 4 (B). The DNA was digested with the indicated enzymes. In
addition to NIH 3T3 cell DNA. panel A contained DNA from the mammary tumor digested
with EcoRI. Markers were the high molecular weight DNA markers (BRL) in panel A. and
the 1kb ladder (BRL) in panels A and B.
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Figure 3.20 Northern Blot Analysis of TRAP! in Adult Mouse Tissues

Northern blot analysis of TRAP1 using 3ug of polvA ~ selected RNA from the indicated
adult mouse tissues. The blot was probed with the 5 flanking sequence from clone 1
(TRAPI) (Nhel tragment shown in Figure 3.18). The position of the 18S and 28S ribosomal
RNA is indicated. B-actin was used as a loading control.
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Sequence analysis of genomic DNA

In order to determine whether TRAPT was a known gene, partial sequence was obtained
trom the ends of the genomic clones. In the 2.2kb fragment Hanking the 3' LTR. ¢lone! had
2 Bl-like clement in the first 200bp next to the EcoRl site.  This. as expected. showed
homology 10 a great number of genes containing Bl or Bi-like repetitive elements when
compared to the Genbank database. That end of the fragment contained an Nhel restriction
site about 200bp into the sequence so that what was tirst believed to be an EcoRI-Nhet
tragment was in fact an Nhel fragment that excluded the B like clement. The last 220bp
at the 3" end of the same genomic fragment (next to the LTR) were more informative (Figure
5.21B). That sequence showed a high degree of identity (83%) to a human partial cDNA
(EST22023). one of 600 expressed sequence tags isolated from the human brain (Adams or
al. 1991) (Figure 5.21C). This is in agreement with our clone being expressed in the brain,
Together with the northern blot analysis the sequence data suggested that the PyvT provirus
in clone 1 integrated in the transcribed region of a novel murine gene.

Sequence data from clone 4 did not revealed significant homology to anv known

sequence. The evidence was quite strong in favour of clone | being the promoter-trap.

Cloning of the TRAPI cDNA

Because TRAPI was not exclusively expressed in the breast but rather appeared to be
expressed in a wide range of tissues, an available mouse Jung cDNA library (Stratagene) was
used to clone the cDNA of TRAPI. The same §' flanking genomic fragment (Nhel insert)

used for Southern and norther blot analysis was used as the probe. Three clones of 600, 800



Figure 3.21 Sequence Homology of the TRAPI Genomic Clone

A. Schematic of the TRAP! genomic insert clone. Thin lines represent plasmid sequences,
thick lines represent genomic DNA. and the intermediate size lines represent proviral
sequences. Open boxes represent LTR sequences and the shaded boxes represent ihe
Polyomavirus Middle T antigen sequence. The size of the 3 and 3 ZENOMIC SCYUeNCes are
indicated.

B. Sequence from the 3 junction fragment. Capital letters represent genomic sequence and
the small letters represent the LTR sequence.

C. Sequence homology between the TRAP! genomic sequence and the human expressed
sequence tag EST022035. The identity is 83%.
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and 900bp were isolated and sequences in bath directions, The two smaller clones were
internal to. and completely homologous o the larger one. The largest clone was used as a
probe to obtain more clones. The second round of sereening dentified relativels shon
¢DNA inserts (0.9- 1.okb) and a different approach was taken to obtain the tull length
TRAP1 ¢DNA.  Having a partial sequence of the cDNA it was pussible to use & RACE
strategy to obtain the 3" and 37 portions of the TRAPT ¢DNA independently, By sclctting
TRAPI specitic primers so that they amplity an overlapping portion of the ¢cDN AL the tno
ends of the ¢DNA can be joined 1o generate the complete eDNA. ¢DNA was made from
lung polyA~ selected RNA (reagents trom Clonetech) and adaptors optimised tor RACE
(Clontech) were ligated on. Each end of the ¢cDNA were ampiified in separate reactions
using one TRAPI specific oligonucleotide and one oligonucleotide from the linker
(Clontech). The ¥ product gave a tragment of 900bp. Because the TRAPI-specitic
oligonucleotide was positioned 730bp away from the start of the partial cDNAL a2 900bp
fragment indicated that the 5 end of the partial clone was [30bp away from the start of the
transcript. Knowing this and the fact that the size of the TRAPI transcript is 4.5kb. it was
deduced that a 3.2kb fragment should be gencrated from the 3 RACE reaction.
Unfortunately. every attempt at amplitving the 3' end of the ¢DNA failed to give the

predicted size band.

Sequence of the partial TRAPT ¢cDNA
The 900bp sequence compiled from the three initial cDNA clones (from the Stratagene

lung cDNA library) was compared to the Genbank database. [n addition to the previous
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expressed sequence tag (EST22025) identified with the genomic sequence. the TRAPI
cDNA showed a high degree of identity (80-90%) to a number of more recently isolated
human ESTs. Again. no murine sequence had any significant homalogy to TRAPI,

The TRAPI sequence was translated to search for the presence of an open reading frame
(Figure 3.22). An ORF started at position 337 of the partial cDNA and extended to the 3'
end. The putative initiating methionine was positioned in a perfect Kozak consensus
sequence (Kozak 1987). The fact that the 3' RACE reaction identitied only an extra 150bp
upstream of the partial cDNA reinforces the possibility that the AUG codon at position 337
corresponds to the initiating methionine. A database search (Nblast from NCBI) did not
reveal any significant homology to any known protein. The best homology found was to the
general transcription factor TFIIS but the homology (46% similarity over 97bp) was not
located in any of the known functional domains of the TFIIS factor and was not believed to
be pertinent.

A comparison of the genomic and the ¢cDNA sequence revealed that the provirus

integrated 47bp upstream of the putative initiating methionine (Figure 3.22).

Promoter activity in the 5' genomic fragment

Once it was realized that the provirus integrated relatively close to the start of
transcription, the question arose as to whether the promoter for TRAP1 was included in the
2.2kb of 5" upstream genomic sequence. To answer that question, the 2kb Nhel fragment

was subcloned in front of the bacterial CAT gene in the pCAT—Enhancér vector (TRAP-
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Figure 3.22  Nucleotide and Deduced Amino Acid Sequence of the Partial TRAP! ¢DNA
Clone

Nucleotide numbers are shown on the left and amino acid numbers are shown on the right.
Five stop codons upstream of the putative initiating methionine (position 337) are shown in
bold. The site of integration of the PyT provirus is indicated by the black triangle.
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CAT, Figure 3.23). This vector contains the SV40 enhancer which may help to detect
expression form weaker promoters. The insert was subcloned into the Xbal site in ¢ither
orientation to usc the opposite orientation as a negative control.  As a positive control
vector containing CAT under the control of the MoMuLV-LTR was used (gift of Ninan
Abraham. Dr. Beil's laboratory). Each of the three vectors. as well as the original pCAT
veetor. were cotransfected transiently with a B-galactosidase expressing plasmid (pgk-B-gal:
McBumney er al. 1991) in cither the human 293 or mouse P19 cells. These coll lines were
chosen for their high efficiency of transient transfection {McBurney 1993). The cells were
harvested 24 hours post transfection and protein extracts were assaved for CAT and B-
galactosidase activity. Results from 293 cells are shown in Figure 3.24. P19 cells gave the
same results. (-galactosidase activity was used to compare the efficiency of transfection.
A difference of no more than two-fold was observed between the transfections.  The
genomic fragment in the same orientation as the provirus transcription could drive high
expression of CAT (76% converted substrate) whereas the opposite orientation. or the
pCAT-Enhancer vector alone could not. This provided very strong evidence that the tumor
which arose in the pregnant mouse was caused by a promoter-trap event and that clone 1

represented the gene where the virus integrated.
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Figure 3.23 TRAP-CAT Vector

The TRAP-CAT vector contains the ampicillin resistance gene. the TRAP1 5' genomic
sequence in front of the chloramphenicol acety! wansferase (CAT) gene, and the SV40
enhancer. The TRAP! sequence (2kb Nhel fragment) was inserted in the Xbal site of the
pCAT-Enhancer vector (Promega). Clones containing the TRAPI sequence in either
orientation were isolated.
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Figure 3.24 TRAPI Promoter Assay

A. Example of a typical CAT assay using the TRAP-CAT vector in a transient transfection
of human 293 cells. The lower spot represents unconverted chloramphenicol substrate and
the upper spot represents mono-acetylated chloramphenicol (see materials and methods for
details of the assay). The vector used in lane 1 had the CAT gene expressed tfrom the
MoMuLV LTR (no SV40 enhancer). This served asa positive control. Lanes 2 and 3 show
the CAT activity trom TRAP-CAT vectors with the TRAPI sequence in the positive or
negative orientation respectively. Lane 3 shows the CAT activity from the pCAT enhancer
vector. Lane 5 was a negative control for the CAT assay and contained no protein in the
reaction.

B. CAT activity from above, expressed as percent of converted substrate. Samples are the
same as in A. This represents the average of three experiments in human 293 cells.
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CHAPTER 4

DISCUSSION

A promoter-trap retrovirus was used 10 try to identity novel genes that are specifically
expressed during murine mammary ditferentiation. A promoterless oncogene was inserted
in the LTR of 2 MoMuLV vector so that upon integration of the provirus into the host
genome the reporter gene may be expressed from a cellular promoter. Two viruses were
constructed. the first one being replication deficient (COPT) and the second one being
replication competent (PyT). Each virus was used to infect murine mammary glands by
injection of the virus in siru through the nipple. An oncogene was used as the promoterless
reporter gene in order to be able to detect expression in the animal. where activation of the
oncogene should form a tumor. Doing the experiment in vivo provided a natural screen for
genes whose expression is activated during differentiation.

The replication deficient retrovirus (COPT) was not successful at trapping any gene in
the mouse mammary gland but the second virus (PyT) did trap at least one novel murine

gene.
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A) The COPT promoter-trap retrovirus

The COPT virus

The COPT promoter-trap retrovirus had a promoterless v-Hasras oncogene inserted in the
MoMuLV LTR, and the c-myc oncogene driven trom the ubiquitous pgk promoter. The myve
oncogene should be expressed at all times whereas the ras gene will be expressed only if the
provirus integrated near an active cellular promoter.

o cell

(=4

Being replication deficient. the COPT virus was produced in the GP+ES6 packagin
linc which provided the viral gene products necessary tor the assembiy of infectious virions.
The titer of the producer clones could not be established by conventional drug selection due
to the lack of a selectable marker in the retrovirus. Instead. titers were estimated in an
indirect tashion using Southern blot analvsis. This method was judged adequate based on
the demonstration that a two-fold difference in titer could be detected by Southern blot using
a very similar virus of known titer. Other methods for estimating the titer of replication
deficient retroviruses lacking selectable markers include the assay for reverse transcriptase
activity in the virus-containing supernatant (Goff er al. 1981 ). or slot blot analvsis of virion
RNA (Huszar er al. 1989). In our hands. a two to five-fold dilution of the virus could not
be reflected reproducibly by slot blot analysis. Our Southern blot approach had the
advantage of assessing for infectious particles Snly and had the convenience of verifving the
structure of the provirus at the same time. The fact that the COPT virus had the expected
structure was also confirmed by northern blot analysis (Figure 3.7, last lane) where predicted

size transcripts from the LTR (4.2kb) and pgk (2.7kb) promoters were detected.
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Not every clone could be shown to produce COPT virus. In retrospect., these earlier
infections were performed in such a way that, for most clones, the multiplicity of’infection
(m.o.i.) would have been well below one. The infections for Figure 3.3 were done with a
multiplicity of infection closer to 2. This is supported by a ratio of proviral to endogenous
ras signal close to one. Also. Xbal (Figure 3.3) was found to give a more complete digestion
and therefore a better signal than Sstl. At the time. clone 3 was found to produce the most
virus and was used for testing the promoter-trap. The titer of clone 3 (2x10° cfivml) was
found to be in the same range as those for the pUCRas clones and was believed to be
representative of the other COPT producer clones. The titers obtained from the GP+ES6 cell
line, in the range of 10° cfiyml. were consistent with those publish‘ed using the same
(Markowitz et al. 1988) or similar packaging cell lines (Cepko er al. 1984: Mann er al.

1996).

The COPT promoter-trap

The ability of the COPT retrovirus to work as a promoter-trap was tested using nude
mice. This was believed to be a better test than the ability to form foci in soft agar because
cells that are considered transformed by this assay do not always form tumors in nude mice.
It was also important to demonstrate that our indicator oncogene could form tumors in the,
mouse. COPT-infected NTH 3T3 cells produced three tumors after injection in mice, with
a latency of two to three weeks, whereas uninfected cells did not produce any tumor during
the same period of time. Knowing how many cells were infected at a multiplicity of

infection near one, and assuming that the three tumors arose from a promoter-trap event, this



96

would represent one promoter-trap tor every two million inlcgmliuns.‘ This is two to four
orders of magnitude lower {depending on the reporter gene) than what has been reported for
similar promoter-trap retroviruses (von Melchner and Ruley 1989: Chang er af. 1993). This
however is not a tair estimate of the efficiency of the COPT virus to act as a promoter-trap
because by killing the mouse to extract the tumors we discarded any other potential tumors
which may have appeared later on. Promoter-trap events are usually scored by drug
selection in culture where every potential positive is allow to develop a resistant colony.
Even taking this into account, the efficiency of the promoter-trap remains low, which can
be a reflection of the difference in sensitivity between drug selection in culture and tumor
formation in vivo. Whereas every cell eXpressing a drug resistance gene should be resistant
to that particular drug. not every cell expressing mye and res will go on and torm a tumor.
This is illustrated in double transgenic mice expressing both myc and ras. each under the
control of the MMTYV promoter (Sinn er a/. 1987). Tumors arose in a stochastic tashion
indicating that other events are required in addition to mve and ras activation.

Southemn blot analysis confirmed thar the three tumors from the nude mouse came from
COPT infected cells. All three tumors were shown to contain proviral DNA. although two
of them had undergone rearrangement. It was also determined that each tumor contained a
single retrovirus based on the restriction pattern of the proviruses using enzymes that would
reveal the junction fragments. This was expected because the cells injected in the mouse
were infected at a multiplicity of infection near one.

‘ Tumor 2 was the only twmor with an apparent intact COPT provirus. Unfortunately, there

was no RNA available from that tumor because of its small size. This tumor could not be
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propagated in culture like the two other tumors, mavbe because it required ecrtain growth
factors that were only available in the animal. It was therefore not possible to obtain any
evidence of a promoter-trap event either by northern blot analysis or sequence data because
sequences tlanking the integration site could not be isolated by PCR amplitication.

Tumor 3 did not show the presence ol any additional transeript on a northern blot. which
would be indicative of a promoter-trap. However. northern blot analvsis using total RNA,
may not be sensitive enough to detect expression from certain cellular promoters. It is
possible thalt the rearrangement observed in that tumor somehow led to the expression of ras
from either the pgk or the 5' LTR promoter. To address this question the nature of the
rearrangement was investigated further. Using Southern blot analysis with different
restriction enzymes, the small internal deletion was estimated to be approximately S00bp and
localized near the 3' end of the myve sequence beca;.lse the provirus was still positive for both
pgk and myc. This was supported by the northern blot which showed that both proviral
transcripts were shorter by about 500bp. which would be expected if the deletion is in a
region common to both transeription units. Given that the two transcripis are of the expected
size. taking into account the deletion, it appears unlikely that the rearrangement caused some
kind of novel splicing event which would allow ras to be expressed from one of the two
intemal promoters. Alternatively, the deletion could have fused the myve and the ras
sequénces together. but this would require that the reading frame be conserved and that ras
can work as a fusion protein with Myc. The possibility remains that the tumor was caused
by an insertion event and not by the expression of ras from a cellular promoter. The amount

of ras protein was never investigated in any of the tumors. Amplification and sequencing
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of flanking genomic DNA would have helped clarity the guestion. but no sequence Jdats
could be obtained trom this tumor.

Tumor 1 was determined to have lost most of the provirus because it was negitive for the
presence of both pgk and mye sequences. It may either have lost all of the prostrus but one
LTR. or have lost the middie part of the provirus. It was difticult to decipher between these
two possibilities using Southern blot analysis because the sequence of the two LTRs s
identical. It both LTR's were still present. it rised the possibility that the 3' ray was
expressed trom the 5" LTR. The northern anaivsis helped clarity the question. Ax seen in

Figure 3.7, tumor 1 showed some lovel of expression of the two expevted proviral transeripts
which are seen in the producer clone (last fane). as well as two transeripts that are
proportionally shorter. This would indicate that the deletion (which may have taken place
I two steps) occurred afier the initiation of the tumor because at some point tumor cells
were producing transcripts from a tull length provirus. This would argue that a promoter-
trap was the cause of the tumor and not the rearrangement. These Iranscripts are present at
even lower levels in the transplanted tumor and in the cell line from tumor 1 (lanes 3 and 4
in Figure 3.7). The loss of part of the provirus may have somehow provided a growth
advantage to the cell. and these cells may have outgrown the original ones in the umor.  As
the tumor was passaged. either in the mouse or in culture. fewer and fewer original cells
remained which would explain the lower levels of these transcripts in the transplanted wmor
and the derived cell line. If this were true it would be expected that as the cell line was

passaged further these transcripts would eventually disappear. One may speculate that the

loss of part of the provirus brought the 3’LTR closer to the trapped cellular promoter,



e

99

providing a second enhancer for the celiular promoter. This could be the growth advantage
of the tumor cells containing the deletion. Alternatively, an additional genetic alteration may
have happened in a tumor cell following the rearrangement of the provirus. giving that cell
a growth advantage. The size of the additional transcript seen in tumor | and its derivatives
(1.6kb) is consistent with a fusion transcript initiating 600bp upstream of the start of the
provirus. and terminating in the 5' LTR. This transcript could be responsible for ras
expression. The failure tc amplify the genomic sequence upstream of the integration site
could not confirm this, but the amplification of the 3' LTR added some wei ght to the internal
deletion theory. The fact that an amplified fragment of approximately 1kb contained
sequences from both LTRs (this is known because of the associated sequences 5’ or 3' of the
LTR sequence) as well as some sequence downstream of the 5' LTR. suggested that the two
LTRs were intact and had been brought closer together by a large deletion. From the size
of the amplified fragment the distance between the LTRs was estimated at 600bp. Ifthe two
LTRs are indeed intact and separated by 600bp, an Xbal digestion of the provirus would
predict a restriction fragment of about 1.8kb, which is what was observed in Figure 3.5. In
addition, every restriction digests that cut in each LTR gave the same size band. The
estimated‘size of a transcript extending from one LTR to the other would be about 1.8Kb.
This is slightly larger than the size of the transeript seen in Figure 3.7 (1.6kb) which would
argue in favour of a the latter being a fusion transcript. This could be resolved byl probing
the northern blot (Figure 3.7) with either gag or env sequences. The prediction would be that
if ras is driven off the 5'LTR, gag and env sequences would be present in the transcript,

whereas they would not if ras was expressed from a cellular promoter.
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The rearrangements observed in two of the tumors raised a concemn as to the stability of
the COPT provirus. In general, recombinant proviruses are very stable (Smith er al. 1991).
In this fn7 vitro test system, the loss of any part of the provirus except the 3' LTR should not
aftect tumor growth, but in a primary cell where mye expression needs 1o be maintained as
well as ras expression, any tumor losing a functional nye would no longer grow. Therefore,
the fact that myve is dispensable for the growth of the tumor in this assay may have allowed
these two rare events to be scored whereas they would not have been in a primary cell. The
number of integrations analysed was too small to be able to extrapolate these findings 1o all
COPT proviruses.

The PCR amplification did not work as well as anticipated. One of the reasons might be
that the limited number of enzymes that can be used may decrease the odds of getting a
tragment that is of a suitable length for amplification. One needs enzymes that will cut at
a reasonable frequency in genomic DNA and at convenient sites in the LTR. If the
restriction site is too close to the provirus the fragment may be too small to religate
efficiently on its own. Alternatively, a restriction site located too far from the provirus may
hamper the amplification. The two enzymes available to uce. Smal and Thal, may not have

been optimal for this application due to their CpG content.

The COPT virus as an in vive promoter-trap
Although infection of the mammary glands with the BAG retrovirus showed that the virus
could reach the target cells, the COPT retrovirus was not successful at trapping promoters

in vivo. No tumors were detected over a six months period that included a pregnancy.
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Although the combination of muvc and ras is capable of transforming primary cells in the
animal, the frequency at which it does so is too low to make the COPT virus an efficient

promater-trap in vivo,

Conclusion

The COPT promoter-trap retroviral vector produced infectious virus with the predicted
structure. Southern blot analysis showed that the ras sequence was stable in the provirus,
both in tissue cdlturc and in the tumors. Although rearrangements of the provirus were
observed in the tumors, they did not involve the ras sequence but rather internal sequences.
The GP+E86 packaging cell line produced COPT virus with the expected titers (2x10°
cfu/ml). Although it was not formally proven that the three turnors were caused by a
promoter-trap event, there was strong evidence, at least from tumor 1. that the COPT virus
was able to act as a promoter-trap in virro. The efficiency was somewhat lower than that
réported with other promoter-trap retroviruses containing a promoterless gene in the LTR.
This was most likely due to the low sensitivity of the reporter gene in vivo. The formation
of a tumor by oncogenes is more demanding on a cell than conferring resistance to a
cytotoxic drug in culture. The former depends on a number of events whereas the latter
relies on the expression of one gene. This most likely explains why no tumors were
observed in Balb/c mice following injection of the virus in the mammary glands. For the
combination of the ras and myc oncogenes to work as a promoter-trap in the animal, 2 much
larger number of target cells would need to be infected, num* s that could not be attained

with the current titer of COPT producing clones.
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B) The Pyt promoter-trap retrovirus

The PyT virus

The PyT promoter-trap retrovirus utilised the Polyomavirus Middle T antigen (PyMT)
as the reporter gene. This oncogene was felt to be 2 more sensitive reporter gene for an in
vivo promoter-trap because it was shown to be a very strong transtorming gene in primary
mammary ¢pithelium using transgenic mice. It has a shorter latency than the rnc/ras
combination of oncogenes and a higher efficiency. The great advantage of this oncogene
is that it can transform primary mammary epithelium efticiently on its own which meant that
the virus could be kept replication competent. increasing the level of infection in the
mammary giand. It also meant that because the promoter-trap did not relv on any other part
of the provirus. it should not be as aftected by proviral rearrangements. as was the COPT
virus.

The PyT retrovirus contained the PyMT coding sequence (1.4kb) in the LTR of a
MoMuLV. Larger recombinant sequences have been introduced in the LTR of MoMuLV
vectors without affecting the titers. Because the virus was replication competent it did not
require a packaging cell line and was produced in NIH 3T3 fibroblasts. The titers obtained
from the various producer clones (10° cfu/ml) were within the range of what has been
reported for replication competent retroviruses (Reik er al. 1985). It was verified that the
virus produced had the expected structure using Southern blot analysis of PyT infected NIH
3T3 fibroblasts. This lead to the observation that although the predicted virus was produced,

it was not completely stable and the PyMT sequence was lost at 2 frequencies which varied
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among the ditferent producer clones. This was investigated further by followin 2 the stability
of'the virus through serial passaging. The observation was that most of the virus had deleted
part of its genome after three passages. and by the tifth passage no intact virus could be
detected. The exact nature of the rearrangement is not known but it was consistent between
the different clones, in that the size of the truncated 3' LTR was always the same. The fact
that the new 2.3kb band corresponds to the size of'a wild tvpe LTR and was not detected by
the PyMT sequence suggested that homologous recombination happened between a PyMT-
containing and a wild type LTR.  The only place where both recombinant and wild type
LTRs are present is in the producer cells where the vector has a wild tvpe 5’ LTR. Itis
therefore possible that the LTRs have undergone recombination cither in the preintegrated
state of the vector during transfection. or in the integrated form. As was presented in Figure
3.12, different clones produce different ratios of recombinant and wild type virus. The
proportion of intact recombinant virus generated by a given clone (for example clone 2)
appeared to be reproducible. This would suggest that the recombination took place during
transfection and that the integrated recombinant vector is stable. Northern blot analysis of
different producer clones suggested that this may be the case. As was seen in Figure 3.17
for NIH 3T3 cells infected with PyT virus from clone 2. six different transcripts were
generated. In addition to the two expected recombinant transcripts, two mRNA species were
seen that comigrated with wild type MoMuLV transcripts, and were not detected by the
PyMT sequence. The two other transcripts were detected by both LTR and PyMT sequences
but were shorter than the wild type transcripts. The origin of these is unknown. They could

be the result of 2 splicing event or premature termination of transcription in the PyMT
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sequence.  The implication of recombination between LTRs in the producer clones would
be that a mixture of wild type and recombinant virus would be produced and one may expect
the wild type virus to have a growth advantage over the recombinant virus so that as the
virus is passaged the recombinant virus would eventually be diluted out. This is exactly
what was observed during the passaging of the virus (Figure 3.14). The implication in vivo
would be that some cells would be infected with wild tvpe virus and some others with the
PyT virus. Yet another subset of cells would be infected with virions containing one wild
type and one recombinant RNA molecule. The tvpe of virus produced by these cells would
depend on which of the two RNA specics was used to generate the U3 region of the provirus
(see Figurel.l). In the end. both tvpes of viruses will be produced by infected mammary
cells. thereby diluting the titer of the recombinant virus. To avoid such homologous
recombination Stuhlmann and coworkers (Stuhlmann er af. 1939) obtained their virus from
transiently transfected NIH 3T3 cells (48 hours). Clone 2 was chosen as the source of PvT

virus because it produces the most intact recombinant virus.

The in vivo promoter-trap

Out of 19 surviving PyT-injected mice. three eventually developed tumors. It was
difficult to know what kind of latency to expect for tumors to appear. Out of five strains of
MMTVMT mice generated in the laboratory of Dr. Muller (Guy er al. 1992). two developed
tumors around the fifth week of age without any pregnancy. The three other strains required
at least two pregnancies before they developed tumors (average of 135 days). In the first

case, the hormonal control of the MMTV promoter seemed to have been overridden by
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adjacent cellular sequences. This may give us an idea of the latency to expect from
"housckeeping” gene promoters. Interestingly, the first tumor appeared afier six weeks. At
that time the rest of the animals were mated thinking that most active promoters would have
had their effect by then. Two mice developed tumors three and seven weeks later, the first
one at the end of a pregnancy and the second one a week after weaning its litter.
Idealistically. these would be the result of the activation of genes expressed during
pregnancy and lactation respectively. Because the virus is replication competent one cannot
exclude the possibility that cither or both of these tumors may have been the result of the
trapping of a "housekeeping” gene during a later infection. This could only be determined
from the expression pattern of these genes in the developing breast. By waiting for a certain
period of time before activating the differentiation specific genes. one can screen out trapped
"housekeeping” promoters from the few initial rounds of infection. It is practically
impossible to estimate the efficiency of the PyT promoter-trap. first because the virus is
replicating and one doesn't know how many cells eventually get infected with how many
viruses, and secondly. because of homologous recombination a certain proportion of all

infections will be from wild type virus.

Analysis of the tumors

For at least two animgls, Southern blot analysis showed that the tumors correlated with
the presence of the PyT virus. The reason why the tumors from the third mouse failed to
show the presence of the provirus is not known. These tumors may have been caused by the

integration of wild type viruses. Probing the Southern blot with the LTR sequence should
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answer this question but because of the background signal caused by endogenous viruses.
it is often difficult to see novel proviruses. especially in the higher molecular weight range.
Alternatively, failure to see PyT proviruses in these tumors may be a problem of detection.
These tumors (as well as tumor 5 in the first mouse) were small and surrounding normal
tissue may be diluting the provirl signal,

Southern blot analysis also showed that some wmors had more than one integrated
provirus, For tumors 2.3 and 4 in the first mouse (nulliparous) there was most likely cross
contamination between the tumors when they were isolated. They were very close to cach
other and were ditticult to separate. From an EcoRI digest, it was quite obvious that the
spleen tumor was an independent event trom that of the mammary tumor because the site
of integration of the provirus did not match either of the two in the mammary tumor. This
indicated that the virus was replicating and travelling to distant sites.

The northemn blot analysis was undertaken with the hope that novel ranscripts would be
visible in tumors. identifving a promoter-trap. Unfortunately nothing could be concluded
from this analysis. else than the fact that some retroviral transcripts are present as expected.
The RNA obtained from some of the tumors was not of good enough quality to detect
transcripts below the 28S marker. It was hoped that the tumors could be propagated in
culture so that RNA would be available from all of the tumors but none of the tumors
survived in the dish. Northern blot analysis may not be sensitive enough to detect such
novel transcripts. RNase protection would be more sensitive and should not be as affected

by moderate level of degradation. Unfortunately, the proper conditions to amplify genomic
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sequences tlanking the site of integration could not be worked out and it was therefore not

possible to determine how many of the tumors resulted from a promoter-trap.

Cloning of the TRAP1 gene

A different approach was chosen to analyse the integration site of one particular tumor.
This tumor was chosen on the basis of the time at which it appeired relative to mammary
ditterentiation. and the tact that the presence of the provirus could be established clearly by
Southern blot analysis. Both integration sites trom the mammary tumor trom the pregnant
mouse (monoparous) were cloned using a genomic library. The 5' flanking sequence from
the two clones was analysed to determine which of the two integrations led to the promoter-
trap. It was thought to be rather unlikely that both integrations would be a promoter-trap.
As expected. only one clone was positive for the presence of transcribed sequences next to
the 5’ LTR. This was concluded from both northemn blot analvsis and sequencing. Northemn
blot data indicated that the gene in which the provirus had integrated was expressed at
moderate levels. This may explain why the tumor was slow growing.

Sequence data provided enough information to confirmed that the genomic fragment
upstream of the 5' LTR contained some transcribed sequence by showing 2 high degree of
identity to a partial human ¢cDNA, cloned as an expressed sequence tag (EST2205). The
human clone was too small (278bp) to provide any clues as to the function of that gene. One
can only speculate that it would be well conserved between the two species based on the

high degree of identity at the nucleotide level (85%). No known mouse sequence was found
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to have homology to the TRAPI genomic sequence indicating that the murine gene had not
been cloned.

A partial ¢cDNA was fiest obtained from a commercial wung ¢DNA library.  Further
screening of the library using the cDNA was moderately sstul and a diflerent strategy
was employed to obtain the tull length ¢cDNA. A technique known as rapid amplification
of ¢DNA ends (RACE) (Frohman e7 al. 1988) made used of the already known partial cDNA
scquence of TRAPI to amplify the complete cDNA in two se cgments using the polymerase
chain reaction. Whereas the 5' end of the cDNA could be amplified. the 3' end presented a
bigger challenge. Seeing as the 5' end of the cDNA could be amplitied from that new library
which was primed with a poly dT olig gonucleotide, the 3' part of the ¢DNA had to be
represented also. That was confirmed by Southern blot analysis of an aliquot of the library
where the partial TRAPI clone detected a band representing the tull length ¢cDNA around
4.5kb. One may speculate that the TRAPI mRNA contained some secondary structure
which was ditTicult to bypass by both PCR amplification and reverse transcription with the
conditions used in the commercial library (made using both random and poly dT primers)
but that the structure was successfully bypassed by the conditions used to make the library
for the RACE (Clontech) .

By comparing genomic and cDNA sequence data it was determined that the provirus had
integrated in what is believed to be the 5' untranslated region of the TRAPI gene. 47
nucleotides upstream of the putative initiating methionine. The fact that only 250bp of extra
sequence was found at the 5' end of the cDNA using RACE supported the idea that the

partial cDNA contains part of the 5' untransiated region. This would make the untranslated
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region approximately 300bp which is larger than the average leader region (20-100
nucleotides) (Kozak 1987). Interestingly. longer 5' untranslated regions are often seen in
protooncogenes (Rozak 1987). In light of this it scemed reasonable to expect the 2.2kb
tragment of genomic DNA upstream of the provirus to contain the TRAPI promoter, When
subcloned in front of the CAT gene. this genomic DNA showed promoter activity in both
mouse embryonal carcinoma and human embrvonic kidney cell lines. TRAPI eXpression
was detected in both adult tissues (northern blot) and in cell lines of embryonic origin (CAT
assay), indicating that the expression of TRAP! is ubiquitous. The strength of the TRAPI
promoter could not be evaluated from this assay due to the presence of the strong SV40
enhancer. From northern blot analysis however. TRAP1 was found to be expressed at
moderate levels in adult tissues. The demonstration of an active promoter upstream ot the

provirus provided very strong evidence that the tumor was caused by a promoter-trap.

Conclusion

The PyT virus was produced with the expected structure but producer clones were found
to generate a mixture of recombinant and wild type viruses most likely due to homologous
recombination during the transfection process. The overall amount of virus produced
however. was as expected. It was shown that the PyT virus could cause the formation of
tumors in animals. Because the genomic flanking sequences could not be isolated for all the
tumors we could not verify that all of the tumors arose from promoter-trap events. However,
most tumors showed the presence of the provirus indicating at least a correlation. For one

tumor it was possible to show that the PyMT oncogene was expressed from the promoter of
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anovel cellular gene and thus demenstrating that the PyT virus can be used i vivo to clone
novel genes. The fact that TRAPI was found to be expressed at low [evels demonstrated that
PyT is sensitive enough to allow detection of weak promoters.

The main advantage of using an in vivo promoter-trap approach s that "housckeeping”
genes can be separated trom mammary specific genes by mating the animals. The tact that
TRAP! expression was not specific to the developing gland suggested that the waiting
period before mating the animals could be extended to account tor weaker promoters. The
identification of the genes of interest may even require a tew pregnancies before their
activity can be detected.,

By reducing the contamination from wild type viruses and optimizing a rapid way of
isolating flanking genomic sequences. a great number of integration events in potentially

developmentally regulated genes could be screened.

C) General Conclusions

The work presented in this thesis demonstrated that it is possible to use a replication
competent promoter-trap /in vivo to clone novel genes active in the murine mammary gland.
A first replication deficient virus failed 1o work etficiently as a promoter-trap in vivo. This
was attributed to a low level of in situ infection and a reporter gene that lacked in sensitivity.
A second virus was constructed to improve on both of these points. The replication
competent promoter-trap virus PyT relied on a single strong oncogene to detect active

cellular promoters in vivo. The potential of this virus was illustrated by the cloning of a
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novel murine gene from the mammary gland of'a living animal. The application of the PxT
virus could be extended to any other developmental syvstem provided that the PYMT

oncogene can transform the tissue of interest.
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ABSTRACT

A promoter-trap retrovirus has been constructed in which a promoterless Polvoma virus
middle T antigen gene was inserted in the U3 region of thie LTR of a replication-competent
Moloney murine leukemia virus. The resulting virus, designated PyT. was used to infect
mouse mammary glands in situ. As expected. mammary tumors appeared in some infected
animals. These tumors were found to contain PyT proviruses of the predicted structure.
From one such tumor the PyT provirus and surrounding sequences from the integration site
were ¢cloned. The provirus was found to have integrated adjacent to the promoter of a novel
mouse gene (TRAP1) that was expressed at low levels in various mouse tissues. These data
show that the PyT retrovirus provides a sensitive means of detecting active promoters in

vivo.



INTRODUCTION

Promoter-trap strategies have proven to be very effective for cloning genes that are active
at various stages of development. Frequently this has been done in embryonic stem (ES)
cells, which when reintroduced into blastocysts generate chimeric embryos that can be bred
to identify developmental defects (2.5.6.15.17). By using a promoter-trap strategy one can
considerably increase the efficiency of insertional mutagenesis because there is selection for
insertions into genes as opposed to “junk™ DNA. This enrichment decreases the number of
ES clones to be screened for a phenotype. The enrichment of the promoter-trap has been
estimated to be 100 to 1000 fold (2). Promoter-traps also facilitate the cloning of the
integration site in that the transgene is located within the gene to be cloned.

Two types of promoter-trap vectors have been used for insertional mutagencsis in ES
cells. The first Has a promoterless reporter gene in a plasmid vector which is electroporated
into cells (6,15). The second type makes use of retroviral vectors (5.1 7.18). which have a
number of advantages over plasmid vectors. The integration of proviral DNA into the
genome is less disruptive than the integration of naked DNA and therefore eliminates the
possibility of rearrangements which can inactivate the promoter. Retroviruses also have a
certain affinity for DNase hypersensitive sites which are found near promoter regions
(13,16), therefor.'e increasing the chances of integration within a gene. Finally, as we have
shown here, retroviral vectors allow promoter-traps to be perf'omléd in vivo.

Different variations of a retroviral promoter-trap vector have been used previously

(5,17,18). In one experiment, a promoterless drug resistance gene was inserted in the U3
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region of the LTR so that upon proviral integration the indicator gene was positioned 30 base
pairs away from genomic sequence (18). The presence of foreign DNA in this region of the
LTR did not alter the ability of the virus to replicate (18). This strategy had the advantage

that the virus was replication competent. A second group introduced u reporter gene

preceded by a splice acceptor site, in place of the viral structural genes (3). This increased

1/

the probability of the reporter gene to be expressed (expression of the reporter occurs upon
inscrtion in the gene anywhere after the first splice donor - such strategies arc more
accurately described as “gene traps™) but rendered the virus incapable of replicating.
Because the comparatively low titer of defective viruses would limit the number of insertion
events that we could screen in vivo. we modelled our strategy on the replication-competent
promoter-trap virus (18).

We chose to identify promoters in the mouse mammary gland. This gland is unusual in
that most of its development takes place postnatally (the breast remuins rudimentary until
puberty whereupon the ductal structure of the gland expands: during pregnancy the
mammary gland reaches full development (4)) and it is likely that therc is a program of gene
expression that accompanies development. The mammary gland is also ideal for a retroviral
promoter-trap strategy in that its epithelium is topologically continuous with the exterior of
the animal, and can be infected by introduction of virus through the nipple.

Obviously it is not possible to perform in vivo experiments using retroviruses that
incorporate genes conferring resistance to cytotoxic drugs that would kill the animal. We
therefore chose to include a promoterless oncogene as the marker gene in our experiments.

Mouse mammary epithelium has been shown to be very susceptible to transformation by the
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Polyoma virus middle T antigen (PyMT). Transgenic mice carrving this viral gene under the
control of the mouse mammary tumor virus promoter (MMTV-LTR) develop multifocal
mammary tumors around the age of two months (8). The apparent single-hit kineties of
PyMT transtormation of mouse mammary epithelium suggested that PyMT would be an
appropriate reporter gene for an in vive promoter-trap retrovirus. Because retroviruses
require that the cells be in a replicative stage to integrate (3). we chose to initiate infections

-

at puberty. when the mammary gland undergoes ductal expansion (4). Here we report the
construction of PyT. a replication-competent retrovirus incorporating a promoterless PyMT

gene. its use in infection of pubertal mouse mammary glands, and the subsequent

identification of'a cellular promoter active in that tissue.



MATERIALS AND METHODS

Retroviral vector and virus production: The Polyoma Virus middle T antigen (PyAIT)
sequence, a HindH o EcoRlI fragment from the MMTVMT vector (a gt trom Dr. W,
Muller: 8) was inserted in pLTRI2 (12) which contains one Moloney LTR with an
engineered BamH! site in place ol the Sau3A site at position 95, The insert was ligated to
the vector by blunt ligation. The remainder of the Moloney provirus was ligated to the
modified pLTRI2 vector as an EcoRI-Clal fragment from pMov3 (gift of Dr. R. Jaenisch).
This positioned the PYMT coding sequence in the 3' LTR.

The PyT construct was cotranstected with a neomycin resistance encoding plasmid (pgk-

neo: 10) in NIH 3T3 cells by the CaPO, method ( modification of Graham et al: 7) and
clones were selected in G418, Producer clones were tested for viral titer using an XC assay
(14). For the nipple injections, the supematant from a plate of confluent cells was cleared
of cells by passing it through a 0.2 w filter. For cell infection. supernatants were prepared
as above and were transfered to NIH 3T3 or NMuMG cells with Sug/ml of polvbrenc
(Sigma).
Middle T expression: 293 celis (plated at 5x10° per 60mm dish the day before) were
transfected transiently. using CaPQ,. with various amounts of a plasmid encoding the PyMT
sequence under the control of the pgk promoter. Cells were harvested twenty-four hours
later in sample buffer (4% SDS. 20% glycerol. 120mM Tris pH6.8. Img/mi
bromophenolblue).

Approximately five million NMuMG cells were infected with PyT virus at a multiplicity

of infection near two. Forty-eight hours later the cells were plated in 0.3% agarose, and
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colonies were isolated after tour weeks, Proteins were extracted from contluent 60mm dishes
in 200ul of sample bufter,

For western analysis, one twentieth of the protein lysate was loaded on a 10% SDS
polvacrylamide gel and transferred to a nitrocellulose membrane (Costar). Middle T
antibody was the monoclonal AbSI3.

Nipple injections: Nipple injections were performed using a modification of the method
of Wang er al. (19). Four week old Balb/C temale mice were anacsthetized using Avertin
(10g of Tribromocthanol [Aldrich] in 10ml of tert.amylalcohol [BDH]. diluted in saling) at
0.4 mg per gram of body weight. Freshly isolated virus, to which 80 wg/ml of polybrene
(Sigma) was added. was injected directly in the nipple using a 30 gauge ncedle.
Approximately 0.05 ~ 0.1 ml (3x10°-10° ¢fu) was injected into cach nipple.

Tumeor analysis and cloning of integration sites: Tumors were surgically removed and
DNA was extracted with 400 ug/ml of proteinase K in SDS buffer (75 mM NaCl. 25 mM
EDTA. 10 mM Tris pH 7.6, 1% SDS} at 37 °C ovemight. Following two phenol/chloroform
extractions and ethanol precipitation. 10ug of DNA was digested with EcoRI and was run
on a 1% agarose gel. The DNA was transferred to Hybond-N membrane (Amersham). The
PyMT sequence was radioactively labelled using random oligonucleotide primers
(Boehringer). For the construction of the library, 50 ug of DNA was digested with EcoR1
and 12-20 kb fragments were isolated on a 5-20% potassium acetate gradient. The size
selected DNA was ligated to ADASHII arms digested with EcoRI (Stratagene) and packaged

using a Gigapack extract (Stratagene). 500 000 plaques were screened and six positives



120
were plaque puritied. Phage DNA was digested with various enzymes and was run on 1%
agarose gel tor Southern blot analvsis.
Subcloning and sequencing: The genomic DNA Hanking the provirus was subeloned into
PBLUESCRIPT (Stratagene) using EcoR1 and Kpnl sites. DNA was sequenced using the
Pharmacia T7 sequencing kit with cither their Universal primer or a primer located in the
LTR. The sequence was analysed using the DNASTAR program,
Northern analysis: Total RNA was isolated using LiCl and messenger RNA was prepared
using oligo dT columns (BDH column. BRL resin). 3 ug of poly A” RNA was run on 1%
agarose formaldehyde gel and transterred to a Hyvbond-N membrane {Amersham). An
EcoRI-Nhel genomic fragment flanking the 5" LTR was labelled as before.
Promoter assay: An Nhel fragment which included all of the cloned 3' 2ENOmMIC $eqQuence
(except tor 220bp at the 5' end) and the first 3 1bp of the S'LTR. was subcloned into the Xbal
site of the pCAT-enhancer vector (Promega). Sug of the so-called TRAP-CAT vector was
cotranstected in 293 cells. together with an equal amount ol a plasmid encoding lacZ (pgk-
lacZ: gift of Dr. McBurney) using the CaPO, method. Twenty four hours later the cells
were harvested in 0.25M Tris pH 7.8 and lysed with two rounds of freeze/thaw (dry
ice/37°C). The samples were divided into two. one for each enzyme assay. and onc half
(for the CAT assay) was heated at 65°C for 10 minutes. Samples for both assays were
centrifuged in a refrigerated microfuge for 10 minutes. The supernatants were assayed for
prolein concentration using a micro-assay from BIO-RAD. For the B-galactosidase assay,
10pg of protein was mixed with 800u! of assay buffer (100mM NaPO, pH 7. ImM MgSO,

and 10mM [-mercapioethanol) and 200ul of ONPG (4mg/ml: BDH). Samples were
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analysed on a Beckman DU® 640 spectrophotometer using the manufacturer's
“Kinetics/Time" program. at 420nm. Spg of protein was used to assay for CAT activity
using a fluorochrome-based kit (FMBIO" TANGERINE FAST CAT" kit: Hitachi). The
products were separated on thin layer chromatography and analysed on a fluoroimager

(Hitachi) using the manufacturer’'s FMBIO (V4.04) software.



122
RESUL.TS:
In vitro analysis:

The Polyoma middle T antigen (PyMT) sequence was inserted in the 3' LTR of a
Moloney murine leukemia retroviral vector (Fig 1A). If viral replication procceded
normally. upon integration of the provirus the PyMT sequence would be duplicated in the
5' LTR and would be positioned 95bp 3' to genomic sequences.

Before proceeding to in vivo experiments. we tested the replication of the virus in cell
cultures. The PyT vector was transfected into NIH 3T3 cells and 24 producer clones were
isolated. The best clones gave a titer of 10° cfu/ml as determined by XC assay (14). The
integrity of the provirus was confirmed by Southern blot analysis of PyT virus-infected
NIH 3T3 cells. Bands of the predicted size were detected in digests with Sstl (not shown)
and Xbal (Fig 1B). The stability of the virus was tested for two selected producer clones,
again by Southern blot analysis of PyT infected cells. The virus was found to be stable for
three rounds of infection when passaged through NIH 3T3 cells at 48 hours intervals. After
several passages. the PyMT sequences were lost (Fig 1B, 5° infection). most likely by a
recombination event.

The expression of Middle T antigen was also verified in culture. PyMT was expressed
transiently in 293 from the pgk promoter and the protein was detected by western blot
using whole lysate (Figure 2A). The amount of PyMT detected correlated with the amount
of plasmid introduced. Expression of PyMT by promoter-trap was tested by infecting
mammary epithelial cells (NMuMG) with the PyT virus and selecting for growth in soft

agarose. Expression of Middle T by 12 random clones was verified by western blot
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(Figure 2B). Most clones (ten out of twelve) showed detectable levels of the PyMT
protein. Clones 3 and 8 either did not express PyMT and grew in soft agarose as the result
of unrelated events. or expressed PyMT at levels that were sufficient for the phenotypic
change. but below the level of detection of the western blot.
Mammary gland infections:

Four week old Balb/C female mice were used for the mammary injections because this
is a period where the mammary epithelium proliferates to form the ducts (4). proliferation
being a requirement for retroviral infection (3). A summary of the umors obtained is
shown in table 1. A total of twenty animals were injected. most in all ten glands. The first
tumor was detected in an animal six weeks post-infection. This animal eventually
developed two additional visible turnors and was sacrificed (nulliparous in Fig 3). One
tumor mass was quite large and turned out to be a2 mixture of two or three tumors (as
- evidenced by blot analysis, Fig 3). To ensure activation of mammary specific promoters.
animals that were free of tumer a: six weeks post infection were mated. One mouse
developed a mmor three weeks later. The mumor stopped growing after about 2 week and
the animal was sacrificed (monoparous in Fig 3). A second tumor was observed on the
spleen and was saved for analysis. A third mouse developed a umor a week after weaning
her first litter (seven weeks post-mating). The animal was sacrificed a week later and a
second tumor was found on the colon which was also saved for analysis. No other tumors
were detected among the rest of the injected animals and they were sacrificed after five

months.
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A second set of mice (19) were infected in the same way with a replication competent
Moloney retrovirus containing a different DNA sequence in place of PyMT. No tmors
were detected after 10 weeks.

Analysis of the tumors:

All umors were analysed for the presence of the PvT provirus by Southern blot analvsis
(Fig 3). EcoRI was chosen because it dicgl not have any recognition site in the provirus and
could therefore reveal the number of integrated proviruses (one EcoRI band equals one
integrated provirus). The presence of the virus was confirmed in all but the three umors
from the mouse who developed tumors after weaning (Fig 3). The spleen mumor found in
the second mouse (2° in Fig 3) was independent of the mammary tumor as indicated by
their different pattern of provirus integration site. This suggests that the PyT virus was
replicating and gemting into the circulation. This assertion was also supported by the
observation that the mmor free mice eventually showed symptoms of Moloney infection
(9) including enlarged thymuses.

Cloning of the integration site and analysis of the genomic flanking sequence:

We chose to focus on the mammary tumor that arose in the pregnant mouse
(monoparous in Fig 3). A genomic library was constructed from size selected EcoRI
digested tumor DNA and probed with the LTR sequence. Two different clones were
isolated corresponding to the two inte=rations sites. This was confirmed by reprobing the
Southern blot shown in Figure 3 with genomic sequences from these two clones
sequentially. Each clone showed one band corresponding to one of the two integration

sites seen on the initial probing with PyMT (data not shown). Figure 6A shows the map
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of the genomic clone corresponding to the promoter-trap.  This was deduced from both
sequencing and northern blot analysis data (see below). Also shown is the size of the 5°
and 3° genomic flanks as mapped by Southern blot analysis using EcoRI in combination
with either Kpnl or Xhol (Fig 6A).

Genomic sequence from the 5' end of the integration site was used 10 probe a Southern
blot containing NIH 3T3 cell DNA digested with three different enzyvmes (Fig 4). The
restriction enzyme pattern of our clone is consistent with a single copy gene. as evidenced
by the single intense band detected in EcoRI or Sstl digests (Fig 4). In addition. the
genomic probe detected an extra band in an EcoRI digest of genomic DNA from the mmor
corresponding to the disrupted allele. These data confirmed that the cloned sequences
were from the site of proviral integration.

Northern blot analysis of various mouse tissues was used to test whether the genomic
DNA flanking the provirus contained transcribed sequences. Using RNA from breast tissue
of virgin and pregnant mice we could at the same time determine whether the trapped gene
was expressed specifically during mammary differentiation. Using poly A™ RNA and the
same genomic probe as above. we detecied a low abundance transcript of approximately
4.5 kb which was present in all tissues tested (Fig 5). Other transcripts of lower
abundance were also detected. The major transcript was present in equal amounts in
pregnant and virgin breast tissue. Testis contained high levels of this transcript together
with two additional transcripts not detected in the other tissues.

Sequence was obtained from both ends of the genomic clone. A 220bp of sequence

adjacent to the 5'LTR (Fig 6B) showed no similarity to any mouse sequence in the
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GenBank database but revealed strong similarity to a partial human ¢DNA sequence,
previously isolated from human briin as expressed sequence tag (EST (D) (Fig 6C). The
scquence identity between TRAPY and ESTO2205 was 85% over 136 bases ending at the
3" limit of the 278 base EST02203. It is possible that further similarity exists with the

remainder of the mRNA from which EST02205 was derived.

The TRAP! promoter:

Because retroviruses tend to integrate near the 5° end of genes we decided to test for
the presence of the TRAP1 promoter in the 2.2kb genomic fragment 5° of the integration
stte.  This fragment was subcloned in front of the bacterial chloramphenicol acenl
transterease (CAT) gene in a vector containing the SVJ40 enhancer. The vector was
assayed for CAT activity by transient transfection in the human 293 cell line. Figure 7
shows an example of the thin layer chromatograph (A) and the CAT activity (B) reported
as percent of the substrate converted (the percent conversion was calculated from non-
saturating amounts of samples). There was a 75-fold difference berween the percent
conversion of the putative promoter (TRAP+) and that of the vector alone (average of
three experiments). The transfection efficiency did not vary more than wwofold ’as
calculated by B-galactosidase activity .

To demonstrate that the TRAP1 promoter did drive the expression of PyMT in the
tumor, the 5° junction fragment of the provirus (which included the genomic sequence used

in the CAT assay above and the start of the provirus up to the Xhol site in the gag

sequence) was transfected transiently into 293 cells and PyMT was detected by western bot
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of whole lysates (Figure 8). The amount of PyMT detected paralleled the amount of

plasmid added. indicating that the PyMT sequence in the LTR was expressed from the

TRAPI promoter.
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DISCUSSION:

From twenty animals that were infected in the mammary glands with the PvT virus we
collected a total of ten tumors, eight of which appeared at sites and with gross morphology
consistent with a mammary crigin. Six tumors out of ten were found to contain PyT
proviral DNA. One animal developed three distinct tumors that were found to be negative
for the PyT provirus. We currently cannot explain the origin of these tumors. which arose
in a strain (BALB/c) of low spontaneous twmor incidence (11). In contrast. no tumor
formed in animals infected with a similar replication-competent virus containing irrelevant
and nonfunctional sequences (Coulombe and Gray. unpublished).

The fact that a number of tumors have more than one mtegrated provirus indicates that
the efficiency of mammary infection by nipple injection can be very high. It is unlikely that
muitiple EcoRI bands of roughly equal intensity represent re-infection events during the
growth of the tumor - rather, these bands represent proviral content in the cell that initiated
tumor formation. It is difficult to estimate the efficiency of the promoter-trap in vivo
because one cannot accurately estimate number of target cells in the mammary gland
(cycling cells to which the virus has access). or the number of infection events for the PyT
retrovirus prior to the loss of the marker PyMT sequences.

The isolation and characterization of one of the promoter-trap integration sites allowed
us to clone what appears to be a novel mouse gene that we called TRAP1. We base this
conclusion on several lines of evidence. First, a fragment (2.2kb) from this gene

hybridized to a 4.5kb transcript on a northern blot of various mouse tissues. This gene was
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expressed at low levels, as the transcript was only detected in poly A* RNA. Second. the
same fragment of genomic DNA was used to probe a Southern blot of normal DNA
digested with several enzymes (Figure 4). and the pattern obtained was consistent with a
single copy gene. These data make it unlikely that the transcripts detected with the TRAP1
genomic probe are derived from some repetitive element present in the probe. Finally.
genomic sequence adjacent to the 5° LTR showed 85% identity over 136 bases to the
previously identified human brain partial cDNA EST02205. Transcripts were detected by
the TRAPI probe in the mouse brain (Fig 5). our results are therefore consistent with
‘TRAPI genomic sequences corresponding to the murine homolog of the gene from which
the human EST02205 was derived.

Northern blot analysis showed that TRAP1 was expressed at comparable levels in all
adult tissues tested. The tumor from which TRAPI was isolated was detected during
pregnancy. but its early appearance (at three weeks post-mating) exceeded expectations
based on previous transgenic mouse studies in which PyMT was driven by the MMTV
promoter (8). In these srdies. PyMT-induced mammary tumors had a four week latency.
For this reason, and in light of the low abundance of the TRAP1 mRNA transcript. we
favor the hypothesis wherein relatively low levels of PyMT were expressed from the
TRAPI promoter. This level of expression resulted in the appearance of a tumor nine
weeks post-infection, which coincidentally corresponded to three weeks post-mating.
There is no evidence that the TRAPI gene is transcriptionally regulated during gestation,

or that the gene is involved in mammary differentiation.
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Northen blot analysis also showed that the TRAPI promoter is active in normal
mammary tissue and was not activated from a silent state by the retroviral enhancer. To
avoid the possible activation of silent promoters through juxtaposition of the Moloney
enhancer these elements could have been eliminated from the virus by deletion or
mutation, but such alterations would likely have resulted in lower viral titers. We chose
to make as few alterations to the Moloney sequences as possible in order that the titer (and
hence the number of insertion events) be optimal for in site infections. where the volume
of the inoculum is necessarily limited.

[t is an expectation of our promoter-trap strategy that integration of the PyT provirus
should occur immediately downstream of an active promoter: intervening sequences
beyond a certain length would be expected to contain AUG codons that would impede the
translation of the PyT marker gene. We therefore thought it likely that the 2.2 kb 5°
genomic fragment cloned from the integration site should contain a promoter element.
This prediction was confirmed in experiments where the 5' genomic sequences were
attached to a CAT reporter gene (Fig 7). The activity of this promoter was found to be
relatively high when compared to the Moloney murine leukemia virus LTR. but the
comparison has the caveat that the TRAP1 promoter was aided by a distal SV40 enhancer
element, whereas the MoMuLV LTR was not (it did. however. contain nascent LTR
enhancer elements). Qur expectation (based on northern analysis) was that the TRAPI
promoter would be weak. Either its activity is greatly elevated by the SV40 enhancer. or

the 2.2 kb fragment is devoid of neighbouring negative elements that exist in the mouse
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genome (or both). We have also shown that the TRAPI promoter could drive the
expression of PyMT (Figure 8).

We have shown that PyT. a replication-competent retrovirus. can be used to introduce
a promoterless oncogene into the genomes of mouse cells in the intact animal. The data
presented herein demonstrate that this virus will infect a sufficient number of cells in a
target tiss{le to cause the formation of 2 tumor. Further. from cloning a provirus from one
such tumor we have demonstrated the presence of a cellular promoter immediately adjacent
to the proviral LTR as predicted. We are therefore confident that the PyT virus can be
used to screen for active promoters in murine tissues or cells. either in vivo or in vitro.

By producing the virus in an amphotropic cell line, it may also be possible to infect

nonmurine cells or tissues. although we have yet to test this prediction.
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FIGURE 1

A. Schematic representation of the PYT retroviral promoter-trap DNA
vector. The open box represents the LTR and the cross-hatched box the
Polyoma virus middle T antigen sequence. Thin lines represent plasmid
sequence. K:Kpnl: N:Nhel: S:Sstl; Xb:Xbal: X:Xhol.

B. Southern blot of a PyT producer clone and PvT virus-infected NIH 3T3
cells. NIH 3T3 cells were infected with the PvT virus and were fed fresh
medium 24h later. Forty eight hours post infection. the supernatant of the
infected cells was used to infect fresh NIH 3T3 cells. This cycle was
repeated for several passages. DNA was isolated from infected cells (48h

post infection) and digested with Xbal for Southern blot analysis.
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FIGURE2  Western blot analysis of PyMT expression.
A. Transient expression of PyMT in human 293T celis. The amount of
DNA used is as indicated. Tubulin was used as 3 loading control, Myc-
puro is a fusion between six copies of a human mye epitope and the
puromycin protein. and served as an internal control for the transfections.
B. Expression of PyMT by promoter-trap. pak-PyMT is a stable clone used
as a positive control for PyMT expression. NMuMG is the parental cell
line for the promoter-trap clones (negative control). The promoter-trap
clones 1-12 were derived from colonies that grew in soft agarose after

infection with the PyT virus. The loading control is tubulin.



137-A

A
-
8
(=]
2
ka 5 1 2 3 4 5 9pg
67 - L
‘a _ MT antigen
475 - o — -
GUDYPEwrew® | wbulin
ha L e g myc-puro
B
- O
s E Promoter-trap clones
5 =
kD= & Z 1 2 3 4 5 6 7 8 9 10 11 12
67 —
47.5—

- o "-.-"'-"""'"




FIGURE 3

Southern blot of EcoRl digested tumor DNA. probed with the PyMT
sequence.  Each band represents one proviral integration site. Tumors tfrom
two different animals are shown (nulliparous and monoparous) with normal
liver or kidney DNA as controls. Each number represents a different

mammary tumor except for 2° which is a spleen wmor.
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FIGURE 4

Southern blot of umor DNA digested with EcoRI. and NIH 3T3 cell DNA
digested with EcoRI, BamHI or Sstl. The probe was the genomic fragment
3" of the proviral integration site. Comparison of wmor DNA and NIH
3T3 DNA digested with EcoRI confirmed that the probe was derived from

the integration site.
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FIGURE 5  Northern blot (poly A™ RNA) of various adult mouse tissues. The probe
used was the genomic fragment 5' of the retroviral integration site. B-actin

was used as a loading control.
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FIGURE 6
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A. Schematic representation of the TRAP! genomic clone. The open box
represents the LTR and the cross-hatched box the Polvoma virus middle T
antigen sequence. The thick line represents genomic sequence and the thin
line the phage arms. E:EcoRI: K:Kpnl: N:Nhel: X:Xhol.

B. Sequence data from the genomic DNA proximal to the 5'LTR. Numbers
refer to the genomic sequence (capital letters). Lowercase letters represent
LTR sequence.

C. Alignment of TRAP1 and EST02205 as obtained from GENBANK.

There is 85% identity between these sequences.
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FIGURE 7
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A) Thin layer chromatograph of a typical CAT assay (the modified
fluorescent substrate generates only one acetylated product). The first lane
is a positive control: a plasmid encoding CAT under the control of the
MoMLV-LTR (gift of Ninan Abraham: this plasmid does not contain the
SV40 enhancer). TRAP™ and TRAP" are plasmids containing the TRAP1
genomic fragment subcloned in front of CAT in the positive and negative
orientation respectively. The fourth lane is the vector alone. with the SV40
enhancer but no promoter. The last lane had no protein added to the assay.
The amount of converted substrate in lane 5 was used as the background for
the calculation of the conversion.

B) CAT activity shown as percent of converted substrate. Samples are the

same as in A.
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FIGURE §

PyMT expression from the TRAPI promoter. Western blot showing
transient expression of PyMT from the TRAP! promoter. in 293 cells. The
amount of DNA used is as indicated. Tubulin was used as a loading
control. Myc-puro is a fusion between six copies of a human myc epitope
and the puromycin protein. and served as an internal control for the

transfections.
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Table I Summary of umors found in PyT infected animals.

MOUSE NUMBER OF TIME OF OTHER
‘ MAMM. TUMOR(S) DETECTION TUMOR

(wk post-infection)

Nulliparous 4(5 6 -
' Monoparous 1 9 spleen
(3 wk post-mating)
Weaning 2 13 colon

{7 wk post-mating)
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