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ABSTRACT
The nucleotide sequence of the long terminal repeats (LTRs) of the
retrovirus-transmissible mouse VL30 cDNA clones, NVL-1 and NVL-2, were
determined and compared with that of the prototype clone NVL-3. The three
LTRs shared a typical U3 R U5 structure and showed the unusual features
of redundancy in the tRNAgly primer binding site and adjacent inverted
repeat. The NVL-1 and NVL-2 LTRs were almost identical and differed from
the NVL-3 LTR in the U3 domain harbouring transcriptional regulatory
determinants.
The VL30 elements were serum responsive and showed elevated levels
of expression in many transformed cell lines. SI nuclease analysis showed
that all the NVL VL30 elements responded to cellular transformation, but
only NVL-1/2 elements were serum responsive. Both types of response were
mediated via protein kinase C-independent pathways.
Transient expression assays showed that the NVL-1/2 and NVL-3 U3
domains possess promoter and enhancer activities. The U3 region of both
types of LTR contained enhancer determinants important in controlling the
response to N-ras as well as sequences important for controlling basal
levels of expression. However the U3 domain of the NVL-1/2 LTRs did not
confer serum responsiveness.
These results

showed that the U3 domains of the NVL VL30 LTRs

contain cis acting regulatory determinants important in controlling basal
levels of expression and the response to cellular transformation. However
the mechanisms
dissociable

controlling

the

serum

from those responsible

expression.

3

response

for cell

are

at

least

in part

transformation regulated
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1.1

REGULATION OF GENE EXPRESSION
Although the cell contains a huge number of genes only some of them

are expressed constitutively. These are the 'housekeeping' genes that are
responsible for maintaining essential cellular functions.

Other genes

show regulated expression. For example some genes are only expressed at
certain times during an organism’
s development or at certain stages during
the cell cycle.

Other genes respond to extracellular stimuli such as

polypeptide growth factors and steroid hormones.
In an effort to understand the processes involved in, for example,
an organisms development, neoplastic transformation or the cell cycle,
a great deal of work has been done on patterns of gene expression in
these situations. An important part of this work has been to try and
understand the mechanisms that control gene expression.
By

studying

individual

genes

it

is hoped

that

models

can be

described that will help in understanding the complex pathways involved
in controlling various cellular responses. An understanding of when and
where a gene is expressed is also important in understanding the function
of that particular gene product.
Control
project

is

of gene expression occurs
particularly

concerned

with

at a number of levels.
transcriptional

This

regulatory

mechanisms, in particular with the DNA sequences required for controlling
gene expression. There are however important post-transcriptional that
are essential for proper control of the expression of many gene products.

1.1.1

TRANSCRIPTIONAL REGULATORY ELEMENTS
From the analysis of a growing number of viral and cellular genes

it has been possible to build up a picture of the mechanisms that control
gene expression at the transcriptional level. Transcription is controlled

16

by the binding of specific transacting factors to specific DNA sequences,
these

factors

interact

to

facilitate

the

initiation

and

efficient

transcription of the gene by RNA polymerase II (1,2). The exact way that
these DNA-protein interactions

initiate

and control

transcription is

unknown.
Two

main

regions

have

transcriptional regulation.

been

described

that

are

important

for

In close proximity to the transcriptional

start site is the promoter region (1,3). This region extends for up to
lOObp upstream from the start site and consists of two types of element.
The TATA box is a purine rich tract that occurs within 20-30bp of the
start site (4). It appears to be responsible for accurate initiation of
transcription as removal of the TATA box tends to result in initiation
of transcription

from multiple

start

sites

(4) . The

other

types

of

regulatory sequence within the promoter region are known as upstream
promoter elements (UPEs) (1). Examples of UPEs include the CCAAT box and
the G-C rich box. These elements are responsible for efficient initiation
of transcription. A characteristic of the UPEs is that they are able to
act in either orientation with respect to the gene (1,3).
The second major region is known as the enhancer. Enhancers tend
to be found at a much greater distance from the transcriptional start
site than the promoter elements. The enhancer is a cis-acting regulatory
region

that

functions

in

either

orientation

and

from

upstream

or

downstream of the promoter. An enhancer can operate over a distance of
many Kbp and can effect expression from an heterologous promoter (5,6).
The enhancers function is to increase the rate of transcription from the
promoter (2). The enhancer regions of a number of genes have been studied
in great detail and it has been shown that the enhancer is composed of
a number of small (5-10bp) units that are the binding sites for specific

17

proteins

(3,7,8).

These

small modules

are

called enhansons

and they

provide an extremely flexible system for controlling gene expression
(3,8). Different combinations of the enhansons occur in different gene
regulatory regions providing each gene with its own individual enhancer
region but utilizing a relatively low number of different sequence motifs
and hence a relatively low number of transcription factors (8).
The enhancer region of the simian virus 40 (SV40) early gene has
been particularly well studied and has provided much of the understanding
of the way in which eukaryotic gene expression is controlled. The SV40
enhancer was originally described as a tandemly repeated 72bp sequence
(4) . However closer study of the enhancer region has resulted in it being
divided

into

a

number

of

smaller

domains

(7,8).

Each

of

the

SV40

enhancers consists of at least three smaller regions of about 15-20bp
which have been termed enhancer elements. These in turn are composed of
the smaller subunits known as enhansons (8) . The spacing of the enhansons
within the enhancer elements is extremely important, but the positional
requirements

of

the enhancer

elements

themselves

is

less

stringent.

Repetition at all levels of organisation within the SV40 enhancer is of
great importance with full transcriptional activity of the SV40 enhancer
only being achieved if the repetition of the enhansons, enhancer elements
and the entire enhancer is seen. The enhancer elements can substitute for
each other, in other words the deletion of one of the enhancer elements
can be tolerated if another of the elements is duplicated.
Not all

gene regulatory regions contain all of these types of

sequence. In particular 'housekeeping' genes frequently have different
regulatory requirements and may for example lack the TATA box region (9) .
However

these

genes

may have

extensive

multiple copies of the G-C box (10).
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G-C

rich

regions

containing

1.1.2

INDUCIBLE ENHANCERS
Many

genes

are

responsive

to

external

stimuli

such

as

growth

factors, steroid hormones, heat shock, and the presence of heavy metals.
A number of inducible genes have now been studied and it has been found
in many cases the response to the external stimulus is mediated via an
enhancer function (1,5,6).
Of particular interest are genes that respond when quiescent cells
are stimulated with serum or purified growth factors.

The regulatory

regions of a number of growth factor responsive genes have been studied.
Many genes respond very rapidly to this stimulus (early response genes),
whereas other genes take several hours to respond.
A particularly well studied example of a gene that is rapidly, but
transiently stimulated in response to serum is the c-fos proto-oncogene
(11). Basal levels of fos expression are very low, however within a few
minutes of growth factor stimulation there is a dramatic increase in
expression. Within two hours expression returns to the very low levels
seen in unstimulated cells. Analysis of the 5' non-coding region of this
gene

shows

that a short

region of dyad symmetry

mediating the serum response

is responsible

for

(12) . This region is known as the serum

response element (SRE) and binds a transacting protein known as the serum
response factor (SRF) (13,14). The analysis of another of these rapidly
expressed genes, EGR2, shows that it possessesasequence motif

similar

to parts of the c-fos regulatory sequences (15). This motif is the CArG
boxwhich forms part of the fos SRE. The SRF also binds to the EGR2 gene
CArG box. The presence of this motif in more than one early response gene
suggests that it may be a common mechanism for controlling these early
response genes.
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A number of genes showing a less rapid response to serum have also
been studied. Many of these genes require protein synthesis in order to
respond to serum stimulation suggesting that the gene products of the
early response genes are responsible for the later responses shown by
this other group of genes. In support of this is the observation that
some of these genes possess binding sites for the trans-acting factor cjun/AP-1 which is itself an early response gene (17,18). In some cases
the presence of this protein binding site has been shown to be essential
for serum responsiveness. For example the transin gene possesses an AP-1
site that is important in mediating growth factor responsive expression
(19). Also the vimentin gene possesses two copies of an AP-1 binding site
that

are

essential

paradoxically

this

for
gene

mediating
does

not

the response
require

to

protein

growth

synthesis

factors,
for

the

response (20). A number of other genes possess AP-l-like sites although
the role of this factor in mediating the response of these genes to serum
or growth factors has not been shown. Many of these genes are however
responsive to TPA which exerts its effects via protein kinase C (see
section 1.2) and the AP-1 binding sites (21). As protein kinase C is an
important component of the signal transduction pathways that control the
cell's response to growth factor stimulus (see 1.2) it suggests that the
AP-1 sites are important in mediating the growth factor responses of
these genes.

It

is also

interesting to note

that in some cases,

for

example proliferin, the AP-1 site is required for a serum response, but
other sites are also required (22).

1.1.3

TRANSACTING FACTORS
As mentioned above the various regulatory sequences described are

the binding sites for specific transacting DNA binding proteins (2).
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A

number

of

DNA

binding

transacting

factors

have

now

been

identified and isolated. These factors tend to fall into groups sharing
similar structural characteristics of functional importance.
For example a number of transcription factors have been shown to
possess a zinc-finger binding domain (23). Examples of these zinc finger
proteins include the TATA box binding factor TFIIIA (23,24) and the G-C
rich box binding

factor

SP1

(25) . The

zinc

finger

domain

of

these

proteins has a repeating motif consisting of two closely spaced cysteines
followed by two histidines. A zinc ion is tetrahedrally co-ordinated by
the cysteines and histidines (23,24). This structure gives the protein
its DNA sequence specificity.
Another commonly occurring motif is the leucine zipper (26). This
structure is found in a number of transacting factors , such as AP-l/cjun,

c-fos,

the cAMP response element binding

(CREB) protein and the

yeast transacting factor GCN4. The amino acid sequence forms an « -helix
with the periodic repetition of leucine at every seventh position over
a

short portion

of

the molecule.

The

leucine

side

chains

from one

molecule are able to interdigitate with those from another molecule to
allow dimerisation, both homo and heterodimers can be formed (26,27,28).
These proteins also possess a region of basic amino acids immediately
before the leucine zipper region which is thought to be important in the
binding of the dimers to the DNA (26).
Often

the

DNA binding

function

of

the protein.

consists

of

glutamine

domain

For

rich

is

example
domains,

separate
the

from

activating

these

are

the

activating

domain

essential

of

Spl

for

the

transcriptional activation function of this factor (29). The C-terminal
end of c-fos is required for its activating function (30).
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There
promoter

is

bound

a number

of theories

proteins

(or

on how

protein

the

complexes)

enhancer bound and
interact

to

allow

efficient transcription (31). The looping model is the most favoured of
these models (31,32). This model suggests that the proteins are able to
interact by the looping out of the intervening DNA.

This model would

require the proteins to lie on the same side of the DNA, thus making the
position

of

the

sequence

motif

of

importance.

The

position

of

the

enhancer with respect to the promoter is generally thought to be flexible
in terms of the distance,

however the insertion or deletion of a few

nucleotides between the promoter and enhancer can drastically effect
enhancer activity (1). This suggests that the exact spacing can be quite
important.

Further

support

for

the

looping

model

comes

from

the

observation that an enhancer can act in trans if it is linked to the
promoter via a protein bridge (33) . This would not be possible if the
mechanisms discussed below were used.
promoter

usage

supports

the

is

virtually

looping

Finally it has been shown that

unaffected

model,

but

is

by

enhancer

not

position.

compatible

with

This
the

scanning/sliding model discussed below (34).
A number of other models have been proposed (31) . The sliding model
suggests that the protein recognises a binding site which it binds to and
then

moves

along

the

DNA

until

it

reaches

another

site

where

transcription is initiated. The oozing model suggests that the binding
of a protein would facilitate the binding of another adjacent protein and
so on until the transcription initiation site is reached,

this process

seems unlikely to be useful over long distances. The twisting model has
been largely discounted. Changes in the conformation of the DNA have been
proposed as a way in which regulation of expression could be mediated by
transacting factors. In this model the binding of the factor would change

22

the DNA in some way resulting in activation. However as the DNA binding
and

activation

domains

of

these

molecules

have

been

shown

to

be

dissociable this model looks unlikely to be important.
Many of the rapid changes in gene expression seen in response to
extracellular stimuli do not require protein synthesis implying that the
transacting factors responsible are already present in the cell.

The

stimulus must activate these inactive proteins by some sort of posttranslational

modification.

There

is

evidence

that

a

number

of

modifications maybe important in controlling the activity of the factors
(35). For example the c-fos SRF requires phosphorylation in order to bind
to the SRE (36). Also CREB (cAMP response element binding protein)

is

phosphorylated by protein kinase A and protein kinase C (37) . It has been
suggested that phosphorylation is important because

it increases

the

negative charge of the molecule, a negative charge

is thought to be

important in the activating regions (32,35). Another type of modification
that

is

important

is

the

glycosylation

of

Spl

with

O-linked

N-

acetylglueosamine monosaccharides (38). This modification may affect the
transport

of

the

Spl

or

its

localisation

within

the

nucleus,

alternatively it may stabilize the factor within the cell. A number of
other known

trans-acting

factors

also undergo

glycosylation,

but no

function has been shown for this type of modification in these factors.

1.1.4

POST-TRANSCRIPTIONAL MECHANISMS FOR CONTROLLING GENE
EXPRESSION
Although this project is primarily interested in transcriptional

regulation of expression there are many important post-transcriptional
mechanisms that can affect the levels of a particular mRNA or protein.
For example the transient response of the c-fos gene to serum induction
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is due in part to the instability of the mRNA (12) . Also the deregulation
of expression of the ornithine decarboxylase gene in c-Ha-ras transformed
cells is as a result of changes in the stability and translation of the
ODC

mRNA

(39).

Also,

as

mentioned

in

the

previous

section,

post-

translational events such as phosphorylation can have important effects
on the activity of a gene product.

1.2.

POLYPEPTIDE GROWTH FACTORS AND SIGNAL TRANSDUCTION
There is a great deal of interest in the mechanisms that control

cell growth and proliferation. It is hoped that an understanding of the
mechanisms involved in the control of normal cellular growth will shed
light on the aberrant processes that occur in cancer cells. Cancer is
essentially a disease of uncontrolled cell growth.
One way in which the effects of growth factors have been studied
has been to look at events at the cell surface and across the plasma
membrane. An alternative approach has been to observe changes in gene
expression that occur in the presence of growth factors.
Of relevance
Oncogenes

were

to these

first

studies

isolated

as

is

parts

the work on proto-oncogenes.
of

the

genomes

of

acutely

transforming retroviruses (40,41). However it was soon shown that these
viral genes were copies of normal cellular genes introduced into the
retrovirus by a process known as transduction (41). There are two main
theories on the way that these normal cellular genes become tumorigenic.
One is that they are over expressed because they are under viral control
instead of their normal control regions (41). In some cases it has been
shown

that

over

expression

of

the

normal

cellular

gene

can

cause

transformation of cell lines. Also the viral oncogenes can differ from
their cellular homologues in a number of ways, such as point mutations
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or

deletions.

This

appears

to

affect

control

of

the

biochemical

activities of these genes thus resulting in their tumorigenicity (40).
The analysis of naturally occuring tumours has indicated that changes in
the cellular oncogenes are sometimes observed (42).
Over the last few years a large number of studies have shown that
the

normal

cellular

proto-oncogenes

are

components

of

the

signal

transduction pathways that carry messages from the cell surface to the
nucleus (43). Oncogenes and their activated counterparts are therefore
central

to

our

understanding

of

normal

control

of

cell

growth

and

proliferation and of the processes that go awry in cancer cells.
Many of the studies that have been done on the effects of growth
factors have utilized the ability of cultured cells,

particularly 3T3

fibroblasts, to enter a quiescent state known as GO when grown in serum
free medium (44). If the quiescent cells are then induced with serum or
purified growth factors

they re-enter the G1 phase of the cell cycle

where the cell prepares for DNA synthesis (44). By observing events at
the cell surface,

in the cytoplasm and in the nucleus as the cells go

from GO to G1 a great deal has been learnt about the signal transduction
pathways
there

involved in mediating the effects of growth factors. However

are

still

many

stages

of

these

pathways

that

are

not

well

understood.

1.2.1

GROWTH FACTOR INDUCED EVENTS AT THE CELL SURFACE AND
IN THE CYTOPLASM
Multiple pathways

are responsible

for mediating the effects

of

growth factor stimulation (45,46).
The growth factor or factors induce a response by binding to highly
specific

growth

factor

receptor

molecules
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that

traverse

the

plasma

membrane of the cell (45,47). EGF for example binds to a receptor which
is a single peptide
molecule

of

1186 amino

is outside the cell,

acids.

Approximately half of the

23 amino acids

form the transmembrane

region and the rest are in the cytoplasm (48) . The binding of the growth
factor to its receptor results in dimerisation of the receptor molecules
and

autophosphorylation by

the molecule's

intrinsic

tyrosine

kinase

activity (47) . This leads to a cascade of events in the cell membrane and
the cytoplasm. As mentioned previously the protein products of a number
of

oncogenes

have

been

transduction pathways.

shown

to

play

an

important

role

in

signal

The v-erbB oncogene is a truncated form of the

avian receptor for EGF (49). The viral gene lacks the EGF binding domain
and

it has

been

suggested

that

the

receptor becomes

constitutively

activated by this mutation.
The molecules

involved in the

cascade

of events mediating

the

signal through the plasma membrane and the cytoplasm are known as second
messengers (48,50). Molecules that act as second messengers include Na+,
tris

(IP3)

Ca2+, H+, diacylglycerol (DAG), and inositol^ phosphate A. One event that
appears

to be

particularly

important

in

signal

transduction

is

the

increase in intracellular Ca2+ levels (45). This is achieved in a number
of ways.

For example EGF appears to stimulate an uptake of Ca2+ from

extracellular sources (47). PDGF on the other hand stimulates the release
of Ca2+ from intracellular stores (45) . This occurs due to the activation
of phospholipase
bisphosphate

C.

This

(PIP2) which

enzyme hydrolyses
leads

to

the

phosphotidylinositol

release

of DAG

and

4,5-

IP3. IP3

stimulates the release of Ca2+ from the intracellular stores. The precise
role of Ca2+ is not known but it does appear to be important in initiating
DNA synthesis.
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DAG causes
sensitive

the activation of protein kinase C,

phospholipid

dependent

kinase

which

is

this is a Ca2+-

responsible

for

a

cascade of phosphorylation events that play an important role in signal
transduction (45,51). Protein kinase C also effects the Na+/H+ exchanger
in the plasma membrane (47). This results in a shift in pH which also
appears to have a role as a second messenger. The activity of the Na+/H+
exchanger

is also stimulated by growth factors

that do not activate

protein kinase C suggesting that more than one mechanism is responsible
for the shift in pH (50).
The mechanisms activating phospholipase C are not fully understood,
however

it

important

has

been

suggested

(52).

This

is

that

interesting

the
as

ras
it

proto-oncogenes
once

again

may

links

be

proto

oncogenes with signal transduction pathways.

I.2.1.1

RAS PROTO-ONCOGENES

The ras proto-oncogenes encode a class of regulatory GTP-binding
proteins involved in the control of cell proliferation. The ras genes are
members

of

a large

family

of

related

genes

found

in all

eukaryotic

genomes (165).
The Ha-v-ras and Ki-v-ras oncogenes were discovered in the genomes
of the Harvey and Kirsten rat sarcoma viruses, respectively. The cellular
homologues
genes

of these genes are the Ki-c-ras and Ha-c-ras genes.

encode

These

21kDa proteins known as p21K±"ras and p21Ha"ras. A closely

related gene, N-ras, was isolated from a neuroblastoma (53).
The p21 ras proteins are similar over much of their length, with
major differences between the three mammalian proteins occuring in the
carboxy

terminal

domain.

Differences here

presumably account

for any

possible differences in the function of the three proteins. There are a
number of structural features of note in the ras proteins. The regions
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important in the binding of GTP occur at residues 12, 13, 50, 61, 63,
116,

117,

119

and

146.

Residues

32-40

form

the

effector

loop,

the

conformation of this region is quite different in GTP- and GDP-bound
forms. It is presumably the site where p21ras interacts with its cellular
target.

The

region

between

residues

61

and

75

also

undergoes

conformational change upon binding by GTP. This region is thought likely
to interact with a protein important in the regulation of ras function.
(165). The carboxy terminal region of the p21ras proteins undergoes posttranslational modification at several residues. In particular the CAAX
box, found at the carboxy terminus of almost all ras-like proteins , is
of interest.
uncharged

(C is cysteine, A is any aliphatic amino acid and X is any

amino

localization

of

acid).
the

Processing

p21raa proteins

of
to

this
the

region

is

essential

plasma membrane,

this

for
is

essential for the protein to function (165).
Proteins homologous to p21ras have been found in a number of other
eukaryotes.

For

example

Saccharomyces

cerevisiae. Schizosacchromyces

pombe. Dictyostelium discoides and Drosophila melanogaster

all possess

at least one ras-like protein (53,165).
There are also a number of ras-related proteins

(165,166). Some

of these have 50-60Z amino acid homology to the mammalian ras protein.
This group includes Ral A and B, Rap 1, R-Ras and TC-21 in mammalian
cells. Other ras-related proteins show lower levels of homology. Both the
Rho family and the SEC4, YPT1 and Rab families show about 30£ homology
to ras.
Normal

p21ras

is

a

GTP-binding

protein

with

intrinsic

GTPase

activity which catalyzes the hydrolysis of GTP to GDP. The GDP bound form
of p21ras is ’inactive* and the GTP bound form is ’active*
A

shows

(53). Figure

the GTPase cycle.A Guanine Nucleotide Release Protein

(GNRP)

(discussed in greater detail below) interacts with the GDP-p21ras to
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Figure A. The GTPase Cycle.

enhance the removal of GDP resulting in a transient ’empty’ state (167).
GTP is then able to bind to the p21ras and it becomes active. Hydrolysis
of the bound GTP results in the GTP-p21ras reverting to the GDP-bound
inactive state (167). This reaction is catalyzed by the GTPase activating
protein (GAP)(167)(discussed in detail below).
The ras GAP appears to be the negative regulator of p21ras function
as it catalyzes the hydrolysis of GTP thus returning the p21ras to its
inactive GDP-bound form (54). It has been suggested that GAP may also be
the effector molecule as it binds to the effector region of the p21ras.
However there is no direct evidence for this and it is possible that two
overlapping proteins act at this region of the protein. Recently it has
been noted that GAP is phosphorylated and it is thought that this may
provide a link between p21ras and growth factor receptors. However it is
not known what effect that this phosphorylation has on GAP function.
The GNRPs appear to be the positive regulators of p21ras function.
Wolfman and Macara
brains

called

(168)

Ras-GRF

have

isolated

(Guanine

a cytosolic

nucleotide

protein

releasing

from rat

factor)

which

enhances the removal of guanine nucleotides from p21ras. Ras-GRF allows
the rapid equilibration of p21 ras with the free guanine nuclotide pools
in the cell thus controlling the fraction of p21ras in the active state.
p21ras is involved in the control of cellular proliferation. However
its exact role is not yet understood. Ras function is essential during
the

first

8 hours

of

the

G1

stage

of

the

cell

cycle

(167).

Also

antibodies to ras injected into cells block the action of a wide variety
of growth factors. Ras appears to have a general role in growth control
rather than being linked to a particular receptor and signal transduction
pathway (167). High protein kinase C activity in ras-transformed cells
suggests

that ras

stimulates

the pathway leading to protein kinase C

activation, however there is no direct evidence for the stimulation of

phosphoinositide turnover (56). Therefore the mechanism for activating
protein kinase C is unknown. Also protein kinase C is not required for
morphological transformation by p21ras (57). These results suggest that
p21ras activates multiple pathways and not just the pathway leading to
protein kinase C.
The upstream and downstream regulation of the p21ras is not yet well
understood. For example any role that GAP may have as an effector is not
yet clear. Also the role of the GNRPs is not yet fully charcterised,
however they are clearly important and may be stimulated by growth factor
binding (167).
The cellular ras genes become oncogenic due to point mutations,
mutation at residues 12, 13, 59, 61, or 63 reduce the GTPase activity of
the ras proteins. Mutations at residues 116, 117, 119 or 146 decrease the
affinity of p21ras for nucleotide and thus increase its rate of bound GDP
for GTP. This causes an accumulation of active GTP-p21ras (165). Also GAP
has no effect on oncogenic p21ras with mutations at 12,

59 or 61 and

therefore any residual intrinsic GTPase activity is not catalyzed by the
GAP. These mutations all lead to the ras being in a constitutively active
state

which leads to a continuous flow of signal transduction leading

to malignant transformation.
There are other signal transduction pathways that operate within
the

cell.

For

example

some

external

stimuli

can

activate

adenylate

cyclase which converts ATP to cAMP (58). cAMP binds to protein kinase A
which phosphorylates transacting proteins

such as CREB which activate

transcription (37). Interestingly in yeast ras has been shown to operate
through

adenylate

cyclase,

however

situation in higher eukaryotes (54).

this

does

not

appear

to

be

the

1.2.2

GROWTH FACTOR MEDIATED EVENTS IN THE NUCLEUS
The signals generated by growth factor binding reach the nucleus

very quickly. Within minutes a number of genes show increased levels of
transcription.

These genes have been termed immediate early or early

response genes (59,60). These genes share a number of characteristics.
For

example

factors.

they

This

expression

is

cycloheximide.

are

all

requires

rapidly

no

superinduced
A number

of

new

and

transiently induced

protein

by the
these

synthesis and

protein
genes
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have

in

synthesis
been studied

by

growth

fact

the

inhibitor
in depth.

Several of them represent known or possible DNA binding proteins,

for

example c-fos (61,62), c-jun (63), and the zinc finger proteins EGR1 (64)
and EGR2 (16).
Of great

interest are

those genes

that are also known nuclear

proto-oncogenes, such as c-fos and c-jun. The structure and function of
the c-fos and c-jun oncogenes is well known and they are important in
mediating the effects of growth factor stimulation,
another

link

between

the

signal

transduction

thereby providing

pathways

and

proto

oncogenes. c-fos is the cellular homologue of the oncogene carried by the
FBJ and FBR murine osteosarcoma viruses (65) . The gene encodes a nuclear
phosphoprotein of 55kD
oncogene

found

in

(66).

ASV17

c-jun is the cellular homologue

(67).

It

appears

to

be

identical

of the
to

the

transacting factor AP-1 (63). c-jun is a member of a family of factors
which

all bind

to

identical

or

similar

DNA

sequences

(68,69).

This

oncogene has recently been shown to be part of the complex of proteins
that binds with c-fos (70,71,72). In fact the c-jun region of the complex
allows the association of fos with DNA, fos does not specifically bind
to DNA but acts via binding with c-jun (70,71). Recently it has been
shown that binding of c-jun to the AP-1 site is important in mediating
the effects of serum, TPA and ras for a number of cellular and viral
genes, for example polyoma (73). These observations provide a direct link
between signal transduction and nuclear proto-oncogenes.

S e r u m

responsive genes have been isolated that respond much more slowly to
serum stimulation. These genes frequently show a more sustained response
with many hours
normal.

needed

for the levels of transcripts to return to

Like the immediate early genes these genes are controlled by

transcriptional mechanisms, however a number of these genes have also
been shown to have important post-transcriptional regulatory mechanisms,
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such as proliferin (74) and TIMP (75) . Unlike the immediate early genes
these genes often require protein synthesis in order to respond to growth
factor stimulation.

This has lead to the suggestion that these genes

require transcription factors encoded by the immediate early genes in
order to respond to the serum stimulation (see section 1).

I .3

RETROELEMENTS
Eukaryotic

genomes

contain

a

large

amount

of

DNA

encoding

transposable genetic elements, These are elements that are able to move
around the genome. Transposons can be grouped into those that transpose
directly

from

DNA

to

DNA

and

those

that

transpose

via

reverse

transcription of an RNA intermediate. The elements that utilize reverse
transcriptase are termed retroelements or retroposons and can be further
sub

divided

into

two

main

groups, the

non

viral

retroposons

and

retrotransposons which are characterised by their retrovirus proviruslike structures.

1.3.1

NONVIRAL RETROPOSONS
The non viral retroposons include the SINE and LINE gene families.

SINEs are short interspersed

sequences of <500bp that are repeated 105

times in the genome (76) . SINEs are transcribed by RNA polymerase III and
resemble other RNA polIII genes such as tRNA genes. Interestingly the rat
ID class of SINEs can repress or activate transcription from a nearby RNA
polll promoter in transient transfection experiments and have been shown
to confer growth factor response and transformation response on a number
of genes (77).
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LINEs are long interspersed sequences

that are usually >5kb in

length (78) . These sequences possess open reading frames and encode a
protein with similarities to reverse transcriptase (79).

1.3.1

RETROVIRUSES
Retroviral particles contain a dimeric RNA genome consisting of two

apparently identical RNA molecules of 8 -10Kb. Each genomic RNA molecule
consists of a unique region flanked by a short directly repeated region
(R) . The R domain is important in transferring the nascent DNA chain and
DNA polymerase from the 5 'end to the 3' end of the genome during rfeverse
transcription of the molecule. At the 5' end of the unique region is a
domain known as U 5 , this domain separates the R region from the negative
strand primer binding site (PBS). The minus strand PBS is complementary
to the 3' terminal nucleotides of the tRNApoL primer. The positive strand
PBS occurs at the 3' end of the unique region and is separated from the
R region by the U3 domain. The plus strand PBS has a purine rich tract
that is highly conserved between viruses. The U3 domain contains sequence
elements similar to those of eukaryotic genes, such as promoter elements
and enhancer elements. During the replication cycle of the retrovirus the
genomic RNA is reverse transcribed into a linear double stranded DNA
molecule. This molecule is then able to integrate into the host cell DNA.
The

integrated virus

is known as the provirus.

When the linear DNA

molecule is formed a long terminal repeat (LTR) is formed containing the
U3 R U5 domains at each end of the molecule.

The linear molecule is

integrated into the host cell genome where it utilizes the host cell
mechanisms to transcribe both full length genomic RNA and mRNAs for the
retroviral genes.
Oncoviruses possess three main retroviral genes. Gag encodes the internal
structure proteins, pol encodes the reverse transcriptase and env encodes
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the envelope proteins

(80,81). Other retroviruses,

such as HIV have much

more complex genomes including genes that encode transacting factors.
The

U3

domains

of

retroviral

LTRs

regulatory determinants. The MoMSV LTRs
studied and possess a TATA box,
promoter region (82).

possess

have

transcriptional

been particularly well

a CCAAT box and G-C rich box in the

They also possess

imperfect 72 and 73bp direct

repeats which behave in a similar way to the SV40 enhancers (83,84,85).
Like the SV40 enhancer the retroviral enhancers are modular in structure.
The enhancer consists of sequences responsible for mediating basal levels
of expression as well as mediating the response to external stimuli such
as glucocorticoids (86). Also the enhancer may play a role in negative
regulation

of

expression

in

non

permissive

cell

types

such

as

undifferentiated embryonal carcinoma (EC) cells (87). The enhancers are
also important in imparting a certain degree of host cell specificity.
The MoMSV enhancers can functionally replace the SV40 enhancers (83) ,
however the expression of these constructs is higher in mouse than in
monkey cells (84).
The

virus

structure

described

above

is

known

as

replication

competent as it possesses the genes necessary for the entire retroviral
replication cycle. These viruses are also known as slowly oncogenic as
infection with them can cause tumours of susceptible host cells, albeit
after a quite considerable time.
often

replication defective because

containing

essential

modified versions
section

Strongly oncogenic retroviruses are

1.2).

genes

for

of normal

These

viral

portions

of

replication have

cellular

oncogenes

genes
are

known

the
been
as

responsible

unique

region

replaced with
oncogenes
for

(see

conferring

tumourigenicity. In order to replicate these viruses require the presence
of 'helper' replication competent viruses.
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In the context of this project the slowly oncogenic viruses are of
greater interest. These viruses can confer tunuy !rigenic ity by exerting
transcriptional regulation on normal cellular genes by an insertion next
to the gene (88). These insertion can work in two ways. In some cases,
such

as

ALV-induced

bursal

lymphomas

the

promoter

insertion

model

applies. The LTR sequences serve as a transcriptional promoter of the
gene downstream of the provirus,

for example c-myc in this case (89).

However in many cases the provirus can effect expression of a cellular
oncogene from either upstream or downstream,

that is it utilizes the

enhancers present in the LTR (88). This type of insertion is important
because it relieves the provirus of any positional requirement.

It can

insert in either orientation with respect to the cellular gene and even
at quite some distance.

1.3.2

RETROTRANSPOSONS
These

elements

possess

a

retrovirus

provirus-like

structure

consisting of two LTRs surrounding a unique region. Well studied examples
of retrotransposons include the Drosophila copia-like elements (90), the
Ty elements of Saccharomyces cerevisiae (91,92) and mouse intracisternal
A particles (IAPs) (93).
The

LTRs

of

consisting of U3,

these

elements

R and U5 domains.

have

a

Also,

retrovirus-like

structure

like retroviral LTRs,

they

possess inverted repeats at their ends and transcriptional regulatory
sequences (94,95,96,97). In terms of actual DNA sequence homology there
is very little similarity between the retroviral and retrotransposon
LTRs.
The unique regions of the retrotransposons also show similarities
to the retroviral unique regions. At the 5' end of the region there is
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a tRNA PBS used to prime minus strand DNA synthesis and at the 3' end a
purine tract which is the PBS for plus strand DNA synthesis. There are
also open reading frames with homology to the retroviral gag and pol
genes, frequently however there is no homology to the retroviral env gene
(98,99,100).
These retrotransposons are able to form virus-like particles, but
these particles do not appear to be infectious. The IAP particles for
instance bud into intracellular membranes rather than through the plasma
membrane (93). Also it has been shown that Ty elements transpose via an
RNA intermediate (101).
Despite

sharing

retrotransposons

do

many

not

features

merely

with

represent

retroviruses

degenerate

the

endogenous

retroviruses, otherwise a higher level of sequence homology would be
expected. Instead it has been suggested that these elements represent the
basic units of retrotransposable elements with retroviruses themselves
representing more highly evolved forms that are able to move from genome
to genome

(102). This fits in well with Temin's theory on retroviral

evolution which suggests that retroviruses were formed by transposition
of small mobile genetic elements around cellular genes,
up

more

information

with

each

the retrovirus

gradually

picking

successive

gene

'captured'

(103). In this sort of model retrotransposons such as Ty and

IAPs would represent an intermediate in retroviral evolution.
Retrotransposons are of interest for a number of reasons.

In the

last few years there have been a number of examples of the integration
of complete or incomplete retrotransposons affecting the expression of
cellular genes. For example yeast Ty elements have been shown to effect
the transcription of cellular genes by inserting into the non-coding
region of the genes (92) . In activating transpositions the Ty element is
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usually inserted in the opposite orientation to the gene in question.
These insertions are known as ROAM mutations

(regulated overproducing

alleles under mating signals) as the Ty element expression and hence the
cellular gene's expression is effected by the mating type of the yeast
(104). Inactivating transpositions can also occur,

these are caused by

the separation of the target gene promoter elements (92).
There

is also a number of examples of IAP insertions affecting the

expression of cellular

genes.

For

example an IAP has

been shown to

provide regulatory elements in cis for the c-mos oncogene in a myeloma
cell

line

(105) . In

another

example

a

solo

IAP

LTR

affected

the

expression of CSF genes in transformed CSF dependent cells (106).
Clearly this sort of integration in a germ cell would result in the
stable transmission of the 'new' regulatory region and gene. Obviously
any such insertion could be undesirable resulting in the death of the
organism.

However there is at least one example of a retrovirus-like

element stably affecting the expression of a cellular gene. The murine
sip gene

is androgen responsive and it has

expression

of

this

gene

is

controlled by

recently been shown that
the

LTR

of

a

degenerate

retrovirus-like element (107). This insertion was tolerated because the
'parental' C4 gene had already been duplicated and therefore there was
already a normally regulated copy of the gene present.
The widespread occurrence of retrotransposons suggests that they
may be of evolutionary importance (108,109). It has been suggested that
such elements could alter the genome in a number of ways. For, example,
Ty

elements

duplications,

have

been

inversions

found

at

the

breakpoints

and translocations.

between elements produced these changes (108).
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of

deletions,

Presumably recombination

1.4.

MOUSE VL3Q ELEMENTS
VL30

elements

retrotransposon.
throughout

are

There

the

genome

a

are

moderately
150

(110).

repeated

copies
Like

of

the

this

class

of

element

mouse

dispersed

retrotransposable

elements

discussed in the previous section, VL30 elements possess a retrovirus
provirus-like structure (111,112). Initially VL30 elements were isolated
as a species of RNA subunit present in the virus particles of type C
retroviruses propagated on some mouse cell lines, such as NIH 3T3 cells
(113,114,115).

However not all KiMLV particles possessed the 30S RNA

(113) . The 30S RNA therefore was clearly not an essential part of the
retroviral
suggested

genome
that

as

the

it was

30S

RNA

not
was

always

present.

produced by

a

Therefore
defective

it was

endogenous

retrovirus that required the functions of helper independent MLV in order
to be packaged (113,115,116).

1.4.1

CHARACTERISTIC FEATURES OF VL30 ELEMENTS
The VL30

elements

all possess

a provirus-like

structure.

This

consists of a unique region surrounded by two LTRs. The entire element
is about 5Kb with the LTRs being between 0.4 and 0.6Kb long (111,112).
The LTRs are heterogenous and sequence analysis of a number of the LTRs
suggests

that

there has been a considerable

between members of the VL30
LTRs

are

a

number

of

family (117,118,119). Conserved within the

transcriptional

suggesting that the LTRs,

amount of recombination

regulatory

like retroviral LTRs,

sequence

elements

are responsible

for

VL30

controlling expression of the**elements. The sequence data also shows that
the LTRs possess
similar

in

inverted repeat

sequence

to

the

sequences

retroviral

IRs

at their ends,
(118,120).

At

these are
the

inner

boundary of the 5' LTR the VL30 elements possess sequences homologous to
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tRNA primer binding sites (PBS), however unlike retroviruses a number of
different PBS sequences are found,

this includes tRNApro, tRNAgLy, and

tRNAgln (118,121). Also at the inner boundary of the 3' LTR there is a
purine rich tract,

this feature in retroviruses

is important

in plus

strand DNA synthesis (120).
Hybridization studies indicated that in the unique region there is
only very limited homology to retroviral sequences (122). This has been
supported by the sequence data for the unique region of a VL30 clone
(123). The sequence shows that there are some short regions of homology
to retroviral gag and pol genes. However the VL30 elements have no open
reading

frames

and

no

homology

to

retroviral

env

genes.

These

observations would tend to classify VL30 elements as retrotransposons
rather than as defective retroviruses. However many retrotransposons,
such as Ty and copia, have been shown to possess functional gag and pol
genes.

1.4.2

EXPRESSION OF VL30 ELEMENTS
Although there are about 150 VL30 elements in the genome only a

small subset are transcriptionally active. Methylation studies have shown
that

less

than

5%

of

the

elements

are

transcribed

(124,110).

VL30

expression in a number of cell lines has been studied. From these studies
it is clear that the level of VL30 expression is correlated to the growth
state

of the cell

(113,125).

For example

in cell

lines with

a more

transformed phenotype higher levels of VL30 transcripts are seen.

By

contrast cells that show contact inhibition of growth tend to exhibit
lower levels of VL30 RNA. VL30 expression is also induced by a variety
of agents. For example cells treated with BuDR show elevated levels of
VL30 expression (113) and chemically transformed AKR and C3H/10T1/2 cells
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show elevated levels of expression (126). Quiescent cells stimulated with
purified growth factors or TPA show a large induction of VL30 expression
(117,127,128).

Also

in T cells

VL30

elements have been shown

to be

responsive to glucocorticoids and cAMP (129).

1.4.3

PROMOTER STRENGTHS OF VL30 LTRs
As

mentioned

regulatory sequences

above

the

VL30

LTR

sequences

possess

such as a promoter and enhancer-like

putative
sequences.

Rotman et al (130) have tested a number of LTRs obtained from genomic
clones

for promoter and enhancer activity using

assays.

transient expression

The transcriptional activity of the clones is not known and this

is reflected in the variable promoter strengths seen. However at least
one of the clones, V L 3 , was shown to have a high promoter and enhancer
activity.

A

number

of

other

clones

showed

low

promoter

activities

compared to the control SV40 early promoter.

1.4.4

THE NVL VL30 ELEMENTS
In order to clone the small subset of transcriptionally active

retrovirus transmissable elements KiMLV particles propagated on NIH 3T3
cells were used in an endogenous reverse transcriptase reaction (112).
Particles propagated on this
reverse

cell

transcribed to produce

line contained VL30 RNA which was

full

length

copies

of the

retrovirus

packaged elements. Twelve independently isolated clones were obtained and
assigned to one of four classes on the basis of size and restriction
enzyme analysis.

These classes

were designated NVL-1, NVL-2, NVL-3 and

NVL-4 (NIH VL30). Eight of these clones were designated NVL-3, two were
NVL-2

and one each NVL-1

indicated

that

as

with

and NVL-4.
all

other
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The restriction enzyme
VL30

elements, the

NVL

analysis
elements

consisted of a unique region surrounded by LTRs. The LTRs

show

the

sequence
onlyMifferences between the four types of NVL VL30 element. In fact NVL1, NVL-2

and NVL-4 appear

truncated form of NVL-1.

to be

similar,

This was

with NVL-4

presumably

representing a

caused as

incomplete reverse transcription of the NVL-4 element.

a result of

The NVL-3 LTR

appears to possess more substantial differences and is somewhat shorter
than the other NVL elements. The unique regions of all four types of
element

appear

to be

identical

according

to

the

restriction

enzyme

analysis. Nucleotide sequence analysis of the NVL-3 LTR and determination
of the functional domains

shows that the NVL-3 LTRs are structurally

similar to retroviral LTRs, however there is little sequence homology
(118). Like a number of other VL30 LTRs the NVL-3 LTRs possess a number
of sequence motifs

similar

to those

seen in viral and cellular gene

promoters and enhancers.
An analysis

of mouse genomic DNA has

shown that

there are 2-4

copies of the NVL VL30 elements per haploid genome. This correlates well
with the methylation data which shows 3-5 copies of NVL type elements are
undermethylated indicating that the retrovirus transmissable NVL VL30
elements also represent the transcriptionally active elements (124).
Analysis of genomic DNA from heterologous NRK (normal rat kidney)
cells infected with VL30 elements by retrovirus mediated gene transfer
showed random integration of the VL30 elements (124).

I .5

AIMS
VL30

elements,

particularly

the

transcriptionally

active

retrotransmissable NVL elements, are of interest for a number of reasons.
As growth factor responsive and transformation responsive genes they are
of interest because they may help to provide insight into mechanisms that
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control responses

to changes

in the cells

growth and in response to

malignant transformation.
VL30
transpose

elements

are

also

of

interest

because

they

are

if packaged as a pseudovirion complex by murine

able

to

leukaemia

viruses. There are growing number of examples of retrotransposons, such
as Ty and IAPs, exerting transcriptional control over adjacent cellular
genes via cis-acting enhancer sequences. It is therefore of interest to
see whether VL30 elements possess cis regulatory functions that could
potentially effect mouse cellular genes.
The purpose of this project therefore is to relate the structural
features of the transcriptionally active, retrovirus transmissable NVL
VL30 elements to their expression, particularly in response to serum and
cellular transformation.
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MATERIALS
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MA.l

COMMERCIAL PRODUCTS

AMERSHAM
[o -32P]dCTP-specific activity
Adenosine 5

370MBqml_1

[y -32P] triphosphate 370MBqml_1

Klenow fragment of DNA polymerase I

4unitqi I-1

Sequencing kit
[a -35S ]dATRi S (>1000 Cimmol'1)
D-threo- [dichloroacetyl-l-C1A]chloramphenicol 2GBqmmol"l

ALDRICH
Dimethyl Sulphoxide (DMSO)

ATCC
NIH 3T3 cells
pSVOCAT
pSV2CAT
pSV2NEO

BDH
All chemicals were BDH Analar grade except where indicated.
Glass wool
Glass Beads

40 mesh

Polyethylene glycol (PEG)8000
REPELCOTE (2% dimethyldichlorosilane in 1,1,1-trichloroethane)
N N N 'N '-tetramethylethylenediamine (TEMED)
Yeast RNA -stored as a 200mgml-1 stock
Bromophenol blue
Xylene cyanol
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Hexadecyltrimethylairanonium bromide (CTAB)
Polyoxyethylene(20)sorbitan mono-oleate (TWEEN 80)
Nonidet P40 (NP40)

BECKMAN
MICROFUGE II

BOEHRINGER MANNHEIM
All restriction endonucleases were purchased from Boehringer Mannheim
Calf Intestinal Alkaline Phosphatase (CIAP) 24 unitqi I-1
T4 DNA Ligase lunitji l"1
Isopropyl-B-D-thio-galactopyranoside (IPTG)
Stored as a lOOmM stock.
5 -bromo-4-chloro-3 -indolyl-13-galactoside (X- gal)
Stored as a 2% stock in dimethylformamide.
Bovine Serum Albumin (BSA)(DNAase free)
Polynucleotide Kinase (PNK)
RNAase free DNAasel

9unit^i I-1

23units |il"1

Vanadyl ribonucleoside complex (VRC) 20mM
Chloramphenicol acetyl transferase (CAT)
Stored as 1 units p l'1 in 10M Tris p H 7 .8

BIOSEARCH INC.
Cyclone DNA synthesizer

CANBERRA PACKARD
Emulsifier Scintillator
Filter-Count Scintillation Fluid
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DIFCO
Bactotryptone
Yeast extract
Agar

FLOW
HeLa cells

GIBCO
Dulbecco's Modified Essential Medium (DMEM)
Foetal Calf Serum (FCS)
Newborn Calf Serum (NBS)
Gentamicin 20mgml_1
Versene 1:5000 in isotonically buffered saline
2.5% Trypsin
Geneticin (G418)
Stored as a lOOmgml-1 stock

KODAK
Film - X-OMAT AR or X-OMAT S
X-ray developer LX24
X-ray fixer FX40

KONTRON
Centrifuge tubes - 14ml polyallomer
Centrikon T-2070 ultracentrifuge
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MERCK
Silica Gel Thin layer chromatography (TLC) plates

MSE
Microcentaur
Centaur 2
High Speed 18

NEN
Gene Screen Plus nylon filters

NUNC
Plastic tissue culture flasks and plates

PHARMACIA
Oligodeoxynucleotide hexamers
Sephadex G50
BindSilane (methyacryloxypropyl-trimethoxy silane)
Placental RNAase inhibitor 27unitqil"1
M-MLV reverse transcriptase 15unitqi l"1

SCHLEICHER AND SCHUELL
Dot blot apparatus
Nitrocellulose filters

SIGMA
12-0-tetradeconyl-13-phorbol acetate (TPA)
Stored as a 10"^\/lstock in 100% ethanol
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1-(5-isoquinolinylsulphonyl)-2-methylpiperazine (H-7)
Agarose
Low Melting Point Agarose (LMA)
Ethidium Bromide
Stock solution lOmgml-1
tRNA
Stock solution lOmgml-1
RNAaseA
Stock solution 5mgml-1
Lysozyme
Chloramphenicol
Stock solution-34mgml-1 in ethanol.
dNTPs
Stored as 20mM stocks, working solutions were stored as 5mM stocks.
Dithiothrietol (DTT)
Diethyl pyrocarbonate (DEPC)
N -laurolylsarcos ine
B-mercaptoethanol
Phosphoenol pyruvate
Pyruvate kinase
Fructose,1-6 diphosphate
Thymidine diphosphate
Heparin
Proteinase K
stored as a lOmgml-1 stock
Acetyl Coenzyme A (AcCoA)
Antifoam A
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WHATMAN
3MM chromatography paper
DE81 paper

MA.2

SOLUTIONS AND BUFFERS

Freeze Solution I

- 20% FCS in DMEM

Freeze Solution II - 40% FCS, 16% DMSO in DMEM
5 x Ligase buffer - 330mM Tris pH7.6, 33mM MgCl2, 5mM ATP, 50mM DTT.
10 x Minigel buffer - 900mM Tris, 900mM Boric acid, 25mM EDTA.
10 x E buffer - 400mM Tris p H 7 .7, 200mM NaOAc, 20mM EDTA
L-broth - lOg bactotryptone, 5g yeast extract, 5g NaCl in 100ml water.
L-agar - 6% agar in L-broth.
TCM buffer - lOmM Tris p H 7 .5, lOmM MgCl2, ImM CaCl2
S.O.C. medium - 2% bactotryptone, 0.5% yeast extract, lOmM NaCl, 2.5mM
KC1, lOmM MgCl2, lOmM MgSOA, 20mM glucose.
TELT - 50mM Tris pH7.5, 63mM EDTA, 0.4% (v/v) Triton-XlOO, 2.5M LiCl.
Lysis buffer - 50mM glucose, 25mM Tris p H 8 , lOmM EDTA.
10 x Hogness freezing medium - 36mM K2HP04, 13mM KH2P04, 20mM Na3citrate,
lOmM MgS04, 44% glycerol.
50 x Denhardt's solution - 5g Ficoll 400, 5g polyvinylpyrrolidone, 5g BSA
(fraction V) in 500ml of water,
Phenol/Chloroform -equal volumes of phenol and chloroform make up 95% of

j
i

1

|

the solution, water-5%, 8-hydroyquinoline-0.l%w/v.

j

Formamide prehybridization solution - 50% formamide p H 7 , 5 x Denhardt's

i
!

I

solution, 3 x SSC, 50mM HEPES pH7, 0.5% SDS, 20Cfcigml_1 yeast RNA, 20Qi gml-1
salmon sperm DNA.
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Formamide hybridization solution - 50% formamide p H 7 , 1 x Derihardt's
solution,

3 x

SSC,

50mM HEPES p H7, 0.5%

SDS, 10% Dextran

sulphate,

20Qi gml-1 yeast RNA, 20Qi gml-1 salmon sperm DNA.
TES - 20mM Tris pH7.5, lOmM NaCl, O.lmM EDTA
40% acrylamide solution - 38g acrylamide, 2g bis acrylamide in lOOmls of
deionised water.
10 x Sequencing buffer - 1M Tris p H8.3, 1M Boric acid, 20mM EDTA.
Urea loading buffer - 8M urea, lOmM bromophenol blue, lOmM xylene cyanol.
1 x DNA extraction buffer (DEB) - 20mM Tris p H 7 .5, 200mM NaCl, lOmM EDTA.
GITC lysis buffer - 50g guanidine isothiocyanate, 50mM Tris pH7.5, lOmM
EDTA, 2% sarcosyl, 1ml 3-mercaptoethanol.
1 x MOPS - 200mM MOPS, 50mM NaOAc, lOmM EDTA pH7
Northern blot denaturing solution - 80% formaldehyde, 12% formamide p H7,
1 x MOPS
Dot blot denaturing solution - 12% formaldehyde, 69% formamide p H 7 , lOOmM
HEPES.
RNA annealing solution - 1M NaCl, 1%SDS, 10% dextran sulphate, lOmM HEPES
p H 7 , 20Qi gml-1 yeast RNA, 20C^i gml-1 salmon sperm DNA.
Nuclei lysis buffer - lOmM HEPES pH7.9, lOmM NaCl, 50mM KC1, 3mM MgCl2,
0.15mM spermine, 0.15mM spermidine.
Nuclei storage buffer - 50mM HEPES pH7.9, 5mM MgCl2, O.lmM EDTA.
2 x transcription mix - 50mM HEPES pH 7.9, 20mM KC1, 20mM DTT, 30mM J3mercaptoethanol, 50mM MgOAc,

2mM MnCl2, 0.5mM

EDTA,

8nM phosphoenol

pyruvate, 6ngml_1 pyruvate kinase, 2mM fructose,1-6 diphosphate, 1% TWEEN
80, 2mM thymidine diphosphate,

ImM CTP, ImM ATP, ImMGTP,

lOOOunitsml-1

placental RNAase inhibitor, 0.4mgml_1 heparin, 30Cimmol_1 a 32P UTP.
RES buffer - 0.5M LiCl, 1M urea, 0.25% SDS, 20mM Na3citrate, 2.5mM EDTA.
LiCl/ethanol - 3:2 5M LiCl:95% Ethanol (v/v)
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Transfection Buffer

A - 0.5M CaCl2,0.1M HEPES pH7.05.

Transfection buffer

B - 0.28M NaCl,0.05M HEPES, 0.75mM NaH2POA, 0.75mM

Na2HPOA pH 7.05.
Annealing solution - 80% formamide p H 7 , 400mM NaCl, 50mM HEPES p H7, ImM
EDTA.
5 x PE buffer - 50mM Tris pH8.3, 40mM KC1 8mMMgCl2, lOmM DTT.
10

x

NT

-

500mM

Tris

pH7.5, 500mM

NaCl,

lOOmM

MgCl2, 70mM

B-

mercaptoethanol, 50Qigml'1 BSA
1 x restriction enzyme buffers:
1 x

E buffer (BamHI, Xbal) - 6mM Tris p H 7 .9, 150mM NaCl 6mM MgCl2.

1 x

C buffer (EcoRI) - lOOmM

Tris pH7.4, 50mM NaCl, lOmM MgCl2.

1 x

A buffer (Hindlll, PstI)

- lOmM Tris ph7.4, 50mM NaCl, lOmM MgCl2.

1 x

G buffer (SacI, MspI) - 6mM Tris pH 7.4, 20mM NaCl, 6 mM MgCl2.

1 x M (Bglll) - lOmM Tris pH7.4, 60mM NaCl, lOmM MgCl2.
1 x H (Smal) - 6mM Tris p H 8 , 20mM KC1, 6mM MgCl2.
All

buffers

were

supplemented

with

mercaptoethanol.
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lOCfci gml-1

BSA

and 7mM

B-

METHODS

M.l

CELL CULTURE

M.1.1

MAINTENANCE OF CELL LINES
All the cell lines were grown as monolayers in Dulbecco's Modified

Essential Medium (DMEM) in 25cm2, 75cm2 or 175cm2 plastic tissue culture
flasks. Normal and spontaneously transformed NIH 3T3 cells were grown in
DMEM

supplemented with

10%

new born

calf

serum

(NBS) . The v-Ki-ras

transformed NIH 3T3 cell lines CC1 and CA12 (131) were grown in DMEM plus
5% NBS. Phenotypically normal revertants, R5.5.1 and R2.1, derived from
the CC1 cell line

(131) were grown in DMEM plus 10%NBS.

transformed NIH 3T3 cell line EC34 (provided by Dr.

J.Cunningham with

the kind permission of Dr. E. Chang) was grown inDMEM plus
were Rati embryo fibroblasts,
cells

The c-Ha-ras

10% FCS,

as

Human HeLa cells and normal rat kidney

in which VL30 had been introduced by retrovirus mediated gene

transfer (VLNRK) (124). All cultures included the antiobiotic gentamycin
to a final concentration of 2Qigml_1. Cells were grown at 37°C in 95%
air/5%C02.
The A1 cell line is an NIH 3T3 cell line that has become transformed
spontaneously due to a high number of passages.
M.l.2 PASSAGING OF CELL LINES
Cells were passaged when they reached approximately 75% confluency.
Cell monolayers were removed from the flask by digestion with trypsin.
Stock trypsin (2.5%) was activated by dilution in versene, all NIH 3T3
cell lines and NIH 3T3 derived cell lines were trypsinized using a 1/25
dilution of the stock trypsin, all other cell lines were treated with a
1/10 dilution of the

stock.

The culture medium was

removed from the

flask, care was taken to remove as much medium as possible as the serum
inhibits the action of trypsin.

The activated trypsin was added to the

flasks

the cells,

and

gently washed

required for

over

the 75cm2 flasks.

about

The cells were
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2ml

of trypsin

was

incubated at 37°C

for

approximately 5 minutes or until the cells could be gently dislodged from
the

surface of the flask.

Fresh medium was

added

to inactivate

the

trypsin and the cells were seeded into fresh flasks. Usually the cells
were split about 1 in 4 every 2-3 days.

M.l.3

STORAGE OF CELL LINES
Cell line stocks were stored in liquid nitrogen. To prepare cells

for freezing, two confluent 75cm2 flasks were trypsinized as described
above

and the cell suspension was added to 20 ml

of fresh medium plus

serum

and pelleted at 2500rpm in an MSE Centaur 2 benchtop centrifuge.

The cell pellet was resuspended in 2ml of freezing solution I and 2ml of
freezing medium II was added drop by drop. 1ml aliquots were frozen by
slowly reducing their temperature to -70°C before placing them in liquid
nitrogen.

M.1.4

CULTURING CELLS FROM FROZEN STOCKS
The frozen cells were warmed rapidly to room temperature and

20ml

of DMEM plus serum was added to the cells drop by drop. The cells

were

pelleted at 2500rpm and resuspended in 8ml of fresh culture medium. The
cells were seeded into two 25cm2 flasks and incubated at 37°C for 24
hours. The culture medium was then changed to remove any dead cells and
the cells cultured as usual.

M.1.5

EXPERIMENTAL PROCEDURES WITH CULTURED CELLS
In order to obtain quiescent cultures the cells were seeded at a

density that would give a confluent monolayer the next day. Confluent
cultures were washed with serum free medium and then grown in serum free
medium for 48 hours. In serum stimulation experiments quiescent cells
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were

stimulated

with

15%

FCS

for

1-6

hours

before

harvesting.

In

experiments using the phorbol ester 12-0-tetradecanoyl-13-phorbol acetate
(TPA) the drug was added to quiescent cells at a final concentration of
lOOnM for 1-6 hours before harvesting. The protein kinase C inhibitor,
H-7 (132), was used in some serum and TPA stimulation experiments. The
drug was added to cultures at a final concentration of 140|iM 30 minutes
prior to stimulation with either serum or TPA.
To obtain samples from steady state cells they were harvested when
slightly subconfluent.

M.l.6

RETROVIRUS MEDIATED GENE TRANSFER
The fact that VL30 elements can be packaged by retrovirus particles

(116,124)

was

utilized

in

order

to

transfer

VL30

elements

into

heterologous cell types. The NIH 3T3 cell line Al is infected with KiMLV
and can therefore produce KiMLV(VL30). A 75cm2 flask of Al cells was
grown until almost confluent and then fresh medium was placed on the
cells for several hours. The RATI cells that were to be infected with the
KiMLV(VL30) were treated with 25jigml_1 DEAE-Dextran (in DMEM/10%FCS) for
30 minutes.

The DEAE-Dextran was

then removed and replaced with the

filter sterilized conditioned medium from the Al cells. The cells were
incubated at 37°C overnight and then cultured as usual.

M.2

PREPARATION OF PLASMID DNA

Plasmid preparations were made using standard techniques or modifications
of these techniques (133).
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M.2.1

SMALL SCALE PLASMID PREPARATIONS
A single bacterial colony was picked and grown overnight in 3mls

of L-broth plus lOQigml"1 ampicillin at 37°C with shaking.
overnight culture was

centrifuged

at

lOOOOrpm for

1ml of the

1 minute

and the

bacterial pellet resuspended in lOtyi 1 of TELT. lO^il of freshly prepared
lysozyme solution (lOmgml-1 in 20mM Tris pH7.5) was added, the sample was
vortexed and incubated on ice for 1 minute. The sample was boiled for 1
minute and incubated on ice for a further 5 minutes. After spinning for
8 minutes at lOOOOrpm the supernatent was precipitated with 2.5 volumes
of ethanol, pelleted, washed, and dried. The DNA pellet was redissolved
in 2Qi 1 of 1/10 TE,

this provided sufficient DNA for 2-3 small scale

restriction enzyme digests.

M.2.2

LARGE SCALE PLASMID PREPARATIONS

M.2.2.1

Amplification of Low Copy Number Plasmids

In order to increase the yield of low copy number plasmids, such
as pAT153, the cells were treated with chloramphenicol. This antibiotic
prevents bacterial replication, but not plasmid replication. 10ml of Lbroth plus ampicillin at lOOjigml-1 were inoculated with the bacterial
stock and incubated overnight at 37°C with shaking. 15ml of L-broth plus
ampicillin was inoculated with 5Qil of the overnight culture and grown
until the OD600 was approximately 0.6. 250ml of L-broth plus ampicillin
was then inoculated with 12ml of the late log culture and incubated at
37° C

with

shaking

for

2.5

hours

until

the

OD600

was

0.4,

then

chloramphenicol was added to final concentration of 17Qigml-1. The culture
was grown overnight at 37°C with shaking and plasmid DNA was prepared as
described below.
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M.2.2.2

Large Scale Cleared Lvsate

250ml of L-broth plus 10Qi gml-1 ampicillin were inoculated with
0.5ml of an overnight culture and grown at 37°C with shaking overnight
(unless amplified as described above).
250ml of the bacterial

culture was centrifuged at 5000rpm in an MSE

Highspeed 18 centrifuge. The pellet was resuspended in lOmls of lysis
buffer containing 5mgml_1 lysozyme and incubated at room temperature for
5 minutes. 20 mis of 0.2M NaOH, 1%SDS were added and the tube inverted
to mix the sample. After a 10 minute incubation on ice 15mls of ice cold
5M KOAc pH4.8 was added and the sample was indubafed oVi \ck toi: ik iu^tliei3 N ^ v
10 minutes. The sample was centrifuged at lOOOOrpm for 10 minutes and the
supernatent mixed with 0.6 volumes of ice cold isopropanol and incubated
at room temperature for 15 minutes. The sample was pelleted by spinning
at 12000rpm for 10 minutes at 4°C and the pellet washed with 70% ethanol
and dried. The dry pellet was redissolved in lOmM Tris pH7.5, lOmM EDTA
and

treated with

2Cjigml_1 RNAaseA

for

2 hours

at

37 °C

followed by

digestion with lOCkigml"1 proteinase K for 2 hours at 37°C. The sample was
extracted with phenol/chloroform, ethanol precipitated, washed twice with
70% ethanol and dried.

M.2.2.3

G50 Column Purification

The plasmid DNA was purified by chromatography through a Sephadex
G50 column prepared in a plastic 10ml pipette. The tip of the pipette was
blocked using glass wool and glass beads. The swollen G50 was carefully
dripped onto the beads until the pipette was almost full. The column was
washed exhaustively with TE before use in order to equilibrate it and to
remove any impurities. The DNA sample was redissolved in 250-50C|il of TE
and loaded onto the column. 1ml fractions were collected and monitored
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on a 1% agarose

mini-gel.

Fractions

containing DNA were

pooled and

ethanol precipitated, DNA pellets were washed twice with 70% ethanol and
dried. The final pellet was redissolved in a small volume of 1/10TE and
monitored on a 1% agarose minigel alongside known concentrations of DNA
in order to determine the concentration.

M.2.2.4

Purification of Plasmid DNA by PEG 8000
Precipitation

Plasmid DNA to be used in transfections was further purified by
precipitation with polyethylene glycol (PEG) 8000. The DNA pellet was
redissolved in 0.5ml of TE and mixed well with 0.5ml of 20% PEG 8000,
2.5M NaCl. The DNA was precipitated at +4°C overnight and then spun at
lOOOOrpm for 5 minutes. The supernatent was removed with great care and
the DNA pellet redissolved in 0.5ml of TE. The DNA was precipitated with
5Qil of

3M NaOAc pH5

and 55C^il of isopropanol.

The

sample was

snap

frozen, pelleted and washed twice with 70% ethanol. The pellet was dried
and redissolved in sterile water. The concentration was determined as
described above.

M.2.3

STORAGE OF BACTERIAL STOCKS
45Qi 1 of the overnight culture was mixed with 5Qil of lOx Hogness

freezing solution and incubated at room temperature for 30 minutes. The
samples were then frozen and stored at -70°C.

M. 3

MANIPULATION OF CLONED DNA
All manipulations were carried out using standard techniques or

slight modifications of these techniques (133).
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M.3.1

RESTRICTION ENZYME DIGESTS
Small scale restriction digests using upto ljig of DNA were usually

carried out in a final volume of 2C|il. The DNA was added to

1 of the

appropriate 10 x restriction buffer, an approximately 5-fold excess of
the enzyme and water to make the volume upto 2C^il. The digest was allowed
to run for 1-2 hours before checking the extent of the digest by gel
electrophoresis,

if necessary further enzyme was added and the digest

allowed to continue for a further hour before checking again. When larger
amounts of DNA were to be digested (lCfcig) then the volume was increased
to 100-20Qil, all the other reagents were increased accordingly. When two
different

enzymes

were

used

the

procedure

depended

on

the

assay

conditions required. If both enzymes required similar assay conditions
then the digests were done together. An alternative was to do the digests
sequentially,

sometimes it was possible to increase,

for example,

the

salt concentration after the first digest and then add the second enzyme
directly. If the conditions required for the second enzyme differ greatly
from those for the first then the DNA has to be precipitated before doing
the second digest.

M.3.2

AGAROSE GEL ELECTROPHORESIS
Agarose

percent

minigels

agarose

used

were

prepared using

depended

on

the

size

1 x
of

minigel buffer.
the

fragments

to

The
be

resolved, the larger the fragments the lower the percentage of gel used.
For increased resolution larger gels were used, these were prepared with
1 x E buffer. All gels included ethidium bromide to a final concentration
of Ijigml"1. Minigels were run for about 45 minutes at 50-60 volts and
large gels were run overnight at 35 volts. In some cases it was desirable
to recover the DNA from the gel, for example when preparing insert DNA,

58

in these cases low melting agarose was used, this agarose melts at 65°C.
Gels prepared from LMA were made and used exactly as normal agarose gels,
however care was taken not to run the gels at too high a voltage because
this could lead to the gel melting. LMA gels tend to behave as though
they

were

a much

lower

percentage

than normal

gels

containing

the

percentage of agarose, this could cause problems if the fragments to be
resolved were quite large as LMA gels much below 1% are very hard to
handle.

M.3.3

ETHANOL PRECIPITATION OF NUCLEIC ACIDS
DNA and RNA samples were ethanol precipitated by increasing the

concentration of NaCl to 200mM and adding 2.5 volumes of ethanol. Samples
were then snap

cooled at -70°C, spun at lOOOOrpm for 5 minutes and the

pellet washed well with 70% ethanol. The pellet was dried in a dessicator
and then stored either as a dry pellet or resuspended in an appropriate
volume of 1/10 TE (DNA) or DEPC treated TE/0.5%SDS (RNA).

M.3.4

PHENOL/CHLOROFORM EXTRACTION
In order to remove proteins

(such as after restriction digests)

from DNA samples they were extracted with phenol/chloroform.
concentration

was

increased

to

200mM

and

an

equal

The salt

volume

of

phenol/chloroform was added to the sample. The sample was mixed well and
then spun at 10000 rpm for five minutes to separate the two phases. The
aqueous phase was carefully removed and precipitated with 2.5 volumes of
ethanol as described above.
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M.3.5

CTAB/BUTANOL EXTRACTION
This process extracts DNA from LMA gels (134) . The CTAB/butanol and

the equilibrated water were prepared as follows. 150ml of water and 150ml
of butanol were shaken well together and the phases allowed to separate.
lg of CTAB was added to 100ml of butanol. The butanol was then mixed with
the water and 5(*1 of Antifoam A. The phases were allowed to separate out
overnight and then bottled and stored separately. The plasmid harbouring
the DNA fragment required was digested with the appropriate restriction
enzyme or enzymes and electrophoresed on the correct percentage LMA gel.
k v v k v Af£er ^l^c£rpp\io£e$i§ £h$ required^ fragment Was 'cut carefully fronT the"
gel taking care to remove as much of the surrounding agarose as possible.
The gel was melted at 65°C and lQig of carrier tRNA added. The sample was
immediately

transferred

to

a

37°C

waterbath

and

equal

volumes

of

CTAB/butanol and equilibrated water were added to the sample. The sample
was gently mixed for 3-5 minutes and then briefly spun to separate the
phases. The butanol phase was removed and a further volume of butanol
added to the sample, this process was repeated 3 times in total and the
three butanol samples pooled.

This sample was

then extracted with an

equal volume of the equilibrated water and the butanol phase saved. This
butanol sample was then extracted twice with a 1/4 volume of 200mM NaCl.
The NaCl samples were then pooled and mixed with an equal volume of ice
cold chloroform.

This

sample was

placed on ice

the two phases

mixed.

for

30 minutes with

The

sample was

frequent

shaking to keep

spun

briefly

at 2500rpm at 4°C to separate the phases and the aqueous phase

was ethanol precipitated, washed with 70% ethanol and dried as described
previously. The DNA pellet was redissolved in a small volume (10-20^1)
of 1/10 TE.
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M.3.6

PREPARATION OF VECTOR DNA
Usually the high copy number bluescript vector, pKS was used, Ip,g

of the vector was cut with the appropriate restriction enzyme or enzymes
(section M.6.1).

The digest was

checked by mini gel electrophoresis,

extracted with phenol/chloroform and ethanol precipitated.

In certain

situations, such as when there was a large insert to be removed from the
digested

vector, a larger amount of DNA was f

(lQig) and the appropriate band

cut from an LMA gel after the 5' phosphate group had been removed (see
below).

M.3.7

REMOVAL OF 5' PHOSPHATE GROUPS
The

5' phosphate groups were

removed

from vectors

in order to

prevent the recircularization of the vector without an insert. The DNA
pellet was redissolved in 5C^il of 20mM Tris pH8.

The calf intestinal

alkaline phosphatase (CIAP)(24unitsp l-1) was diluted 1/50 in 20mM Tris pH8
and O.fpl was added to the DNA and the reaction incubated at 37°C for 30
minutes. A further 0. 5|i1 of the diluted enzyme was added and the reaction
incubated for a further 30 minutes, this input is the minimum required
to prevent recircularization. The reaction was phenolated twice and the
DNA ethanol precipitated.
1/10TE and stored at

The dry pellet was redissolved

in 2G|a.1 of

-20°C.

1 |i1 of the final DNA sample was monitored on a 1% agarose gel to check
the concentration.

M.3.8

PREPARATION OF INSERT DNA
l|i g of DNA was

cut with the appropriate restriction enzyme or
digested

enzymes and the digest monitored by gel electrophoresis. The f

DNA was

electrophoresed on an LMA mini gel and the correct band cut carefully
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from the gel. The DNA was either eluted from the gel by the CTAB/butanol
method or used directly from the gel slice. The DNA was then used in
ligations as described below.

M.3.9

LIGATION OF VECTOR AND INSERT

M.3.9.1

Ligations without LMA

Ideally ligations were carried out with approximately 50-100ng of
DNA

in

a volume

of

lOjil.

In

these

experiments

the

vector

DNA was

considered to account for almost all of the DNA input and the input of
insert..was jieglJLg.ib.le-. 4-^iL of-the veetor-DNA'~(5f);rl(T0ng) were mixed with
1/2 of the insert (5pl), plus

1 of 5 x ligase buffer, 1 unit of T4 DNA

ligase

the volume

and water

incubated

to make

overnight

at

up

room

temperature.

to

lfyil.

The

Those

ligation was

samples

not

used

immediately could be stored at -20°C.

M.3.9.2

Ligations with LMA

If the insert was in LMA then the reaction volume was increased to
2fji 1, upto 1/2 of this volume could be LMA. When the vector was also in
LMA 2|il of the DNA

input was vector with the rest being insert.

The reaction was carried out in 1 x ligase buffer and 1 unit of T4 DNA
ligase,

the volume was made up to 2^il with water.

incubated overnight at 37°C to prevent the LMA

M.3.10

The reaction was

setting.

USE OF ARTIFICIAL LINKERS

M.3.10.1

Preparation of DNA FOR linker ligation

In some situations the insert DNA did not have the appropriate
restrictions site or sites, in these cases artificial restriction sites
could be created by ligating synthetic linkers containing the sequence
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of the restriction site to blunt ended insert DNA. When linkers were to
be used the initial DNA input was increased to 5-lQig. The DNA was cut
and monitored as described above, but in a final volume of 10()il. In
order to fill in the cut ends of the DNA 5|i 1 of 15mM dNTPs and l|i1 of the
Klenow fragment of DNA polymerase I were added to the digest and the DNA
incubated at room temperature for 15 minutes. The DNA was then extracted
with phenol/chloroform and ethanol precipitated, washed with 70% ethanol
and dried.

M.3.10.2

Phosphorylation of linkers

Synthetic

linkers

were

prepared

using

an

oligonucleotide

synthesizer as described in section M.4. The linkers were treated with
polynucleotide kinase to phosphorylate the 5' ends.

g of the linkers

were mixed with ^il of 5 x ligase buffer and 9 units of PNK. The volume
was made up to lQi 1 with water and incubated at 37°C for 1 hour.

M.3.10.3

Ligation of linkers and insert DNA

The phosphorylated linkers were added to the dried insert DNA, 1
unit of T4 DNA ligase was added and the reaction was incubated at room
temperature overnight. The reaction volume was increased to lOQi 1 with
lQi 1 of the correct 10 x restriction buffer and water and the DNA cut
with a vast excess of the enzyme for that particular linker. If necessary
this was followed by further digests required to give the correct ends.
The

ligated insert was

then ethanol precipitated and the dry pellet

redissolved in a small volume of 1/10TE.
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M.3.10.4

Removal of excess linkers

Any linkers not ligated to the insert DNA must be removed before
ligation of the insert and vector otherwise the linkers can be cloned in
instead of the insert resulting in a large number of false positives.
This was

achieved by electrophoresing

the DNA on

two LMA gels.

The

correct band was cut from the first gel and melted at 65°C, the DNA was
then loaded onto a second gel that had been prewarmed. The band was cut
from the second gel and washed well

to remove any remaining linkers

present in the running buffer. The insert was then ligated in the usual
foay Xsee^MT3T9r2).

M.3.11

BACTERIAL TRANSFORMATIONS

M.3.11.1

Preparation of competent cells

A 10ml culture of JM103 E.coli cells was grown up overnight at 37°C
with

shaking.

50mls

of

L-broth

were

inoculated

with

0.5ml

of

the

overnight culture and grown at 37°C with shaking until the OD600 of the
culture was about 0.5. 10 mis of the culture were pelleted at 2000rpm in
a glass universal and the pellet resuspended in 5mls of ice cold lOOmM
MgCl2. The cells were pelleted at 2rpm and resuspended in 1.5ml of lOOmM
CaCl2. The cells were incubated on ice for 30 minutes with occasional
gentle agitation. The cells were then competent for taking up DNA. The
cells could be kept on ice or at 4°C for several hours, but tended to
lose efficiency if left any longer.

M.3.11.2

Transformation

The DNA samples used in the transformation were made up to a final
volume of 5Qi 1 with TCM buffer. A lng sample of uncut vector was included
to monitor for transformation efficiency. The samples were kept on ice
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unless they contained LMA,

in which case they were kept at 37°C until

just before use. lOC^i 1 of competent cells were added to each DNA sample
and gently mixed in. The samples were incubated on ice for 40 minutes
with occasional gentle agitation to keep the cells in suspension. The
cells were then heat shocked at 42°C for 2 minutes and returned to ice
for 20 minutes. 0.5ml of prewarmed S.O.C. medium was added to each sample
and the samples were incubated at 37°C for 1 hour with shaking. 30Qi 1 of
each

transformation was

spread

onto

L-broth

agar

plates

containing

lOQi gml-1 ampicillin. If colour selection was used then 5C^i 1 of lOOmM IPTG
and 2Qi 1 of 2% X-GAL were added before the transformation was plated out.
The plates were allowed to dry and then were incubated at 37°C overnight.
If the colour selection had been used then the plates were transferred
to

4°C

to

allow

maximum

represented bacteria

development

harbouring

wild

of

the

type

colour.

plasmids,

Blue

colonies

white

colonies

represented those containing recombinant plasmid molecules. Recombinants
were checked by making small scale plasmid preparations and small scale
restriction enzyme analysis. When colour selection was not available then
the colonies were screened by hybridization (see section M.6).

M.4

OLIGONUCLEOTIDE SYNTHESIS
Synthetic oligonucleotides were prepared on a Biosearch Cyclone DNA

synthesizer

according

to

the

manufacturers

instructions.

The

column

containing the oligonucleotide was stored at 4°C. The oligonucleotide was
liberated from the solid support using ammonium hydroxide. The ammonium
hydroxide was drawn through the column with a syringe and then pushed
back and forth through the column using syringes attached to both ends
of the column.

The ammonium hydroxide was left in the column for 1.5

hours, after 45 minutes the ammonium hydroxide was pushed through the
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column again. After this stage the ammonium hydroxide was withdrawn from
the column taking the oligonucleotide with it. The solution was incubated
at 55°C for 5 hours and then sodium hydroxide was added to a final
concentration of 5mM and the sample was freeze dried overnight.
The oligonucleotide was further purified through a NENSorb Prep
cartridge which removes the trityl group.

The cartridge was activated

with 10ml of methanol and pre-equilibrated with 5ml of 0.1M TEAA pH7. The
sample was redissolved in 4ml of TEAA and pulled gently through the
column.
V

v

V

The column was washed with 10ml
V V

V

V

V

V

V

V V

V

V

V

V

V

V

V

of 10% acetonitrile and
V

V

V

vV

V

V

V

V

V V

V.

3 x 7ml
V

V

v

V

V

of TEAA. The oligonucleotide was eluted from the column with 5ml of 35%
methanol/65% water. Six 1ml fractions were collected and the OD26o °f each
fraction was checked in order to locate the oligonucleotide. The samples
were freeze dried and stored dry at -20°C.

M.5

PREPARATION

OF 32P LABELLED DNAPROBES

M.5.1RANDOMLY PRIMED

PROBES

Probes were prepared using a modified version of the oligo priming
reaction (135). For each probe approximately 50-100ng of DNA was used.
The DNA to be labelled was either in 1/10TE after CTAB/butanol extraction
(M.3.5) or in an LMA gel slice. The DNA was denatured by boiling for 3
minutes (5 minutes if in LMA). The denatured DNA was then added to l|i1
of dNTP mix, l|i 1 of oligodeoxynucleotide hexamers, I411 of 10 x NT,

1

of [a-32P]dCTP and ljil of Klenow, the final volume was made up to 10 |i1
and the reaction incubated at 20°C overnight. If the DNA was in LMA then
the final volume was

increased to 1 * 1

and the input of the various

reagents increased accordingly. The reaction was incubated at 25°C to
prevent the LMA from setting.
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V

V

V

Unincorporated labelled nucleotides were removed by spinning the
sample through a 1ml G50 spun column. The column was prepared in a 1ml
Gilson pipette tip, the end of the tip was blocked with glass wool and
glass beads and the swollen G50 carefully dropped onto the plug. The tip
was spun at 2000rpm very briefly to compact the G50, this procedure was
repeated several times until the tip was almost full. The column was then
spun for four minutes at 2000rpm, lOQi1 of TE was added to the column and
it was

spun at

3000rpm for 4 minutes. The volume

increased to lOQi 1 with TE and

of the probe was

1 of 5M NaCl and Ip,1 of carrier salmon

sperm DNA were added. If the DNA sample was in LMA then the reaction was
heated to 65°C for a few minutes before the next stage. The reaction was
extracted with phenol/chloroform and spun through the column at 3000rpm
for 5 minutes. Ip 1 of the final probe was counted in liquid scintillation
fluid in the 5 counter. Before use the probe was denatured by boiling and
rapidly cooled on ice.

M.5.2

END-LABELLING OF DNA RESTRICTION FRAGMENTS
1|&.g of DNA was cut with the appropriate restriction enzyme as

described in section M. 3.1. The DNA was then ethanol precipitated, washed
with 70% ethanol and dried. The DNA was treated with CIAP (M.3.7) and
extracted

twice

with

phenol/chloroform.

The

sample

was

then

reprecipitated, washed and dried. The pellet was redissolved in 2^1 of
water, 2p 1 of [y -32P]ATP, lp 1 of 10 x PNK buffer and 9 units of PNK. The
reaction was incubated at 37°C for 45 minutes and stopped by the addition
of 5Qi 1 of TE and l.^il of 20% SDS.
This procedure was used to prepare 32P labelled MspI fragments of
pBR322 DNA for use as size markers on sequencing gels.
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M.5.3

END-LABELLING OF OLIGONUCLEOTIDES
lOOng of the synthetic oligonucleotide was labelled with [y -32P]ATP

essentially as described above. However the reaction volume was decreased
to 5-(jil and the PNK was added in two lots at intervals of 45 minutes.
If the probe was to be used in filter hybridizations then it was spun
through a G25 column in order to remove any unincorporated label, this
column was prepared in the same way as the G50 column described above.

-M.6 v , COLONY SCREENING v \ ' ' ' ' ' ' ' N s ' ' N v ' ' ' " ' ' ' ' '
M.6.1

PREPARATION OF FILTERS
In some situations

colonies

for

particularly

the

it was more appropriate to screen bacterial

correct

insert

using

hybridization

when colour selection could not be used.

techniques,
In this case

transformations were plated out directly onto nitrocellulose

filters

placed on L-broth agar plates supplemented with lOQi gml-1 ampicillin. The
plates were incubated overnight at 37°C. Two replicas were made from each
filter by placing fresh nitrocellulose filters over the original plate
and gently

transferring

the

colonies

to

the

new

filters. These new

filters were then placed onto fresh plates and incubated overnight to
allow the colonies to regrow.

One copy of each filter was treated as

follows to bind the DNA to the nitrocellulose. The filters were placed
colony side up onto Whatman 3mm paper soaked in 0.5M NaOH for 5 minutes
to denature the DNA followed by 5 minutes on 1.5M NaCL, 0.5M Tris pH7.4
to neutralize the filters.

Finally the filters were placed onto 1.5M

NaCl, 2xSSC for 5 minutes before air drying the filters for an hour and
baking them for 2 hours at 80°C. The second plate was stored at 4°C.
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M.6.2

HYBRIDIZATION OF THE FILTERS
The

filters were prehybridized

for

several hours

in formamide

prehybridization solution at 42°C. Hybridizations were carried out in
formamide hybridization solution plus 0.5-lxl06 cpriiml-1 of the appropriate
32P labelled probe at 42°C overnight. Filters wefe washed exhaustively in
2xSSC at room temperature, followed by a 20 minute wash in O.lxSSC at
50°C.

The

filters

were

intensifying screens.

autoradiographed

overnight

at

-70°C

with

Positive colonies were picked from the second

replica plate and checked further using small scale plasmid preparations
and restriction enzyme analysis.

M.7

DIDEOXY CHAIN TERMINATION DNA SEQUENCING

M.7.1

PREPARATION OF M13 SUBCLONES

M.7.1.1

Cloning Manipulations

Fragments of the NVL-1 and NVL-2
replicative

form

(RF)

of

M13mpl0

5' LTRs were cloned into the

and

M13mpll

using

the

standard

techniques described in section M.3. Restriction sites were chosen that
resulted in overlapping fragments

of the LTRs being

inserted and by

cloning into both M13mpl0 and M13mpll it was possible to sequence both
strands of the restriction fragments (136).

M.7.1.2

Transformation of E.coli with M13 Bacteriophage

The

principles

transformation with

of

transformation

plasmid

DNA.

with

Competent

M13

JM103

are
E.coli

similar
cells

to
were

prepared and kept on ice. 30Qi 1 of cells were added to the ligated vector
and insert DNA and incubated on ice for 40 minutes with occasional gentle
agitation.

The cells were heat

shocked for

2 minutes

at 42°C.

Each

transformation was mixed with lC^i 1 of lOOmM IPTG, 5Qi 1 of 2% X-GAL, 20Qi 1
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of exponentially growing JM103 cells and 3ml of top agar, the mixture was
poured onto L-broth agar plates and allowed to set at room temperature
before incubating overnight at 37°C. Blue plaques represented wild type
M13 and white plaques represented recombinant phage.

M.7.2

PREPARATION OF SINGLE STRANDED DNA TEMPLATES
White plaques were picked into 1.5ml of L-broth and grown overnight

at 37°C with shaking. 1ml of each culture was spun at lOOOOrpm for 10
minutes and the supernatent saved. 2Qi 1 of the supernatent was added to
1|L 1 of 250mM EDTA and lji1 of 20% SDS and run on a 0.8% agarose gel
overnight

in parallel with wild type M13

in order

to check for the

presence of an insert. 30Qi 1 of 20% PEG 6000, 2. 5M NaCl was added to the
remaining supernatent and the sample was incubated at room temperature
for 20 minutes. The tubes were spun for 7 minutes at lOOOOrpm and the PEG
removed carefully. The pellet was resuspended in 20Qi 1 of 4% PEG 6000,
0.5M NaCl and pelleted at lOOOOrpm for 10 minutes. The PEG was removed
carefully as it can act as a contaminant in the sequencing reactions. The
pellet

was

redissolved

in

lOQi 1

of

TES

and

SDS

added

to

a

final

concentration of 0.5% and incubated on ice for 5 minutes. The sample was
extracted with lOQi 1 of phenol/chloroform and 8fyi 1 of the aqueous layer
was precipitated with 3jil of 3M NaOAc and 25Qi 1 of ethanol, washed twice
with 70% ethanol and dried. The final pellet was resuspended in 20|il of
1/10 TE and lji 1 was checked on a 0.8% agarose gel.

M.7.3

SEQUENCING

An Amersham DNA sequencing kit was used for these reactions.
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M.7.3.1

Annealing of Template and Primer

The single stranded templates were annealed to the universal primer
dGTAAAACGACGGCCAGT as follows. 5|i1 of template was mixed with

1 of

primer, 1.5jil of lOOmM Tris p H8, 50mM MgCl2 and 2.^il of deionised water
and heated to 95°C for 2-3 minutes. The samples were transferred to a
60°C waterbath for 1 hour before being allowed to cool slowly to room
temperature.

M.7.3.2

Sequencing Reactions

N° mixes were prepared in advance from the stock dNTPs as shown in
the table below.

dCTP
dGTP
TTP
TE

A°
C°
2Qi 1
lii 1
2Qi 1 2Qi 1
2Qi 1 2Qi 1
2cji 1 2cji 1

G°
2Qi 1
l|i1
2Qi 1
2Qil

T°
2Qi 1
2Qi 1
Ip 1
2Qi 1

Table M.l N° mixes

The working solutions (N mixes) were prepared just prior to use by mixing
equal volumes of the N° mix and the corresponding ddNTP. For each single
stranded template the sequencing reaction was carried out as follows. ^ 1
of [a -35S ]dATHx S and
added
added

1 of the Klenow fragment of DNA polymerase I were

to theannealed template and
to

^i 1

of

each

of

the

primer. 2 .Sji 1

four

N

mixes

and

of this mixture
incubated

at

was
room

temperature for 20 minutes. ^il of the chase solution was added and the
samples were incubated for a further 15 minutes at room temperature. The
reactions were stopped by the addition of 4ji 1 of urea loading buffer. If
the reactions were not to be run immediately then they were stored at 20°C before adding the loading buffer.
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M.7.3.3

Gel Electrophoresis

The sequencing gel was prepared as follows. The glass plates were
washed

with

water

distilled water.

and

detergent

and

then

rinsed

with

ethanol

and

The notched plate was treated with the siliconising

agent REPELCOTE. The other plate was treated with the silanising agent
BindSilane which covalently binds the polyacrylamide to the glass.

8M

urea, 5% polyacrylamide, and 1 x sequencing buffer gels were prepared.
The gel was polymerised with 30C|i 1 of 25% ammonium persulphate and 5Qi 1
of TEMED. The gels were 40cm x 80cm and 0.3mm thick. Gels were pre-run
for 60 minutes

in 1 x sequencing gel buffer before

the samples were

loaded. The samples were denatured at 95°C for 3 minutes and 2pl were
loaded. Gels were run at 35Watts until the bromophenol blue had reached
the bottom, then another 2|i1 of each sample was loaded and the gel was
run until the bromophenol blue of the second loadings had reached the
bottom. The notched plate was removed and

the gel fixed in 10% acetic

acid, 10% methanol and dried at 80°C. Gels were autoradiographed at +4°C
overnight or longer if necessary.

M.7.4

ANALYSIS OF SEQUENCING GELS
The DNA sequence for both strands of each fragment was read and the

entire sequence assembled. A search of the NIH database was carried out
using the DNAstar sequence analysis programme.

M.8

ANALYSIS OF CELLULAR RNA

M.8.1

PREPARATION OF TOTAL CELLULAR RNA
Cell monolayers were washed briefly with DNA extraction buffer.

Sufficient GITC lysis solution was added to cover the monolayer and the
cells were incubated at room temperature for about 5 minutes, the lysed
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cells were removed and the flask washed with a small volume of the GITC
lysis solution. The samples were pooled and stored at -70°C if not to be
used immediately. The RNA was isolated by centrifugation through a CsCl
cushion (137), the cell lysate was carefully layered over 1.5ml of 5.7M
CsCl in a 14ml polyallomer centrifuge tube. The remainder of the tube was
filled with deionised water. The tubes were spun at 35000rpm for 20 hours
C \.

'<

at 20°C. The supernat nt was removed carefully in order not to disturb
the RNA which pellets at the bottom of the tube. The DNA occurs as a
viscous band about 1cm above the base of the tube, great care was taken
to remove all the DNA so that it did not contaminate the RNA. The pellet
was washed carefully with 1ml of fresh CsCl and care was taken to remove
any contaminating GITC from the lower sides of the tube.

The RNA was

dissolved in 40Qi 1 of DEPC-treated TE, 0.5%SDS and the sample was spun
at lOOOOrpm for 5 minutes to remove any insoluble contaminants. The RNA
was then precipitated with ethanol, washed with 70% ethanol and dried.
The final pellet was dissolved in lOC^i 1 of DEPC-treated TE, 0.5%SDS and
the

concentration of

the RNA determined by measuring

the OD260. The

samples were monitored for degradation by minigel analysis.

M.8.2

NORTHERN BLOTS
g samples of RNA were made up to a final volume of

1 and mixed

with an equal volume of Northern blot denaturing solution. The samples
were heated to 65°C for 4 minutes and then cooled rapidly in ice water.
1 of glycerol loading buffer was added to each sample and the samples
were electrophoresed on 1% agarose, 0.8M formaldehyde gels in 1 x MOPS
solution at lOOvolts for 60 minutes (138). The gels were stained for 30
minutes in the running buffer plus

gml-1 ethidium bromide in order to
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check the loading of the RNA. The RNA was blotted onto nylon filters
using lOxSSC. Blots were baked at 80°C before use.

M.8.3

RNA DOT BLOTS
^ig of RNA was made up to a final volume of lQi 1 and an equal

volume of dot blot denaturing solution was added. The samples were placed
at 50°C for 15-30 minutes and then cooled rapidly in ice water.

DEPC

treated water was added to give a final volume of 40(}i 1 and 225|il, 7f|il
and 25pl volumes of each sample were blotted onto nylon filters by slow
suction through a dot blot apparatus. The blots were baked at 80°C for
2 hours before use.

M.8.4

HYBRIDIZATION OF NORTHERN AND RNA DOT BLOTS
Filters were prehybridized for 1 hour in RNA annealing solution at

60°C in a shaking water bath. Hybridizations

were carried out for 20

hours at 60°C in RNA annealing solution plus 0.5-2xl06 cpmml-1 of 32P
labelled probe in sealed plastic bags. Filters were washed exhaustively
in 2xSSC at room temperature.
1%SDS at 60°C for 20 minutes,
minutes.

The filters were then washed in 2xSSC,
followed by a wash

in O.lxSSC

for 20

The temperature of the final wash depended on the stringency

required. Filters were wrapped in cling film and autoradiographed at 70°C with an intensifying screen.

M.8.5

STRIPPING PROBES FROM FILTERS
In some cases it was desirable to strip the probe from the filter

and

reprobe.

This

was

done

by

incubating

the

filter

in

formamide

hybridization solution for 30 minutes at 60°C followed by rinsing in
2xSSC. This process worked best if the filters were not allowed to dry
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before trying to strip them.

Stripped filters were then prehybridized

and hybridized as described above.

M.9

NUCLEAR RUN-ON TRANSCRIPTION

M.9.1

PREPARATION OF ISOLATED NUCLEI
107 NIH

3T3

cells

were

serum

starved

for

48

hours

and

then

stimulated with 15% FCS for 0, 2 or 5 hours. The cells were trypsinized
as described in section M.2.2,

added to 20 mis

of ice cold PBS and

pelleted at 2000rpm in an ice cold centrifuge bucket. All the following
procedures were carried out on ice. The cell pellet was resuspended in
lml of ice cold lysis buffer containing Iji1 placental RNAase inhibitor.
The

cells

were

gently

disaggregated

using

a

glass

homogenizer

and

incubated on ice for 10 minutes. The cells were lysed by the addition of
lQi 1 of 20% NP40 and incubated on ice for a further 5 minutes. The cell
lysate was layered over a 30% sucrose cushion prepared in lysis buffer
and centrifuged at lOOOOrpm for 2.5 minutes. The pelleted nuclei were
gently washed with storage buffer and resuspended in 18^il of storage
buffer and l^i1 of glycerol. The nuclei were stored at -70°C (139).

M.9.2

NUCLEAR RUN-ON
lQil of nuclei were mixed with an equal volume of 2 x transcription

mix (139) and incubated at room temperature for 50 minutes. Contaminating
DNA was removed by treatment with I411 of RNAase free DNAase for 1.5
minutes at room temperature. 28C|il of RES, 6|i1 of proteinase K and l()i g
of carrier E.coli RNA was added to the transcription mix and incubated
at 50°C for 30 minutes.

The RNA was precipitated with ethanol and the

pellet redissolved in 9C^il of RES plus (pi proteinase K and incubated at
50°C for a further 30 minutes. The RNA was phenol/chloroform extracted
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and the aqueous phase mixed with 0.7^il of 2M acetic acid and lOC^i 1 of
LiCl/ethanol. The samples were precipitated overnight at -20°C, pelleted
at lOOOOrpm and the RNA dissolved in lOCji 1 of DEPC treated TE,0.5%SDS.
The RNA was reprecipitated with ethanol, washed with 70% ethanol and
dried.The pellet was redissolved in lOfy, 1 of hybridization solution, lji1
of the sample was counted in liquid scintillation fluid in the 6 counter.

M.9.3

PREPARATION OF DNA DOT BLOTS

v v v v v ^Fqr ve^ch, dpt\ ^ & of DNA was usfedV Ea&h^s&mplfe toate taade^ufc fcov2^il v < v
with water

and

equal volume

of

1M NaOH was

added.

The

sample

was

incubated for 10 minutes at room temperature. 2fjpl of 1M Tris pH 7.5 was
added to neutralize the sample and it was placed on ice immediately and
2^i 1 of 1M HC1 and 125|il of 5M NaCl were added. The DNA was immobilized
on

nitrocellulose

filters

in

lOxSSC

by

gentle

suction

through

a

Schleicher and Schuell dot blot manifold. Filters were baked at 80°C for
2 hours before use.

M.9.4

HYBRIDIZATIONS
DNA dot blots were prehybridized overnight at 42°C in the formamide

prehybridization solution. Hybridisations were carried out for 48 hours
in

the

formamide

hybridization

labelled transcript.

at

plus

equal

inputs

of

each

The final input of probe was approximately 2xl06

cpmml"1. After hybridization
2xSSC,0.1%SDS

solution

room

the

filters were washed exhaustively

temperature

followed

by

two

washes

in
in

0.1xSSC,0.1%SDS at 40°C. After several rinses in 2xSSC the filters were
treated with l|igml-1 RNAaseA in 2xSSC at 20°C for 10 minutes. Filters were
rinsed in 2xSSC, 0.5%SDS at room temperature and autoradiographed at 70°C with an intensifying screen.
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M.10

TRANSIENT EXPRESSION ASSAYS

M.10.1

TRANSIENT TRANSFECTIONS
All transfections were carried out using the calcium phosphate

precipitate procedure (140,141). 24 hours prior to transfection the cells
were seeded into 60mm plates at a density that would give 75% confluent
plates the following day.

2-3 hours before the transfection the cells

were washed with fresh medium containing 10%FCS and gentamicin. Calcium
phosphate precipitates were prepared as follows. The DNA sample was made
v v v v vuP t?ov12AO. vwi^tK sterilevwater vand vans equalsvblUmfe 6f^buffer A~was^addedT
The

sample was mixed well

minutes.

The

sample was

and incubated at

room temperature

added to 24Qi 1 of buffer B,

for 10

mixed well and

incubated at room temperature for 15 minutes. The precipitate was added
to the

culture medium and

incubated overnight

at

37°C

in the usual

culture conditions. The next day the cells were washed twice with fresh
medium,

at this stage NIH 3T3 cells were split into two plates, HeLa

cells were not usually split. The cells were incubated for a further 48
hours and then harvested for analysis of CAT activity.

In experiments

using the protein kinase C inhibitor, H-7, the drug was added to a final
concentration of 14QiM after the cells had been split. Cells were then
incubated for a further 48 hours as usual before being harvested and
analyzed by CAT assay.
The monolayer was trypsinized as described (section M. 2) and added to 10
mis

of

fresh

medium

and

pelleted

at

2500rpm.

The

cell

pellet

was

resuspended in 1ml of PBS and spun down at lOOOOrpm, the cell pellet was
resuspended in 5(^il of 250mM Tris pH7.8 and the cells fractured by three
rounds of freezing and thawing using dry ice/ethanol and a 37°C water
bath. The cells were pelleted at lOOOOrpm and the supernatent saved. The
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protein concentration was checked by spectrophotometry at OD280 so that
equal inputs of protein could be used in each assay.

M.10.2

CAT ASSAYS
The CAT assays were done using a modified version of the method of

Gorman et al (142). The cell extracts were heated to 65°C for 10 minutes
before use in the CAT assay in order to inactivate any other enzymes that
utilize AcCoA, the CAT enzyme is very stable and is not inactivated by
this treatment;.^Tbe_c£ll extract was added feo--5p'l^of 4mM AcCoA And ijil
of D-threo- [dichloroacetvl-l-1ACl chloramphenicol. usually 25jil of cell
extract was used and the volume was made upto 5 * 1 with water. In some
experiments a greater input of cell extract was used in order to see any
response, also in some cases it was necessary to dilute the cell extracts
in order to remain in the linear range determined by the stock enzyme,
within any one experiment the same dilution of each cell extract was
used. The linear range of the assay was determined using dilutions of the
stock CAT enzyme in the standard assay (see Figure 16 in the results).
The reactions were incubated at 37°C for 30 minutes to 24 hours and were
stopped by

the addition of

5Qi 1 of ethyl

acetate.

The

samples were

vortexed well and the phases separated by centrifugation at lOOOOrpm for
5 minutes. 3 * 1 of the organic phase were loaded onto a silica gel thin
layer

chromatography

plate.

The

samples

were

run

in

19:1

chloroform:methanol in a chromatography tank that had been equilibrated
for several hours, the samples were run until the solvent front was about
2/3 of the way up the plate. The plates were air dried for 30 minutes and
then autoradiographed at room temperature. The results were quantitated
by

counting

the

spots

corresponding

to

both

the

acetylated

and

unacetylated forms of the chloramphenicol in scintillation fluid on a 13
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counter. The results were expressed as percentage conversion and were
normalized to the results seen for the controls pSV2CAT (142) or pBLCAT2
(143), constructs containing the CAT gene under the control of the SV40
enhancer and promoter or the TK promoter respectively.

M . 11

PREPARATION OF STABLE TRANSFECTANTS

M.ll.l

TRANSFECTIONS
Stable transfections were performed essentially in the same way as

^ ^ ^ ^ trajisjlept, t^rajisjFeptjLops^ p>e yplasmid 'DMA -'was -'prepared fof €ransfec£ion^
by digestion with the restriction enzyme Pvul, this enzyme cuts only
within the plasmid sequences leaving the inserts intact. After digestion
the DNA was extracted with phenol/chloroform,

ethanol precipitated and

the final dried pellet resuspended in a small volume of sterile water.
For

each

transfection

4pg

of

linearized

LTR-CAT

plasmid

was

co

transfected with 0.5|ig of linearized pSV2NE0 (144) , pSV2NE0 expresses the
bacterial neomycin resistance gene. The transfections were carried out
as described (section M.10). After the cells had been washed they were
split into 3 25cm2 flasks containing 0.2mgml-1, 0.6mgml_1, or lmgml"1 G418
ant ibiot ic

(geneticin) , a mammalian homologue of the bacterialj'neomycin.
control

flasks

of

untransfected

cells

were

also

cultured

Three
in

these

concentrations of G418. The cells were washed with fresh medium every 2-3
days until all the cells on the control flasks had died. The cells were
then cultured in the medium plus antiobiotic until there were sufficient
cells to use in serum stimulation experiments.

M.11.2

SERUM RESPONSE EXPERIMENTS
In order to investigate whether the transfected LTRs are responsive

to serum,

similar experiments were done to those described in section
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M.1.6. For each time point two plates were prepared, the cells were made
quiescent

by

growing

in

serum

free

medium

stimulated for 0, 2 or 5 hours with 15% FCS.

for

48

hours

and

then

For each time point one

plate was used to prepare protein extracts for analysis by CAT assay
(section M.10.3)

and the other was used to prepare RNA for Northern

blotting (section M.8). In this way it was possible to check both the
levels of VL30 driven CAT and the levels of endogenous VL30 RNA.

H.12

PRIMER EXTENSION

M.12.1

PREPARATION OF PROBE
A 24 base oligonucleotide corresponding to nt26-29 of the CAT gene

mRNA was used in the primer extension analysis. The probe was labelled
as described in section M.5.3 and run on an 8M urea 12% polyacrylamide
sequencing gel.

The gel was

oligonucleotide

and

the

main

autoradiographed to detect
labelled

band

cut

from

the
the

labelled
gel.

The

acrylamide was mashed and incubated with 0.5ml of TE containing 2C^ig of
carrier tRNA overnight at +4°C. The acrylamide was pelleted by spinning
at lOOOOrpm for 5 minutes

and the supernatent removed carefully and

precipitated with ethanol as usual. The pellet was washed well with 70%
ethanol and dried. The labelled probe was redissolved in lC^i 1 of 1/10TE
and

1 of a 1/10 dilution counted in liquid scintillation fluid on the

13 counter. The probe could be stored at -20°C for a few days.

M.12.2

RNA PRIMER ANNEALING
of RNA prepared from cells stably transfected with the NVL-CAT

constructs was ethanol precipitated, washed and dried. lC^i 1 of annealing
solution and approximately 5xl05cpm of probe were

added to each RNA

sample. The samples were heated to 80°C for 3 minutes and then placed at
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45 °C for 4 hours. The volume of each sample was made up to 5(^i 1 with
1/10TE and ethanol precipitated.

The samples were washed exhaustively

with 70% ethanol and dried.

M.12.3

PRIMER EXTENSION
Each sample was incubated at 42°C for 40 minutes in the following

2\jl 1 1/10TE, 27 units of placental RNAase inhibitor, Ijil of 5xPE buffer,
0. fji 1 of dNTPs and 7. 5units of reverse transcriptase. The reactions were
s^opp^d^by the addition -.of, 5j* lv o-f ^urea'- headings buffer. The samples were
denatured and run on an 8M urea, 8% polyacrylamide gel in 1 x sequencing
buffer at 450volts until the bromophenol blue had run off the bottom. The
samples were run alongside 32P labelled MspI fragments of pBR322 DNA. The
gel was fixed in 10% methanol, 10% acetic acid and dried onto DE81 paper.
The gel was autoradiographed at -70°C with an intensifying screen.
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RESULTS
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R.l

NUCLEOTIDE SEQUENCE DIVERSITY AMONGST DISTINCT VL30
ELEMENTS
The

NVL

subset

of

VL30

transmissable, transcriptionally

elements
active

represent

members

of

the
this

retrovirus
gene

family

(112). The LTRs of the clone NVL-3 have been sequenced previously (118)
and it is of interest to see how the LTRs of the other members of the NVL
group of elements,

( f -

NVL-1 and NVL-2,

compare to NVL-3.

It is also of

interest to see how the LTRs of this group compare with those of other
' ’ ‘ '
• * ' - * ,
, , f ,
members of the diverse VL30 gene family and other retrotransposons and
retrovirus -like elements.

R.1.1

SEQUENCE HETEROGENEITY WITHIN THE NVL SUBGROUP OF VL30
ELEMENTS
Figure

1

shows

the

sequencing

strategy

used

to

determine

the

nucleotide sequences of NVL-1 and NVL-2. The same strategy was used for
both clones. The BamHI EcoRI fragment was cloned into both M13mpl0 and
M13mpll, thus allowing the sequence to be determined for both strands of
this fragment. The SacI BamHI fragment and the SacI PvuII fragments were
both cloned into M13mpll. This strategy allowed overlapping sequences to
be obtained for almost the entire length of the LTRs.
Figure 2 shows the nucleotide sequence for the 5' LTRs of the VL30
cDNA clones NVL-1 and NVL-2 (112). The two sequences are identical, with
the exception that the NVL-2 LTR has 32bp at its 3' end that are absent
in NVL-1, making the NVL-2 LTR

656bp long and the NVL-1 LTR 621bp long.

As mentioned previously the relationships between the various NVL
LTRs are of interest. Figure 3 shows a comparison of the NVL-1/2 LTR with
the previously sequenced NVL-3 LTR (118). The functional domains of the
NVL-3 LTR were determined experimentally and the various regulatory
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Figure 1. Nucleotide sequencing strategy for NVL-1 and NVL-2.
B=BamHI, S=SacI, E-EcoRI, P-PvuII.
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NVL-1
80
TCAAGAATCAAAAATTACTCGCCTCTTGTGAGAACATGAACTTTCACCTCCCACCCCACCCCCTCCCATCTACAAAACAT

160
TTTTGAGATAAAGGCCTCCTGGAACAACCTCAAAATGACATTGCCAAATCATAAGACATGAATCCTTAGTTACGTAGGTT

240
CCTTGATGGGACATGACTCCTTAGTTACGTAGGTTCCTTGATAGGACATGACTCCTTAGTTACGTAGAATCCTTTGGCAG

320
AACCCCTTGTCCCTTCGCAGAACTCCCTAGTGATGTAAACTTGTACTTTCCCTGCCCACTTCTCCCCCCTTTGAGTTTTA

400
CTATATAAGCCTGTGAAAAATTTTGGCTGGTCGTCGAGACTCCTCTACCCTGTGCAAAGGTGTATGAGTTTCGACCCCAG

480
AGCTCTGTGTGCTTTCGTTTCCTGCTTTATTTCGACCCCAGAGCTCTGGTCTGTGTGCTTTCATGTCGCTGCTTTATTAA

560
ATCTTACCTTCTACATTTTATGTATGGTCTCAGTGTCTTCTTCGGTACGCGGCTGTCCCGGGACTTGAGTGTCTGAGTGA

640
c g g t c t t c c c t c g a c g g t c t t t c a t t t g c t a c a t g c g c c c g g a a t t c g a g a a t c t t t c a t i |t c c t g c a t t c c c c g g g a a t

.693
TCGAAAAACACCGCGACCACCCACAGGTCCTAGACCACTTAGACCTAAGATTC

NVL-2
80
TGAAGAATGAAAAATTACTGCCCTCTTGTGAGAACATGAACTTTCACCTCGGACCCCACCCCCTCCCATCTAGAAAACAT

160
TTTTCAGATAAACGCCTCCTGGAACAACCTCAAAATGACATTGCCAAATGATAAGACATGAATCCTTAGTTACGTACGTT

240
CCTTGATGGGACATGACTCCTTAGTTACGTACCTTCCTTGATAGGACATGACTCCTTAGTTACGTAGAATCCTTTGGCAG

320
AACCCCTTGTCCCTTGGCAGAACTCCCTAGTGATGTAAACTTGTACTTTCCCTGCCCACTTCTCCCCCCTTTGAGTTTTA

.*
.
.
. 4 0 0
CTATATAAGCCTGTGAAAAATTTTGGCTGGTCGTCGAGACTCCTCTACCCTGTGCAAAGCTGTATGACTTTCGACCCCAC

480
AGCTCTGTGTGCTTTCGTTTGCTGCTTTATTTCGACCCCAGAGCTCTGGTCTGTGTGCTTTCATGTCGCTGCTTTATTAA

560
ATCTTACCTTCTACATTTTATGTATGGTCTCAGTCTCTTCTTGGGTACGCGGCTGTCCCGGGACTTGAGTGTCTGAGTGA

640
GGGTCTTCCCTCGACGGTCTTTCATTTGGTACATGGGCCGGGAATTCGAGAATCTTTCATTTGGTGCATTGGCCCGGAAT

720
TCGAAAATCTTTCATlJrGGTGCGTTCGCCGGGAAACAGCGCGACCACCCAGACGTCCTACACCACTTAGACGTAAGATTC
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Figure 2. Nucleotide sequence of NVL-1 and NVL-2 LTRs. The features of
these sequences are discussed in the text, the vertical lines show the
3' limits of the LTRs.
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elements noted by their similarity to known sequence motifs (118). The
two types of NVL LTR are similar with the same U3 R U5 pattern. These
domains have not been determined experimentally for NVL-1 and NVL-2, but
have been designated as such by their similarities to NVL-3. The U5 and
R

domains

of

the

two

types are

identical and

share

the unusual

characteristic feature of redundancy in the tRNAgly primer binding site
(PBS) and the adjacent inverted repeat (IR), the missing region in the
NVL-1 LTR compared to NVL-2 corresponds to one of the extra copies of the
IR and PBS. As

previously noted

the

tRNAgly PBS

is unusual

as

this

particular tRNA primer is not used by retroviruses (118). The two types
of LTR also share an imperfect tandem repeat in the R region.
The U3 domains are of interest for two reasons. Firstly this domain
harbours

putative

regulatory determinants, includingpromoter

and

enhancer like motifs. Secondly this domain is the only part of the two
types

of

LTRs

to

show

any

sequence

differences. This

observation

indicates that the NVL subset of VL30 elements can be further divided
into NVL-3 type and NVL-1/2 type on the basis of the sequences in their
U3 domains.
There

are

three major differences between the

two

types

of U3

domain. First of all NVL-1/2 type LTRs have a lOObp insertion compared
to NVL-3 occurring

at ntl44 of NVL-3 (see fig.3). This insert consists

of three imperfect

copies of a 35bp motif.

5' TGATA/GA/GGACATGACTCCTTAGTTACGTAGG/AT/ATCCT 3'

The sequence motif underlined in the consensus sequence shown above is
similar to a motif known to bind the trans-acting factor AP-1 (21) . This
motif is conserved in all three copies of the 35bp repeat.
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jrl^
NVL-2

•

•

#

«

«

•

»

so

TCAACJATGAAAAATTACTCGCCTCTTGTGAGAACATGAACTTTCACCTCCGACCCCACCCCCTCCCATCTACAAAACAT
i i > i i i i i
• ■ i i i i i ■

i i ■ i i i ■ i i i i i ■ i i i i i i i i i i i i i i i i ■ i • i i i i i i i i ■ i i i i i ■ i i i ■ i i i i i i ■ i i i ■
« i ■ i i i i i i i i i i i i i i • i i i i i i i • i i i ) i i i i i i i i i i i i i • i i i i < i i i i i i i i i i i • i

i i i 11 i i i
i i i i i i i •

NVL-3

tgaagaataaaaaattactggcctcttgtgagaacatcaactttcacctcggaccccaccccctccctacacgaaaacat

NVL-2

ttttcacataaacccctcctgcaacaacctcaaaatcacattcccaaatcataagacatgactccttagttacctaggtt

NVL-3

ACTTGAGAAAAACATTICCTGGAACAACATCACAATGGTATTGCCAAA

~HJ3

160

rTTCAACAGGCCAGAT

240
NVL-2
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Figure 3. Comparison between the NVL-1/2 and NVL-3 LTRs. The various
features on this figure were determined previously for NVL-3 (118) and
are discussed in the text. IR - inverted repeat.
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The NVL-3 LTR also possesses an insertion. This insert is 16bp long
and occurs at ntll7 relative to NVL-1/2 (see Figure 3).
The third difference between the two types of LTR occurs in the
region between the insertions and the 5' cap.
number

of

small

characterised

by

sequence
short

differences

regions

of

In this region there a

between

the

non-homology

two

and

LTR

short

types
(l-3bp)

insertions and deletions. This region in NVL-3 contains a putative CCAAT
box and an AP-l-like motif not present in the NVL-1/2 type LTR. This
region of the U3 domain also contains the putative TATA boxes, these
differ slightly between the two types of LTR.

R.1.2 COMPARISON BETWEEN NVL VL30 LTRs AND OTHER VL30 LTRs
Sequence

heterogeneity

documented (117,118,119).

within

the

VL30

LTRs

has

been

well

Sequence analysis of a number of cloned VL30

elements has shown the extent of this heterogeneity.

Figure 4 shows a

schematic comparison between the NVL-2 LTR and a number of other VL30
LTRs, mostly derived from genomic clones. The most striking similarities
are between the U3 regions of NVL-2 and 915

(125)

and NVL-3 and VL3

(119). 915 was isolated as a growth specific cDNA from SV40 transformed
NIH 3T3 cells and VL3 is a genomic clone.
The other clones show a great deal of sequence heterogeneity in
their U3 domains compared to the NVL U3 regions. However the U5 and R
domains show a much greater degree of similarity between the different
LTRs, with the major differences being due to deletions. For example some
of the clones have a deletion in the region that has a repeat in the NVL
type R domain. The exception to this is VL3 which has quite different U5
and R domains compared to the other clones studied. These comparisons
clearly show however that the NVL VL30 elements form a distinct
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£l NO H O M O L O G Y
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structural subset as well as being functionally distinct from the other
VL30 gene family members

R.1.3 HOMOLOGY WITH OTHER SEQUENCES
A search of the Genbank database indicates that the NVL LTRs share little
or no homology with most other retrovirus-like elements.

For the most

part the only regions that showed homology with other sequences were the
IRs, which were similar to retrovirus IRs.

R.2

VL30 ELEMENTS ARE RESPONSIVE TO STIMULATION BY SERUM
GROWTH FACTORS
Previous work has shown that the expression of VL30 elements is

affected by whether the cells are actively growing or not (114) . Also the
inducibility of VL30

elements by polypeptide

growth

factors

is well

documented (127,128). In order to investigate the effect of changes in
the growth state of the cell on VL30 expression further the effect of
serum stimulation of quiescent NIH 3T3 cells has been studied. A number
of aspects of the response are of interest. For example it is important
to show whether any increase in expression is due an increase in the rate
of transcription or whether post-transcriptional mechanisms are involved.
Also given the diversity seen in the sequence of the U3 domain of the
LTRs, it is of interest to see whether the two types of element (NVL-1/2
and NVL-3) show similar responses to serum stimulation. Another important
question is whether any response is regulated by sequences within the
VL30 element or whether sequences

in flanking mouse cellular DNA are

responsible. There is evidence that serum growth factors mediate their
responses via the protein kinase C signal transduction pathway (45.47).
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It would therefore be useful to know whether this pathway is involved in
controlling any response to growth factor stimulation of VL30 elements.

R.2.1

SERUM STIMULATION OF VL30 ELEMENTS IN QUIESCENT NIH
3T3 CELLS
When NIH 3T3 cells

are grown in serum free medium they become

quiescent, that is they enter the GO stage of the cell cycle. Figure 5
shows that VL30 expression in quiescent cells (lane b) is much lower than
in normally growing cells (lane a ) . When fresh serum (15% FCS) is added
to the cells VL30 expression is stimulated (lanes c-e). This response to
serum peaks at about 5 hours
different

from

the

early

post-stimulation. VL30 elements are quite
response

genes

such

as

c-fos

which

are

stimulated very rapidly but transiently when the cell is stimulated with
serum (11). Instead VL30 expression
is similar to that of genes such as proliferin (74) which are stimulated
much

later in the G1 phase

of the cell

cycle as

the cells progress

towards DNA synthesis.

R.2.2

THE RESPONSE TO SERUM IS REGULATED AT THE
TRANSCRIPTIONAL LEVEL
In order to find out whether the response to serum is regulated at

the transcriptional level or whether post-transcriptional mechanisms are
responsible, nuclear run on transcription analysis was done. Nuclei were
isolated from NIH 3T3 cells that had been serum starved for 48 hours and
from cells that had been starved and then stimulated with serum for 2
hours or 5 hours. No new transcription is initiated in isolated nuclei,
however already initiated transcripts are completed in vitro giving a
measure of the level of transcription at the time that the nuclei were
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Figure 5. VL30 expression in quiescent and serum stimulated NIH 3T3
cells. A; Northern blot analysis of RNA from a) control NIH 3T3 cells,
b) serum starved cells, c)-e) serum starved cells stimulated with 15% FCS
for 1, 2 and 5 hours respectively. B; 1% agarose 0.8M formaldehyde gel
used to prepare the blot (stained with ethidium bromide), a)-e) are as
in A.
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expression.
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isolated.

Clearly a difference in the levels of transcripts

gives an

indication of the extent of transcriptional control of expression of a
given gene.

Nuclear run on transcripts were prepared from these cells

and the labelled transcripts were hybridized to filter bound DNA, Figure
6 shows the results of such an experiment. There is only a low level of
hybridization to the VL30 DNA at time 0, but the signal increases to give
an approximately 5 fold greater level of expression by 5 hours post
stimulation. This level of induction is somewhat lower than that seen in
the Northern blot shown in Figure 5, however the level of induction does
seem to vary from experiment to experiment.
The

rDNA

dots

serve

as

a

control

for

the

input

of

labelled

transcripts as this gene is not serum responsive. The pAT153 DNA dots
serve as a control for levels of background hybridization.

The result

indicates that the response to serum is at least in part regulated at the
level of transcription.

R.2.3

DIFFERENTIAL REGULATION OF NVL-3 AND NVL-1/2 IN

RESPONSE TO SERUM
The data presented in this section was provided by Dr. J.D. Norton.
In order to analyze VL30 RNA transcribed from different NVL VL30
elements an SI nuclease probe was derived from NVL-3 (see figure 7A and
145)

that

distinguishes

transcripts

from NVL-3 LTRs

from transcripts

initiated from NVL-1/2 LTRs by virtue of differences in their U3 domains.
Figure 7B shows SI nuclease analysis of RNA from NIH 3T3 cells digested
with different inputs of enzyme. NVL-3 transcripts protect a fragment of
about

500bp

and

NVL-1/2

transcripts

protect

two

fragments

of

approximately 290nt and 320nt in length. These fragments map to positions
of major mismatch between NVL-3 and NVL-1/2 at 118bp and 129bp in figure
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Figure 7. SI nuclease analysis of RNA from NIH 3T3 cells.
A; Structure
of SI nuclease mapping probe derived from NVL-3 (145). The solid circle
denotes the labelled end of the probe and the arrow shows the approximate
position of SI cleavage distinguishing NVL-3 from NVL-1/2 transcripts.
S=SacI, B=BglII. B; fji g of total cellular RNA was annealed with 32P
labelled probe and digested with c) 100 units,d) 250 units or
e) 500
units
of
SI
nuclease.
Protected
fragments
were run
on
a 5%
polyacrylamide-8M urea sequencing gel. Lane a) MspI digest of pBR322 DNA
and lane b) SI probe alone (lOOcpm) . C;
g of total cellular RNA was
annealed with
32P labelled probe and digested with 250 units of SI
nuclease, protected fragments were run on 5% polyacrylamide -8M urea
sequencing gels. Lane a) serum starved cells, b)-e) cells stimulated with
15% FCS for 1, 2, 3 and 5 hours respectively.
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3. The size heterogeneity can be attributed to variations in the extent
of SI cleavage at the points of mismatch,

as an increase in input of

enzyme resulted in more of the smaller fragment. There was also a small
overall decrease in the size of the fragments which is probably due to
terminal degradation by the enzyme.
As mentioned previously the sequence heterogeneity in the U3 domain
of

the NVL VL30

LTRs

suggests

that expression of

these elements

is

regulated independently. In order to test this hypothesis RNA from serum
starved and serum stimulated NIH 3T3 cells was analysed using the Si
nuclease mapping strategy described above. Figure 7C shows that the NVL1/2

elements are responsible

expression.

for almost all of the

serum responsive

The NVL-3 elements are only slightly responsive and show

quite high levels of expression even in quiescent cells.

R.2.4

THE REGULATION OF VL30 EXPRESSION IS MEDIATED VIA

SEQUENCES WITHIN THE ELEMENT
The SI nuclease mapping data in this section was provided by Dr.
J.D. Norton.
The data presented so far does not show that the expression of NVL
VL30 elements is controlled by sequences present within the elements,
therefore there is a possibility that VL30 expression is regulated by
sequences in flanking mouse cellular DNA. In order to investigate which
of

these

two possibilities

is true,

the expression of VL30 elements

stably integrated in heterologous cells was studied.
VLNRK cells are normal rat kidney cells into which VL30 elements
have been introduced via retrovirus mediated gene transfer (124). Carter
et

al

have

previously

shown

that

VLNRK

cells

have

acquired

proviruses at 1-2 copies per cell and that these elements are
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Figure 8. Analysis of RNA from quiescent and serum stimulated VLNRK
cells. A; Dot blots were prepared with serial dilutions of RNA obtained
from a) serum starved cells and b) and c) cells stimulated with 15% FCS
for 2 hours and 5 hours respectively. B; SI nuclease analysis was
performed on c) ^ig of NIH 3T3 RNA, d) 2ng of MLV virion RNA and e) ^ig
of VLNRK RNA. The RNA was annealed with 32P labelled probe and digested
with 250 units of SI nuclease, protected fragments were run on 5%
acrylamide-8M urea sequencing gels. Lane a) MspI fragments of pBR322 DNA,
lane b) SI probe alone (100 c p m ) . C; SI nuclease analysis was performed
as described on RNA from b)serum starved VLNRK cells and c) and d) cells
stimulated with 15% FCS for 2 hours and 5 hours. Lane a) MspI fragments
of pBR322 DNA.
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transcriptionally

active

(124).

Figure

shows

8A

a dot

blot

of RNA

prepared from quiescent and serum stimulated VLNRK cells and probed with
VL30 . There appears

to be a small response to the serum stimulation,

however the kinetics are different from those seen in NIH 3T3 cells, with
expression peaking at around 2 hours.
In order to investigate this response further, SI nuclease mapping
analysis was carried out on RNA obtained from VLNRK cells.

Figure 8B

shows the results of SI nuclease analysis of RNA from the VLNRK cells (e)
in parallel with RNA obtained from MLV virions propagated on NIH 3T3
cells (d) and RNA from NIH 3T3 cells (c) . This figure shows that similar
populations of NVL VL30 elements are found in all
indicating

that

the

NVL

VL30

elements

three RNA samples

represent

both

the

transcriptionally active and the retrovirus transmissable subsets of VL30
elements. Also this figure shows that the different NVL VL30 element are
packaged with equal efficiency. In order to look at the serum response
in the VLNRK cells SI nuclease analysis was carried out on RNA obtained
from quiescent and serum stimulated cells. NVL-3 expression appears to
be more or less constitutive,
responsive

to

however the NVL-1/2 elements are quite

serum stimulation.

This

data

indicates

that the

serum

response is controlled by sequences within the VL30 elements and not by
flanking sequences in the mouse cellular DNA.
Similar experiments were conducted in a second rat cell line. The
VLRatl cell line was prepared by retrovirus mediated gene transfer of
VL30 elements to Rati embryo fibroblasts.

The VLRatl cells were then

serum starved and stimulated with 15% FCS for 5 hours. Figure 9 shows a
northern blot

analysis of RNA from the VLRatl cells

compared to the

parental Rati RNA. Clearly no mouse VL30 is expressed dn the parental
cell line, whereas there is expression the VLRatl cells. However in this
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Figure 9. Analysis of RNA from Rati cell lines.
Northern blot analysis of RNA from a) Rati, b) VLRatl,
c) quiescent VLRatl and d) quiescent VLRatl stimulated with 15% FCS for
5 hours. Alongside is the stained gel used to prepare the blot.
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cell line VL30 elements appear not to be serum responsive.

A further

investigation of VL30 expression in this cell line using Si nuclease
analysis indicated that compared to both NIH 3T3 cells and VLNRK cells
expression of VL30 in the VLRatl cells was very low and no serum response
was detected for either type of NVL element (data not shown).

R.2.4

THE SERUM RESPONSE IS NOT MEDIATED VIA THE PROTEIN
KINASE C SIGNAL TRANSDUCTION PATHWAY
The protein kinase C signal transduction pathway has been shown to

be important in mediating some of the responses to growth factors (see
introduction).

It is therefore of interest to see what role,

if any,

protein kinase C plays in mediating the serum responsive expression of
VL30 elements. The specific protein kinase C inhibitor, H-7 (132), was
used to investigate the role of this pathway in the serum response.
As

a

control

for

this

experiment

serum

starved

cells

were

stimulated with the protein kinase C activator TPA in both the presence
and absence of H-7. As figure 10A shows 14QiM H-7 completely abolishes
the response of VL30 elements to lOOnM TPA. Lower inputs of H-7 gave only
a partial inhibition of the response (data not shown). A further control
was set up to check for cell viability in the presence of H-7. A number
of identical plates of cells were incubated in a range of concentrations
of H-7 from 0-175jiM without a noticeable decrease in cell viability (data
not shown).
Figure 10B shows the results of a serum response experiment in
which three identical plates of cells were incubated in serum free medium
for 48 hours, one of the plates was then stimulated with 15% FCS and one
plate was treated with 15% FCS plus 140^1 M H-7. The serum response was not
significantly inhibited by this concentration of H-7, implying that the
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Figure 10. Effects of the Protein kinase C inhibitor H-7 on VL30
expression. Northern blot analysis of RNA from quiescent NIH 3T3 cells
alongside RNA stimulated with lOOnM TPA (A) or 15% FCS (B) for 6 hours
either in the presence or absence of 14(^iM H-7. The ethidium bromide
stained gels used to prepare the blots are shown alongside.
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protein kinase C pathway is not an important pathway for mediating the
response of VL30 elements to serum.

R.3

VL30 ELEMENTS ARE RESPONSIVE TO CELLULAR TRANSFORMATION
The effect of cellular transformation on the expression of VL30

elements by a variety of agents is quite well documented (114,126). In
order to further investigate this response the levels of VL30 expression
in several transformed cell lines was examined. Transformed cells are
known

to

produce

autocrine/paracrine

growth

factors

fashion

that

(146),

act

it was

upon

the

therefore

cells

of

in

an

interest

to

investigate whether medium from transformed cell lines showing elevated
levels of VL30 expression could effect VL30 expression in normal NIH 3T3
cells.
Only NVL-1/2

elements

are responsive

to serum stimulation

(see

figure 7C). It is therefore of interest to see whether both types of NVL
VL30 element are responsive to cellular transformation.

R.3.1 LEVELS OF VL30 TRANSCRIPTS IN CELL LINES TRANSFORMED VIA
DIFFERENT MECHANISMS
The

A1

cell

line

is

an

NIH

3T3

cell

line

that

has

become

transformed spontaneously. Figure 11A shows a dot blot of RNA prepared
from normal NIH 3T3 cells alongside RNA from Al cells. The A1 cells have
about a 20 fold higher level of expression of VL30 than the normal NIH
3T3 cells.
The cell lines CC1 and CA12 are KiMSV

transformed non-producer

cells (131) . Both of these cell lines have a KiMSV provirus integrated
at random in the genome. They have a transformed morphology and produce
high levels of p21^l_v-ras(l47) . Two revertant cells lines, R.5.5.1 and
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Figure 11. Dot blot analysis of RNA from normal and transformed NIH 3T3
cell lines. Blots were prepared with serial dilutions of RNA obtained
from A; NIH 3T3 cells and spontaneously transformed cells (Al), B; NIH
3T3 cells and Ki-v-ras transformed non-producers (CC1 and CA12) and n o n 
transformed revertants (R2.1 and R5.5.1) and C; NIH 3T3 cells and Ha-cras transformed cells (EC34).
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R.2.1 were derived from the transformed cell

line CC1 by the BrdUrd

killing method (131). These cell lines are morphologically similar to
untransformed

NIH

3T3

cells,

however

they

retain

fully

functional

integrated KiMSV proviruses (131) andexpress elevated levels of Ki-v-ras
(147). Figure 11B shows dot blots of RNA obtained from these cell lines
compared to RNA from normal NIH 3T3 cells. Both transformed cell lines
express similar levels of VL30 to the normal NIH 3T3 cells. This implies
that cellular transformation per se is not responsible for the elevated
levels of VL30 seen in transformed cells.

Interestingly the revertant

cell lines both show levels of VL30 transcripts that are considerably
higher than those in normal NIH 3T3 cells.
In order to investigate whether cells harbouring other activated
ras oncogenes

showed

VL30 expression, expression in the cell

altered

line EC34 was examined. EC34 cells are mouse NIH 3T3 cells transformed
by the activated Ha-c-ras oncogene found in human bladder carcinoma (EJras) (42). As figure 11C shows, expression of VL30 elements in this cell
line is higher than in normal NIH 3T3 cells.

R.3.2 AN AUTOCRINE/PARACRINE FACTOR DOES NOT MEDIATE
UPREGULATION OF VL30 EXPRESSION IN TRANSFORMED CELLS
Many

transformed cell

factors

that

presence

of

exogenous

can

act

in

an

lines have been

autocrine/paracrine

such transforming growth
growth

factors

shown to produce

or

factors

serum.

In

fashion

abrogates
order

to

growth

(146) . The

the need
see

if

for
an

autocrine/paracrine mechanism is involvedin stimulating VL30 expression
in certain transformed cell lines, conditioned medium was taken from the
transformed cells and placed onto normal NIH 3T3 cells. Figure 12A shows
the results of an experiment where conditioned medium fromthe c-Ha-ras
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Figure 12. The effect of conditioned medium from transformed cells on the
expression of VL30 elements in normal NIH 3T3 cells. A; Northern blot
analysis of RNA from a) NIH 3T3 cells, b) and c) NIH 3T3 cells cultured
in EC34 conditioned medium for 2 hours and 6 hours respectively, d) EC34
cells and e) and f) EC34 cells grown
in NIH 3T3 conditioned medium for
2 hours and 6 hours respectively.
B; Dot blot analysis of RNA from NIH
3T3 cells, CC1 cells and R 5 .5.1cells
cultured in 10% NBS and in
conditioned medium for 5 hours.
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transformed EC34 cell line, which shows elevated VL30 expression, was
placed onto normal NIH 3T3 cells. Over a period of several hours the
conditioned medium had no effect on VL30 expression in the normal cells.
Figure 12B shows the results of similar experiments using the Ki-vras transformed CC1 cells and the revertant R.5.5.1 cells. Conditioned
medium from these lines did not effect VL30 expression in normal NIH 3T3
cells.

R, 3.3 BOTH TYPES OF NVL VL30 ELEMENT ARE RESPONSIVE TO
TRANSFORMATION
This data was provided by Dr. J.D. Norton.
SI nuclease mapping analysis has shown that the NVL VL30 elements
are regulated independently in response to serum stimulation of quiescent
NIH 3T3 cells (see figure 7C). In order to see whether the response to
cellular

transformation is also

regulated

independently,

SI nuclease

mapping analysis was carried out on RNA prepared from the spontaneously
transformed cell line, Al.
Figure 13 shows that both types of element have elevated levels in
Al cells compared to those seen in normal NIH 3T3 cells. Lanes d) and e)
show the levels of expression in serum starved and stimulated Al cells
compared to expression in steady state NIH 3T3 cells (lane c ) . When it
is taken

into account

transformed cells

it

that 1/5
is

clear

of the
that

RNA input was

expression

in

this

used
cell

from the
line

is

greatly elevated. This analysis also shows that neither type of element
is serum responsive in the transformed cells.
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Figure 13. SI nuclease analysis of RNA from spontaneously transformed NIH
3T3 cells. RNA samples were annealed to 32P labelled probe and digested
with 250 units of SI nuclease, protected fragments were run on a 5%
polyacrylamide-8M urea sequencing gel. Lane a) MspI digest of pBR322 DNA,
b) undigested probe (lOOcpm) , c) 5ji g of RNA from NIH 3T3 cells, d) and
e) ljig of RNA from spontaneously transformed NIH 3T3 cells that have been
serum starved (d) and stimulated with 15% FCS for 5 hours (e).
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R.4

VL30 LTRs POSSESS PROMOTER AND ENHANCER ACTIVITY
The sequence data obtained for the NVL VL30 elements suggests that

the NVL VL30

elements harbour

within their U3 domains
these

regions

transcriptional

(see fig.

contain promoter

and

prepared linking the U3 domains
acetyl

transferase

(CAT)

(142)

3 and 118).
enhancer

regulatory determinants
In order to see whether
activity

constructs

were

to the bacterial gene chloramphenicol
and

the

constructs

were

used

in both

transient and stable expression assays.

R.4.1 PREPARATION OF PROMOTER TESTING CONSTRUCTS
The NVL-1/2 and NVL-3 LTRs possess sequences in their U3 regions
that are

similar

to transcriptional

regulatory regions

seen

in other

g e n e s . In order to check the promoter activity of the NVL U3 regions they
were

linked

to

the bacterial

gene

chloramphenicol

acetyl

transferase

(CAT). The promoter testing constructs were prepared as shown in figure
14. Both the NVL-1/2 and NVL-3 constructs were prepared in the same way.
The 514bp Bglll/EcoRI fragment from pNVL-3LTR or the 600bp Bglll/EcoRI
fragment from pNVL-lLTR

(both provided by Dr.J.D.

Norton) were cloned

into the BamHI/EcoRI sites of the bluescript vector, p K S . These fragments
contain a short piece of the unique region, the entire 3' U3 domain and
part of the R domain upto the SacI site (see figure 3). Then the 1926bp
Stul/Apal

fragment

of

pSV2CAT

(144)

containing

the

CAT

gene

coding

sequence and the SV40 poly A and small t-antigen intron was inserted into
the Hindll/Apal site downstream of the NVL U3 region.
A second set of constructs was prepared using U3 regions derived
from the 5' LTRs of the NVL-1/2 and NVL-3 elements. These constructs were
prepared by

first removing the SacI

fragment containing all

the VL30

sequences from pNVL-3CAT (see figure 14). Then the 318bp BamHI/SacI
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pNVHLTR
OR
PNVL-3LTR
SacI
Bglll

pKS

BamHI

\ EcoRI
SacI
Bglll/EcoRI
DIGEST

BamHI/EcoRI
DIGEST
ANNEAL VECTOR
AND INSERT

i"V — ■

Bglll

EcoRI

4 ,EcoRI
SacI

PSV2CAT
Apal

Stul

SacI
Hlndll/Apal
DIGEST

| Stul/Apal
i DIGEST

ANNEAL VECTOR
AND INSERT

SV40
Stul

Apal
pNVL-3CAT
OR
pNVL-ICAT

Figure 14. Preparation of the 3' LTR-CAT constructs.
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NVL-1 OR NVL-3

SacI

SacI

BamHI DIGEST
ADDITION OF SacI
UNKERS
SacI DIGEST

SacI
BamHI
SacI DIGEST

REMOVE SMALL FRAGMENT
SacT /

SacI

ANNEAL VECTOR
AND INSERT

pNVL-1CAT2
OR
PNVL-3CAT

Figure 15. Preparation of 5' LTR-CAT constructs.
Ill

fragment

of

inserted

into

linkers.

NVL-3

or

this

Figure

the

site
15

404bp

BamHI/SacI

fragment

after modifying the BamHI

shows

the

preparation

of

end

of

NVL-1/2
to

was

SacI with

these

constructs

schematically.

R.4.2

TRANSFECTION AND CAT ASSAY CONTROL EXPERIMENTS
Before embarking on transfections and CAT assays it was important

to determine both the linear range of CAT activity and the optimum range
of DNA input for transfections.
In

order

chloramphenicol
reactions were

to

estimate

the

amount

of

time

to

convert

to its acetylated form in a CAT assay
set up

in which lfi 1 of a 1/100

all

the

four control

dilution of stock CAT

enzyme was used in a standard reaction mix and incubated for 0, 15, 30,
45

or

60 minutes. This

experiment

indicated

that

the

reaction was

complete after about 30 minutes. This was therefore used as the standard
assay time. However in experiments using constructs with very
low promoter/enhancer activities longer assays were used.
The linear range of CAT activity was determined by using serial
dilutions

(0.5-0.001 units)

minute CAT assay.
control

of the stock CAT enzyme in a standard 30

Figure 16 shows

experiments

were

also

the results of this assay.

done

for

longer

CAT

assays

Similar

(data not

shown) .
In

order

to

determine

the

optimum

input

of

DNA

to

use

in

transfections six identical plates of NIH 3T3 cells were transfected with
0, 1, 3, 6 , 10 or lffi g of pSV2CAT DNA. The transfections and CAT assays
were done using the standard protocols described.

Figure 17 shows that

there is a decrease in transfection efficiency if greater than
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g of DNA
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100
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o

NOISU3ANOO %
Figure 16. Linear range of CAT assay.
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o

CAT CONCENTRATION (units)

o

DNA INPUT

Figure 17. Optimum input of DNA in transfections.
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15

was used. Therefore as a general rule all transfections were done using
g of DNA.

R.4.3 DISTINCT VL30 LTRs HAVE DIFFERENT PROMOTER ACTIVITIES
In order to test the promoter activity of the NVL LTR constructs
they were

transfected into cultured cells and the cells analysed for

transient expression of the CAT gene.

Figure 18 shows the results of

transfection into mouse NIH 3T3 cells and two heterologous cell lines,
Human HeLa cells and rati

cells

• Table 1 shows quantitation

of these results.
In NIH 3T3 cells the NVL-3 promoter is very strong, about 115 times
stronger than the pSV2CAT control (see TableRl). However NVL-1 has low
promoter activity compared to both NVL-3 and pSV2CAT. The NVL-3 promoter
is about 230 times stronger than the NVL-1 promoter. The 5' and 3' LTRs
show similar levels of promoter activity (data not shown), therefore the
results for both LTRs have been pooled. The results for NVL-1 and NVL-2
driven CAT activity show similar levels (data not shown). Therefore the
NVL-1 construct was used as a representative of the NVL-1/2 class of NVL
VL30 elements.
In order to investigate whether the VL30 promoters are functional
in heterologous cell types the NVL-CAT constructs were transfected into
HeLa cells and into rati embryo fibroblasts and transient expression of
CAT was assayed. In HeLa cells the VL30 promoters showed similar patterns
of promoter activity to those seen in NIH 3T3 cells (see figure 18 and
table 1). The NVL-1 promoter activity was much lower than that of NVL-3.
However in this cell line the relative level of expression from the SV40
early promoter is somewhat higher. Interestingly, in the rati cells there
was only a very low level of expression from all three promoters tested.
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Figure 18. Promoter strengths of the NVL-1 and NVL-3 LTRs.
g samples
of
the
LTR-CAT
constructs
were
transfected
in parallel
with
a
promoterless control (pSVOCAT) and the CAT gene under the control of the
SV40 early promoter and enhancer ( p S V 2 C A T ) . Cells were harvested and
assayed for CAT activity.
p N V L - 3 C A T (1/10)

indicates

that

the cell extracts were

use .
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diluted 1/10 before

As figure 18 shows none of the promoters initiated CAT transcripts at
levels

much

above

the

background

levels

obtained

for

pSVOCAT,

a

promoterless control (142).

R.4.4 PREPARATION OF ENHANCER TESTING PLASMIDS
Enhancers

are

regulatory

determinants

that can function

distance of several Kbp from the promoter, also they are able

at

a

to function

in an orientation-independent fashion and either upstream or downstream
from

the

possess

gene.
enhancer

In order

to

investigate whether

function a further

set

the

VL30 U3

of constructs was

regions

prepared.

Figure 19 shows a schematic diagram of the preparation of these
constructs.

pBLCAT2

is a construct containing the CAT gene under the

control of the TK promoter (143), the 318bp SacI fragment from pNVL-3CAT
or the 595bp SacI fragment from pNVL-lCAT was inserted into the SacI site
downstream of the CAT gene in pBLCAT2 and in either orientation with
respect to the CAT gene. The orientation of the inserts was determined
by restriction enzyme analysis.

R.4.5 BOTH VL30 LTRs EXHIBIT ENHANCER FUNCTION
In order

to

test

the enhancer

activity

of the U3

domains

the

constructs described above were used in transient expression assays. As
figure 20 shows both U3 domains possess enhancer activity. The enhancer
activity of the NVL-3 LTR was much greater than that of the NVL-1 LTR.
Table 1 shows quantitation of these results.
normalized

to those obtained for

the

The values obtained were

control pBLCAT2

plasmid.

It is

interesting to note that the anti-sense orientation in both cases appears
to give a higher level of enhancer activity. The NVL-3 enhancer testing
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pBLCAT2

pNVL-3CAT

SacI DIGEST

SacI DIGEST

SacI SacI
ANNEAL VECTOR
AND INSERT

pNVL-ITKCAT
OR
pNVL«3TKCAT

Figure 19. Preparation of enhancer testing constructs.
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Figure 20. Enhancer strengths of the NVL-3 and NVL-1 L T R s .
g samples
of the NVLTKCAT
constructs
were
transfected
in parallel with
a
promoterless control plasmid (pBLCAT3) and a control where the CAT gene
is driven by the TK promoter (pBLCAT2) . The arrows indicate that the LTRs
are in the sense (-) and antisense (*- ) directions. Cells were harvested
and assayed for CAT activity.
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Cell Type

pSV2CAT

pNVL-3CAT

pNVL-lCAT

NIH 3T3

1

115

0.5

HeLa

1

0.9

0.05

pBLCAT2

pNVL- 3TKCAT

1

518

Cell Type
NIH 3T3

pNVL-lTKCAT
13.5

Table R.l Promoter and enhancer strengths of NVL-1 and
N VL-3.
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construct was also analyzed in HeLa cells, a similar pattern was seen in
this cell line.

R.5

VL30 LTRs ARE TRANSACTIVATED BY ACTIVATED N-RAS
VL30 elements are responsive to cellular transformation including

transformation mediated by the activated Ha-c-ras oncogene (see section
R.3.1

and fig. 11).

In order

to investigate

domains in regulating the response,

the role

of the VL30 U3

co-transfections were carried out

using either thepromoter or enhancer testing constructs and an activated
N-ras expression vector, pNRSac (148).
This construct has the N-ras oncogene under the control of the SV40 promoter
and enhancer.
R.5.1 TITRATION OF THE TRANSACTIVATION BY ACTIVATED N-RAS
The effect of the activated N-ras oncogene on promoter activity was
investigated

by

co-transfecting

either

pNVL-3CAT

or

pNVL-lCAT

with

increasing inputs of pNRSac. Transient expression of the LTR driven CAT
was then analysed by CAT assay. The results in figure 21A indicate that
both NVL-3

and NVL-1

are responsive

to N-ras.

The greatest

level of

transactivation is achieved with Ijig of pNRSac to 2\ig of LTR-CAT. This
is an approximately molar
quantitated results.

ratio

of the

two plasmids. Table

2 shows

The values obtained for the co-transfections are

normalized to results obtained for the LTR-CAT constructs alone.
results

indicate

that

the

two

types

of

LTR

show

similar

levels

The
of

response to the activated N-ras oncogene.
The pNVL-3CAT and pNVL-lCAT constructs were also used in co-transfection
experiments

in

HeLa

cells.

As

figure

21B

shows

the

LTRs

are

transactivated by N-ras in this cell line to a similar level to that seen
in NIH 3T3 cells.
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Figure 21. VL30 promoter and enhancer function in N-ras transformed
cells. A; ^ig of the test plasmid (a-e pNVL-3CAT, f-j pNVL-lCAT) were c o 
transfected with 0 (a ,f ) , O.^ig (b,g) , 0 . g (c,h), l|i g (d,i) or
g
(e,j) of pNRSac in NIH 3T3 cells. B; ^ig of test plasmid (a,b pNVL-3CAT,
c,d pNVL-lCAT) were co-transfected with 0 (a,c) or l|i g (b,d) of pNRSac
in HeLa cells. C; ^ig of the test plasmid (a,c pNVL-3TKCAT, b,d pNVL1TKCAT) were co-transfected with 0 (a,c) or lji g (b,d) of pNRSac inNIH3T3
cells. The total input of DNA was made up to
g (A) or
g (B,C) with
carrier pBR322 DNA. After 48 hours the cells were harvested and assayed
for CAT activity.
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Cell
Type

pNVL-3CAT

NIH 3T3

Cell
Type

1

pNVL-3TKCAT

NIH 3T3

1

pNVL-3CAT
+pNRSac

pNVL-lCAT

12

1

pNVL-lCAT
+pNRSac
14.6

pNVL-3TKCAT pNVL-lTKCAT
+pNRSac
7

pNVL-lTKCAT
+pNRSac

1

Table R.2 N-ras transactivation of NVL-1 and NVL-3
promoters and enhancers.
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R.5.2

AN ENHANCER MEDIATES THE RESPONSE TO ACTIVATED N-RAS
To investigate whether the response to N-ras is mediated via an

enhancer function, similar co-transfection experiments were carried out
with the enhancer testing constructs
pNVL-lTKCAT and pNVL-3TKCAT. In these experiments a roughly molar ratio
of the LTR-CAT construct and pNRSac was used.Figure 21C shows that both
enhancer testing constructs are transactivated by the activated N-ras
oncogene. The results of these experiments are quantitated in table 2.
These results show that the response to ras is mediated via an enhancer
function.

R.5.3 TRANSACTIVATION BY ACTIVATED RAS GENES IS GENE DOSAGE
DEPENDANT
The EC34 cell line is a Ha-c-ras transformed NIH 3T3 cell line that
shows elevated expression of VL30 (see figure 11C) . In order to discover
whether

the

expression of VL30

elements

in this

cell

line

could be

further elevated co-transfection experiments were conducted using EC34
cells. Figure 22 shows the result of transfection of equal molar ratios
of pNVL-3CAT

or

pNVL-lCAT

with

the

N-ras

expression vector

pNRSac.

Clearly the expression of NVL driven CAT in this cell line is further
elevated

when co-transfected

with

the

pNRSac

plasmid.

This result

indicates that

theamount of increase in expression is related to the

gene dosage of

theactivated ras.

R.5.4

THE PROTEIN KINASE C PATHWAY IS NOT A MAJOR PATHWAY
MEDIATING THE RESPONSE TO N-RAS
In

order

to investigate

whether

the

protein

kinase

C signal

transduction pathway is important in mediating the response to N-ras, co-

124

NVL-3

•

NVL-1

C M --------------•

•

o_ J—o

a

€ >

o o

L_JZ*3.‘3L1

b

c d

Figure 22. Transactivation of VL30 promoters in Ha-c-ras transformed
cells, ^ig of the LTR-CAT constructs were transfected into EC34 cells
with either 0 (a,c) or
g (b,d) of pNRSac. The final DNA input was
adjusted to 3p. g with carrier pBR322 DNA. After 48 hours the cells were
harvested and assayed for CAT activity.
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Figure 23. The effect of the protein kinase C inhibitor H-7 on N-ras
transactivation. The LTR-CAT constructs were transfected with 0 (a,b) or
l|i g (c,d) of pNRSac. Post-transfection the cells were split and incubated
in fresh medium either in the presence (b,d) or absence (a,c) of H-7 for
48 hours before harvesting for CAT assay.
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transfection experiments were done using molar ratios of pNVL-3CAT or
pNVL-lCAT and pNRSac as described above. When the cells were split post
transfection,

half were

treated with

the

specific

inhibitor H-7 at a final concentration of 14QiM.

protein kinase

C

Figure 23 shows the

results of these experiments for both NVL-1 and NVL-3. Clearly the N-ras
is still able to transactivate the LTRs,

even in the presence of the

inhibitor. However the overall expression appears to be somewhat lower
when the inhibitor is present.

R. 6

THE VL30 LTRs ARE NOT SUFFICIENT TO MEDIATE THE SERUM

RESPONSE
The

NVL-3

and

NVL-1/2

VL30

elements

respond

differently

to

stimulation by serum, the response seen for the NVL-1/2 type of element
is much greater than that seen for the NVL-3 elements (see fig IOC). The
U3 domain is the only region of these elements that differs. Therefore
it is of interest to see whether NVL

CAT constructs containing only

these regions show different responses to serum in transient or stable
expression assays.

R.6.1

A SERUM RESPONSE WAS NOT OBTAINED IN TRANSIENTLY
TRANSFECTED NIH 3T3 CELLS
Transient transfection assays were done in which the cells were

transfected with either pNVL-lCAT or pNVL-3CAT and then cultured in serum
free medium for 48 hours before stimulation with 15% FCS for 2 hours or
5 hours. Cells were harvested and both RNA and protein extracts were
prepared. In several separate experiments it was impossible to obtain a
serum

response

for

either

the

endogenous

127

elements

or

the

VL30-CAT

constructs

(data not shown). This data suggests

that the

transiently

transfected cells were not able to become properly quiescent.

R.6.2 STABLY TRANSFECTED LTRs ARE NOT SERUM RESPONSIVE
As the transiently transfected cells apparently failed to achieve
true quiescence in serum free medium, stably transfected cell lines were
prepared containing the pNVL-lCAT or pNVL-3CAT constructs. A number of
cell

lines

were

prepared

with

constructs stably integrated.

either

the

NVL-3

or

NVL-1

LTR/CAT

Stable transfectants were also prepared

with the antisense enhancer testing constructs. The stably transfected
cell lines containing the LTR/CAT promoter testing construct were serum
starved and stimulated with 15% FCS for 2 hours or 5 hours as described
previously.

For each time point cells were harvested and both RNA and

protein extracts were prepared. Figure 24 shows that the endogenous VL30
elements in these cell lines show the usual pattern of expression in
quiescent and stimulated cells. However the CAT assay shows little or no
response.

These

results

indicate

that

the

sequences

required

for

mediating the serum response are not present in the LTR-CAT constructs.
This is a surprising result as this region of the LTR contains the only
sequence differences between the highly responsive NVL-1 and the less
responsive NVL-3 elements.

R.7

VL30-CAT TRANSCRIPTS ARE INITIATED FROM WITHIN THE LTR
In

order

constructs

was

to

confirm

initiated

that

from

transcription

the

correct

5'

of
cap,

the

various

primer

gene

extension

analysis was performed on RNA isolated from cells stably transfected with
both

the

promoter

and

enhancer

testing

constructs.

RNA

from

stably

transformed cells was used because the low transfection efficiency
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Figure 24. Expression of stably transfected LTR-CAT constructs in
quiescent and stimulated NIH 3T3 cells. NIH 3T3 cells stably transfected
with pNVL-3CAT or pNVL-lCAT were seeded into identical duplicate plates,
serum starved for 48 hours (a) and stimulated with 15% FCS for 2 hours
(b) and 5 hours (c) before harvesting for CAT assay and Northern
analysis. The ethidium bromide stained gels alongside were used to
prepare the blots.
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obtained with the transient transfection system would not have given
sufficient transcripts. A 26bp primer complementary to nt24-49 of the CAT
gene mRNA was annealed to RNA prepared from the stably transformed cell
lines. The results of the primer extensions are shown in figure 25. The
largest primer extension products obtained from cells stably transfected
with the pNVL-lCAT and pNVL-3CAT constructs are both about 145bp long.
This maps the position of transcriptional initiation to within the LTRs,
but it is about 40bp downstream of the putative 5' cap previously mapped
in NIH 3T3 cells

(see figure

3 and 118) . From this experiment

it is

impossible to say whether this is the genuine position of initiation or
whether it is a 'strong stop' band caused by secondary structure. However
there

are

indicating

clearly
that

no

primer

whatever

the

extension
precise

products

position

of

larger
the

than
5'

cap,

145bp
CAT

transcripts are initiated from within the LTRs.
The primer extension products obtained from cells stably transfected with
pNVL-3TKCAT and pNVL-lTKCAT are about 145bp long. This maps the position
of initiation of the transcripts to the 5' cap of the TK promoter region.
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Figure 25. Primer extension analysis of NIH 3T3 cells stably transfected
with VL30 promoter and enhancer testing constructs, l^ig of RNA from the
stably transfected cells was annealed with 0.5xl06 cpm of 32P labelled
probe, primer extension was performed and the products were run on an 8%
polyacrylamide -8M urea sequencing gel. Lane a) MspI fragments of pBR322
DNA, b) no DNA, c) pNVL-3CAT, d) pNVL-lCAT e ),pNVL-3TKCAT, f)p N V L -1TKCAT.
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DISCUSSION

The purpose
features

of

of this project has been to relate

the NVL VL30

particularly with

respect

LTRs
to

to the

the structural

expression of these

stimulation by

serum

and

to

elements,
malignant

cellular transformation.

D.l

STRUCTURAL ANALYSIS

D.1.1 STRUCTURAL FEATURES OF THE NVL VL30 LTRs
The NVL subset of the VL30 LTRs possess a number of interesting
features.

The NVL-3 LTRs and the regions flanking them were sequenced

previously and various characteristic features were noted (118). Many of
these

features

are

conserved

in the NVL-1

and NVL-2 LTRs

and

their

flanking regions. For example these LTRs possess the overall retrovirus
like structure seen in NVL-3,

that is U3 R and U5 domains flanked by

short inverted repeat regions. The U5 and R domains are identical in all
three elements. This includes the inverted repeat regions and the minus
strand PBS at the 3' end of the 5' LTR. One of the most striking features
observed in NVL-3 was the presence of two extra copies of the 3' IR and
the PBS adjacent to it (118). This unusual feature is also seen in NVL-2,
which has two extra copies, and NVL-1, which has one extra copy of this
region. Norton et al have suggested that this duplication has arisen as
a

result

of

a

successive

series

of

duplications

during

reverse

transcription (112). Conservation of this repetition implies that it is
functionally important,

perhaps

in the process of retrotransposition.

NVL-1 and NVL-2 also possess the imperfect tandem repeats seen in the R
region of NVL-3. The sequence conservation of this repeat in all of the
NVL LTRs suggests that it is also of functional significance.
Although the three LTRs are identical in the U5 and R domains, the
U3 domains of the NVL-1/2 and NVL-3 elements differ in a number of ways.
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The most

obvious

difference

is

the

105bp

insertion

seen

in NVL-1/2

compared to NVL-3. The insert consists of three imperfect copies of a
35bp motif. Conserved within each copy of this motif is a short sequence
similar to the binding site of the transacting factor AP-1 (21) . The NVL1/2 AP-l-like sequence is CATGACTCCT compared to a consensus sequence of
G/ACTGAG/CTCAT. AP-1 is a member of a family of DNA binding proteins
which all bind the same or similar sequences (68,69), therefore a small
sequence

divergence

from the consensus may reflect the binding of a

factor that is a member of this family rather than of AP-1 itself. The
presence of this sequence motif is of interest because AP-1 sites in a
number of genes have been shown to be essential for mediating the effects
of growth factor stimulation. For example the vimentin gene is a serum
responsive gene which has been shown to have a peak of expression about
8 hours after serum stimulation. A 24bp region containing two copies of
an AP-1 binding site have been shown to be essential for mediating the
response of this gene to serum (20). Also the AP-1 site has been shown
to be

important in mediating the effects of activated Ha-c-ras on a

number of genes. For example, the polyoma virus enhancer contains an AP-1
site which is responsible for mediating the effects of Ha-c-ras and serum
(73) . It is interesting to note that the

35bp motif is repeated.

As

mentioned in the introduction the presence of more than one copy of a
motif

is a characteristic

feature

of many

enhancers.

It

is

also

of

interest that the NVL-3 LTR possesses a single copy of an AP-l-like site.
This sequence is slightly different from the triple repeat AP-l-like site
and occurs in the region between the 105bp insert and the promoter which
is not present in NVL-1/2.
This region of NVL-3 also contains a CCAAT box motif not present
in NVL-1/2. From this study it is not possible to say what effect,
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if

any, the absence of the CCAAT box has on expression of NVL-1/2. However
this sequence motif is thought to be important in regulating efficient
initiation of transcription (1) and therefore its absence in NVL-1/2 may
be reflected in the lower basal levels of expression observed for NVL-1/2
in the transient expression assays.
Both

NVL-1/2

and

NVL-3

sequences of these elements
project

does

not

question

possess

TATA

box

motifs,

however

the

differ in the two LTRs. Once again this
the

role

of

the

different

TATA boxes

in

regulating VL30 expression, however there is evidence that different TATA
boxes respond to different stimuli, presumably due to interactions with
different transacting factors (149,150). This type of regulation may be
important
various

in controlling

stimuli

differences

in

such
the

as

the

responses

the

control

serum

of

of

the

response

NVL VL30

where

expression between

elements

there
the

are

two

to

clear

types

of

element. Alternatively the factors binding to the TATA boxes could be
present at different levels within the cell thus affecting expression.
Another

possibility

is

that

the

interaction

between

different

TATA

binding factors bound to the two different promoters and other regulatory
proteins could be different, thus affecting expression.

D.1.2 NVL VL30 ELEMENTS ARE STRUCTURALLY DISTINCT FROM OTHER
VL30 ELEMENTS
A number of other VL30 elements have been cloned and their LTRs
sequenced (117,119,125). For the most part these are genomic clones and
therefore

their functional

relationship

to the NVL VL30

elements

is

unknown. The sequence comparison in Figure 4 shows that there is a great
deal of sequence homology between the NVL LTRs and the other VL30 LTRs.
However the VL30 elements form a distinct subset, resembling each other
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more than the other elements. This is particularly true of the U5 and R
domains where the NVL elements are identical. Figure 4 does not show the
small deletions and base changes that occur in the U5 and R regions in
other VL30 elements relative to NVL elements.
Also it is interesting to note that none of the other elements have
the unusual repetition of the IR and tRNA PBS seen in NVL elements. This
may reflect the fact that these other elements are not transcribed or
retrovirus

transmissable and therefore would not undergo

the reverse

transcription that caused the duplication of these regions.

Sequence

conservation in the NVL elements suggests that this duplication may have
functional significance in the retrotransposition of this subgroup of
elements.
The distinct subset formed by the NVL LTRs with respect to sequence
confirms the observations of Carter et al (151) who used hybridization
studies to study the relationships between the various VL30 elements,
they also showed that the NVL elements formed a distinct subset.
The U3 domains tend to be more heterogenous in terms of sequence.
However even within
regions

of homology.

this
The

domain
two

the various

clones

that

LTRs

show

share

the

a number

closest

of

sequence

relationships to the NVL LTRs are 9k 5 (125) and VL-3 (119).
9k5 is a cDNA isolated from SV40 transformed NIH 3T3 cells and is
described as growth specific (125). The regions of the LTR found in the
clone are almost identical to those of NVL-1/2 and presumably 9k 5 is
derived from an NVL-1/2

transcript.

However

the

915

clone

does not

include any of the U5 domain, therefore it is possible that the element
that this

clone was

derived from possesses

homologous to the NVL U5 domain.
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a U5

domain that

is not

The clone VL3 is also of interest as the U3 domain of this clone
is almost identical to that of NVL-3. The U5 and R domains however are
quite different from those of any other VL30 element sequenced (119). VL3
has been shown to possess strong

promoter activity and therefore it is

strange that this element was not cloned with the NVL elements.

This

observation suggests that although the VL3 element is transcribed it is
not packaged by retroviral particles. The sequence divergence of this
element from NVL-3 in the R and U5 domains indicates that these domains
may possess essential signals required for the packaging of the NVL VL30
elements by retroviruses.

D.1.3

STRUCTURAL RELATIONSHIPS WITH OTHER RETRANSPOSABLE ELEMENTS

The VL30 elements are structurally similar to other retrotransposons.
That is they possess a similar retrovirus-like structure consisting of
U3 R and U5 domains within LTRs. The identical LTRs surround an internal
unique region. However the sequence analysis shows that there is little
sequence

homology

between

the

VL30

LTRs

and

those

of

other

retrotransposons. This includes other murine elements, such as IAPs (93)
and MuRRs

(152) and elements from other organisms,

such as Drosophila

copia-like (94) and Yeast Ty (96) elements. This suggests that the VL30
elements are evolutionarily distinct from these other elements. The only
homologies that can be seen are the IRs which are similar to those of
retroviruses and retrotransposons. In fact sequence data from a large
number of retroelements shows that these regions are very well conserved
and it has been suggested that this is because all of these elements use
a similar method of integration (81).
VL30 elements, like copia and Ty, appear to be some sort of less
highly

evolved

form

of

retroelement, that
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is

they

appear

to be

an

intermediate

entity

between

the

cellular

mobile

elements

and

retroviruses. However unlike copia and Ty, VL30 does not possess ORFs
encoding retroviral genes, although there are homologies to these genes
in the unique region (123).

D.2

EXPRESSION OF VL30 RNA

D.2.1 SERUM RESPONSE
VL30 elements are responsive to serum stimulation of quiescent NIH
3T3

cells. The kinetics

of the

response

indicate

that

the NVL VL30

elements are not early response genes like c-fos (11), c-jun (17,18) and
a large number of other serum responsive genes (59,60). These immediate
early response genes are induced rapidly but transiently, whereas VL30
elements are induced at a later time point and maintain elevated levels
for several hours.

These sort of expression characteristics have been

seen for a few other genes. Examples of these genes include transin, a
matrix

degrading metalloproteinase

metalloproteinase)

(153),

(75), proliferin,

TIMP

(tissue

inhibitor

of

a member of the prolactin-growth

hormone family (154) and vimentin, a subunit of a filament important in
the cytoskeleton (20). Unlike the immediate early genes which all show
very

similar

expression

heterogeneous group.

characteristics

these

genes

form

a

more

For example their kinetics of expression are all

slightly different and although most of

these

genes

require protein

synthesis for expression,

there are exceptions such as vimentin (20).

VL30

do

elements

themselves

not

require

protein

synthesis

for

EGF

stimulated expression (128).
Not all VL30 elements respond to serum. The SI nuclease mapping
data clearly shows that the NVL-1/2 elements are far more responsive than
the NVL-3 elements. The independent regulation of different members of
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the NVL VL30 elements is also seen during development. In most tissues
there is a high degree of regulation of expression of NVL-1/2 elements,
whereas NVL-3 elements are expressed relatively constitutively (145). The
proliferin gene family also possesses members that are not responsive to
serum

stimulation

as well

as

genes

that

are

responsive

(155) . The

regulatory regions of the responsive and unresponsive genes differ only
in one

small

region.

Also

the

16C8

gene

(TIMP)

was

shown

to have

differentially regulated transcripts (75). In this case there is only one
gene and it is thought that there may be several transcriptional start
sites that respond to different regulatory signals.
The serum response occurs at least in part at the transcriptional
level. The magnitude of the response in the nuclear run on experiments
was somewhat lower than expected, however the presence of a large number
of transcripts produced by the relatively unresponsive NVL-3 elements
could

result

expression.

in

there

being

quite

This

could

obscure

the

a

high

effects

level
of

serum

of

constitutive

starvation

and

stimulation. Also the level of response does tend to vary somewhat from
experiment to experiment.

It is possible that there is an element of

post-transcriptional control. This is supported by the fact that VL30
expression is slightly induced by cycloheximide (128)

indicating that

mRNA stability may play a role in VL30 expression.
The serum response is retained when VL30 elements are transferred
to heterologous VLNRK cells indicating that the response is controlled
by sequences within the VL30 elements. However it is interesting to note
that the kinetics of the response in the rat cells is somewhat different
from in NIH 3T3 cells. The peak in expression occurs somewhat earlier
than in NIH 3T3 cells, but

still occurs much later than the peak in

expression seen for c-fos and other early response genes (11,59). Also
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the magnitude of the response is somewhat lower than usually observed in
NIH 3T3 cells. One possible explanation for both observations is that
there is different availability of the necessary transcription factors
in the NRK cells.
Interestingly only a very low level of expression was obtained in
similar experiments with RATI cells. Also there was apparently no serum
response in these cells. This result could be partly due to a very low
copy number

of VL30 elements resulting in very low levels of expression.

However it is important to note that the parental Rati cells were also
used for transfection assays to assess the promoter activity of the NVL
LTRs and in this cell line there was only very low promoter activity for
all the constructs tested. This data would suggest that the VL30 elements
are not active in this cell line. This contradicts the results of Rodland
et al who have transferred VL30 elements to RATI cells and obtained a
response

to

EGF and to TPA

(156) . It

is

difficult

to

explain this

apparent contradiction. However as these cells lines came from different
sources it is possible that the cells used by Rodland et al and the ones
used in this project may have quite different properties, reflected in
the differences observed in VL30 expression.

D.2.2 ELEVATED EXPRESSION IN TRANSFORMED CELL LINES
It has long been acknowledged that the rate of growth of a cell
line has

an

effect

on

the

levels

particular many transformed cell
expression (114,126,157).

of VL30

lines have

expression
elevated

(114,125).
levels

In

of VL30

The data presented here supports this to an

extent as both spontaneously transformed cells and cells transformed by
c-Ha-ras have elevated levels of VL30 transcripts. Also co-tra^fections
with N-ras result in elevated levels of expression from VL30 enhancers
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and promoters.

However the data presented here agrees with earlier work

which showed that VL30 expression is not elevated in Ki-v-ras transformed
cells

(114). These observations suggest a number of things. First of all

clearly the elevated levels of VL30 in the spontaneously transformed cells
and

those cells

transformed by N- or Ha-ras are not due merely to the

uncontrolled growth seen in transformed cells, instead the VL30 elements are
directly affected by the events involved in cell transformation. Also this
result suggests that Ki-ras and Ha- and N-ras act, at least in part, via
different

mechanisms.

Although

these

results

suggest

the

interesting

possibility that the expression of oncogenic ki-ras and Ha- and N-ras may
have different effects on VL30 expression it is by no means conclusive. It
would be most useful to study VL30 expression in a larger number of cells
transformed by the three ras oncogenes in order to see whether these results
can

be

reproduced.

Also

it

would

be

interesting

to

repeat

the

co

transfection experiments using ki- and Ha-ras.
Interestingly

the

revertant

cell

lines

derived

from the Ki-v-ras

transformed cells show elevated levels of expression. This may be attributed
to the way that the cells were produced. The parental transformed cell line
CC1 was mutagenized with BuDR to give revertants (131). As mentioned in the
introduction this drug has been shown to induce VL30

expression

(114),

however there is no evidence that there is any long term effect.
Unlike the serum response both types of VL30 element are responsive
to cellular transformation. This suggests that different control mechanisms
are responsible for growth factor induced and transformation induced changes
in VL30 expression.

This further supports the idea that the response to

transformation is not merely a response to the elevated growth rate of these
cells but that it is due to specific changes which directly effect VL30 expression.
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A number of transformed

cell lines have been shown to produce growth

factor-like substances that can act in an autocrine/paracrine fashion to
induce

transformation in normal

cells

(157).

However conditioned medium

obtained from the Ha-c-ras transformed cells had no effect on the expression
of VL30 elements in normal NIH 3T3 cells. The experiments could have been
improved by a number of small changes such as using NIH 3T3 cells that had
been serum starved before the addition of the conditioned medium. Also it
may have been useful to have concentrated the conditioned medium before use.
An alternative approach to addressing this question could have been to use
purified transforming growth factors. The results suggest that changes in
VL30 expression in transformed cells are due to a direct effect of the
transforming agent, such as the oncogene or chemical mutagen, rather than
to the presence of a transforming growth factor. This is supported by the
work of Owen et al who showed that an increase in VL30 expression in ras
transformed cells was directly due to ras gene expression (159).

D .3 PROMOTER AND ENHANCER PROPERTIES OF THE NVL VL30 U3
DOMAINS
In order to relate the structural aspects of the NVL VL30 LTRs to
their expression it was necessary to test the LTRs for promoter and
enhancer function.

D.3.1 BASAL LEVELS OF PROMOTER AND ENHANCER ACTIVITY
Clearly the differences in the structures of NVL-1/2 and NVL-3 are
reflected in their promoter activities. The NVL-3 LTR promoter is very
strong compared to both the NVL-1/2 promoter and the prototype promoter
from SV40.
Both
linked

to

the

elements

possess

a heterologous

quite

promoter.

strong enhancer

This

is

important

activity when
because

VL30

elements could possibly affect the expression of mouse cellular genes by
an insertion mutagenesis
enhancer

activity

type of mechanism

exhibited by

these

(88). With

elements

it

is

the very high
clear

that

an

activating insertion by these elements could have a drastic effect. This
type of effect has been shown for other retrotransposons such as Ty,
which exerts its transcriptional regulatory effects on cellular genes via
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enhancer-like sequences

(104).

Recently it was reported that in some

tissues VL30 probes detected transcripts much larger than normal VL30
elements (129) . It would be interesting to know whether these transcripts
came from VL30 elements fused to cellular genes.
Higher CAT activities were obtained when the U3 domain was placed
in the opposite orientation with respect to the promoter.

A possible

explanation is that the slight change in position with respect to the
promoter that changing the orientation of the LTR would have caused, may
facilitate

better

interactions

with

any promoter bound

trans-acting

factors.
The promoter and enhancer functions are also active in HeLa cells.
Similar relative levels of promoter activity for NVL-1/2 and NVL-3 are
seen, although the levels of SV40 driven CAT are somewhat higher than in
NIH 3T3 cells. This indicates that VL30 expression is not species or cell
type specific. However as noted previously there are only very low levels
of expression from both LTRs in Rati cells. This suggests that there is
a certain degree of tissue specificity.

D.3.2 RESPONSE TO N-RAS IS MEDIATED VIA AN ENHANCER FUNCTION
Both NVL-1/2 and NVL-3 LTRs show increased promoter activity when
they are

co-transfected with an N-ras

expression vector.

This

is an

enhancer mediated response and appears to be of a similar magnitude for
both the LTRs. This suggests that the response is mediated by the same
sequences in both NVL-3 and NVL-1/2. In fact this may not be the case.
A recent report by Owen et al (159) shows that for NVL-3 a 53bp region
is

required

for mediating high

basal

levels

of

expression

and

the

response to Ha-c-ras in co-transfection experiments. The region that they
show to be absolutely necessary for the response is in the region 5' to
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the promoter

and contains

an AP-l-like

site.

There

is

only

limited

homology between NVL-1/2 and NVL-3 in this region suggesting that the ras
response

is mediated via

different

sequences

in NVL-1/2

and NVL-3.

Perplexingly Owen et al also show that Ki-v-ras mediated stimulation of
NVL-3

is controlled by this region.

This contrasts directly with the

results presented here, where no Ki-v-ras induction of expression was
seen

for

endogenous

VL30

expression.

Very

preliminary

results

not

presented here indicated that NVL-3 CAT constructs were not induced in
co-transfections with a Ki-ras expression vector.

It is difficult to

explain these conflicting results especially in the light of previous
reports of normal levels of VL30 expression in Ki-v-ras transformed cells
(114). A possible explanation is the gene dosage, that is there may be
a higher level of ras in the cells used by Owen et a l . The data presented
here (Figures 21 and 22)

show that increasing the level of ras input

increases the level of VL30 expression.

D.3.3 LACK OF SERUM RESPONSE IN THE U3 DOMAIN OF NVL-1
The most surprising result obtained was that the NVL-1 U3 domain
was not able to confer a serum response in transfection assays. The U3
region contains the only known differences between the NVL-1/2 and the
NVL-3 elements and it therefore seems reasonable to suggest that the
sequence determinants responsible for controlling the response to serum
would be found within this region. However the results clearly show that
whilst endogenous VL30 elements are regulated as usual there is no serum
mediated regulation of the LTR/CAT constructs.
The

most

simple

explanation

is

that

sequence

requirements

downstream from the SacI site are required for the serum response. There
are a number of cases where downstream regulatory regions have been shown
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to be

important

in controlling

transcription.

The

two most

relevant

examples are the retrotransposons Ty and copia. Both class I and class
II

Ty

elements

have been

shown

to

require

downstream

enhancer-like

elements for full transcriptional activity (96,160). Copia elements have
been shown to have control elements on either side of the transcriptional
start site and a regulatory region within the unique region (95). The
region within

the

LTR downstream of

the

transcriptional

start

site

appears to be important in regulating tissue specific expression.
However it must be taken into consideration that the downstream
sequences are the same in both NVL-1/2 and NVL-3 elements. The following
model

could

explain

how

the

serum

response

is

controlled

in VL30

elements. A downstream sequence, presumably common to both NVL elements,
binds an essential factor for the serum response. Also sequences unique
to NVL-1/2 bind another essential factor(s)
interactions

occur

between

the

bound

and then protein protein

factors

to

facilitate

serum

induction. This model would allow for the low levels of induction seen
for NVL-3 in the SI mapping as it would allow for binding of a factor(s)
to another site(s) that interacted less well with the downstream factor.
This

model

is

speculative

and

analysis

of

downstream

sequences

is

required in order to find the serum regulatory regions. Control of serum
responsive

expression

of

VL30

elements

seems

likely

to

be

quite

complicated and it appears to involve at least two regulatory elements.
It is also possible that negative regulatory elements are involved.
This is the case for c-fos expression where negative factors are involved
in shutting off expression in quiescent cells and positive factors are
required to stimulate expression upon addition of serum (161).

Serum

stimulation results in modification of the positive or negative factors
in order to change their affinities for the serum response element.
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There are some genes that are expressed only in quiescent cells
(162). It would be interesting to know whether these genes are involved
in controlling directly or indirectly the repression of serum responsive
genes, such as NVL-1/2, in quiescent cells.
It was interesting to note that a true quiescence was not obtained
in the transiently transfected cells and that endogenous VL30 expression
was not down regulated or stimulated. A similar result was obtained by
Rittling et al (20) for the serum inducible vimentin gene which shows
similar

kinetics

to

VL30.

Their

work

showed

that

in

transiently

transfected cells they only obtained a 2 fold induction whereas in stably
transformed cells they saw a normal response. They suggested that genes
such as vimentin require a 'deep' quiescence not obtained in transiently
transfected cells. Miska and Bosmann (163) have shown that there are
different levels of quiescence. A deeper quiescence can be obtained which
requires a longer lag period before DNA synthesis occurs after addition
of serum or growth factors. It is possible that the transfections result
in the cells being unable to reach this deep quiescence and that VL30 and
other genes such as vimentin require this deep quiescence before they are
completely downregulated.

D .4

INDUCTION OF VL30 EXPRESSION BY SERUM AND RAS IS MEDIATED VIA
PROTEIN KINASE C INDEPENDENT PATHWAYS
The protein kinase C signal transduction pathway is important in

mediating the effects of growth factor stimulus (45,47). Also it has been
shown that protein kinase
effects of ras
signal

(56).

C

is essential

Therefore

transduction pathway

is

for mediating

some

of the

it was of interest to find that this
unimportant

in mediating

either

the

effects of serum stimulation or ras mediated transformation for VL30
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elements. Recently it has been shown that ras induces c-myc expression
via a protein kinase C independent mechanism (57).
Unfortunately the pathways that are involved in mediating these
responses

are unknown.

The

presence

of AP-l-like

in

the LTRs

suggested that the protein kinase C pathway may be involved as

AP-1 was

first identified as the TPA responsive element

sites

(21). TPA is a potent

stimulator of protein kinase C (51). The presence of AP-l-like sequences
within the LTRs may indicate that another member of this large family of
trans-acting factors

is involved.

As mentioned previously there is a

family of proteins closely related to AP-1. The cAMP response element
(CRE), for example, is very similar to the AP-1 binding site (164). The
factor that binds to the CRE (CREB) is a member of the AP-l/c-jun family
and possesses the characteristic leucine zipper motif (26). cAMP is a
second messenger in another signal transduction pathway and mediates its
effects via protein kinase A (164) . Recently it has been shown that there
is cross talk between the protein kinase A and protein kinase C signal
transduction pathways. In certain cell types and for some genes AP-1 and
CREB can bind to each others sites and activate transcription (164). A
cDNA apparently derived from NVL-3 has been isolated from T cells treated
with forskolin (129). Forskolin is an activator of cAMP and it would be
interesting to see if VL30 elements in NIH 3T3 cells are stimulated by
treatment with this drug.
In the transient transfection assays where H-7 was used there was
a small overall decrease in CAT activity, although the magnitude of the
ras response was not substantially altered. There are two explanations
for this observation.

The first is that the protein kinase C signal

transduction pathway plays a small role in mediating basal levels of
expression. The second is that the slight decrease in expression is due
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to non-specific effects of the inhibitor or to a general slowing down in
cell growth due to a lack of protein kinase C, rather than due to a
specific lack of the enzyme having a direct effect on VL30 expression

D .5 CONCLUSIONS
A number of conclusions can be drawn from the results presented
h ere.
Firstly

the

NVL

class

of

transcriptionally

active,

retrovirus

transmissable VL30 elements represents a subset of the VL30 family that
is structurally as well as functionally distinct from the other VL30
elements.
The expression of the two types of NVL element, NVL-1/2 and NVL-3,
is controlled by quite distinct mechanisms. This is reflected both in
basal levels of expression and in their different responses to serum
stimulation. Also there is indirect evidence that the response to ras is
controlled by different sequences in the two types of element.
The response to cellular transformation and the serum response are
controlled independently in VL30 elements, unlike a number of other genes
where both responses are mediated by the trans-acting factor AP-1. Both
responses have in common that they are not regulated via the protein
kinase C signal transduction pathway.
The serum response is not mediated by sequences within the LTR of
the NVL-1/2 elements. This suggests that there are sequences downstream
of

the

transcriptional

start

site

responsible

for

mediating

this

response.
Although VL30 elements are induced by activated Ha-c and N- ras,
Ki-v-ras has

no

effect

on VL30

expression.

This

suggests

that VL30

elements may be important in investigating the effects of the different

148

members of the ras gene family. Also VL30 responds directly to the ras
oncogene rather than to a more indirect signal from the transformed cell
such as autocrine/paracrine factor.
There are still a great many questions to be asked about the way
in

which

VL30

expression

is

controlled.

For

example

it

would

be

interesting to find the downstream sequences that are required for the
serum response. Also it would be useful to define essential regions of
the LTRs required for expression at the basal level and in response to
the various stimuli that induce VL30 expression.
Also it would be of interest to use DNAase I footprinting and gel
retardation assays to show that particular sequences are protein binding
sites. This would also give an indication of the proteins that are bound
and the pathways involved.
Finally as mentioned above it would be interesting to investigate
further the different responses VL30 elements show to transformation by
Ki-ras and Ha- and N-ras.
Analysis of the transcriptional regulation of VL30 elements is of
interest for several reasons. Clearly these elements provide a model for
a serum responsive,

transformation responsive gene. Also as mentioned

above they are potentially useful in understanding the action of the ras
gene family.
On a more biological level these elements are of interest because
of their potential to move around the genome and affect the expression
of cellular genes

in either a positive or negative way.

The evidence

presented here for strong promoter and enhancer activity coupled with
previous evidence of the retrovirus transmissibility of these elements
suggests that this is possible.
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