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Chapter I
Glucocorticoid Regulation of Mouse Mamary
Тшвог Virus Expression

1. Introduction
With the increasing knowledge of the different aspects of cancer, study of
the regulation of gene expression becomes more and more important. A common
feature of all cancer cells is that they escaped from the controled gene
regulation and started to express functions such as the ability to continu
ously divide and infiltrate other tissues. These functions are normal in,
for example, the embryonic cell onto which cell-division and cell-migration
are imposed by the developmental program. In cancer cells these normal
cellular functions are expressed inappropriately.
An important contribution to the characterization of the genes coding for
these cellular functions came from studies of retroviruses. Some of these
viruses, which do not transform cells in tissue culture and give rise to
tumors only late in life, have recombined with cellular genes that endowed
them with highly tumorigenic properties. Cellular genes called proto-oncogenes (c-onc), taken out of their natural environment and transduced into
the viral genome became onco-genes (v-onc). These viruses transform cells in
tissue culture and cause acute tumors in animals. For several of the protooncogenes activities related to those involved in cell division have been
described (reviewed by Heldin & Westermark, 1984). For example: the c-s1s
proto-oncogene

codes

for

the

platelet

derived

growth

factor

В

chain

(Waterfleld et ¿1_., 1983; Ooolittle et al_., 1983), c-erb-B codes for the
epidermal growth factor receptor (Downward et a\_., 1984) and the c-fms gene
product is homologous to the macrophage colony stimulating factor (CSF-1)
receptor (Sherr et ^1_., 1985).
In man, retroviruses do not cause cancer with the exception of HTLV-type
viruses, but It has been shown that cellular oncogenes are involved in some
cases. For example, the c-Ha-ras-1 oncogene was found to be activated in
several colon and bladder carcinomas. The activation was found to be the
result of a single base pair substitution in the DNA sequence, causing one
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amino acid change in the ras protein (Tabin et _al_., 1982; Reddy et al.,
1982). Not only qualitative but also quantitative changes in the expression
of the proto-oncogene product can cause transformation. In many systems
transcription of the c-myc oncogene was found elevated in different tumors,
resulting from somatic amplification of the c-myc DNA or from translocation
of a chromosome fragment

containing the c-myc proto-oncogene into an

actively transcribed region (reviewed by Bishop, 1983; Bishop, 1985).
The mutations mentioned above can be the result of DNA damage. Several
agents are known to cause DNA damage: UV-radiation, mutagenic chemicals,
certain viruses. Induction of mammary carcinomas in rats by nitroso-methylurea involves the activation of the c-Ha-ras-1 locus by a single point
mutation
carcinomas

at the same site as found in some human
(Sukumar ^t

a}_.,

1983).

colon

and

bladder

The process of DNA damage occurs

relatively frequently and the cells possess repair mechanisms to deal with
it. However, the repair is not always perfect, or may be deficient (as found
in some hereditary types of cancer) and mutations can occur. When the
mutation involves a proto-oncogene cancer may arise.
Understanding gene regulation is a major goal of molecular biology. Two main
levels of regulation have been proposed: the transcriptional regulation (DNA
••RNA) and the translational/post-translational regulation (RNA -•protein).
Questions one is trying to answer are: What factors regulate transcription
and translation? For example: what factors direct the RNA polymerase to
transcribe gene A in the liver cell and gene В in the brain? What DNA
sequences are involved in the recognition of these tissue specific factors?
Evidence is emerging that both the chromatin structure and specific protein
factors are involved in transcriptional regulation. At the level of trans
lation one is interested in factors which determine that RNA A is translated
more efficiently than RNA В or factors determining the half-lifes of
messenger RNAs and proteins.
12

The work in this thesis deals with a specific aspect of gene regulation.
Transcriptional regulation of one particular set of genes, namely those
contained in the mouse mammary tumor virus ( W T V ) genome, was studied. The
expression of these genes is induced by glucocorticoid hormones and we have
used this property as a model system for the general mechanism of glucocorticoid hormone action. The goal of this study was to gain insight in the
interactions between specific DNA sequences and regulatory molecules needed
for the transcription stimulation. This chapter is devided into two major
parts. The first one describes the MMTV model system - the biology of the
retrovirus

and

its

tumorigenicity.

features of transcription

regulation

The

second

part

in eukaryoteS

describes
and

general

in more detail

regulation by steroid hormones.

2. The biology of mouse mammary tumor virus
Mouse mammary tumor virus (MMTV) has been classified as a B-type retrovirus
based on its morphology (Weiss et à\_., 1984). Its genome consists of single
stranded RNA which, after infection of a host cell, is transcribed into DNA
by the viral reverse transcriptase (RT, Fig.l). The DNA molecule called the
provirus, integrates

into the host genome via a circular

intermediate

(Pangam'ban, 1985) at random positions in the chromosomes (Weiss et al.,
1984). The viral genome is subsequently transcribed and translated by the
cellular enzymes.
The genome of replication-competent

retroviruses contains the

sequences

coding for the structural proteins of the virion and RT. The viral RNA is
packaged into the particle and released from the cell by budding without
lysis of the host. The genome contains three genes (Fig.l): gag, pol and
env. These genes code for the precursor proteins of the core, reverse
transcriptase and envelope, respectively. All three genes are transcribed
from one promoter region, located in the long terminal repeat (LTR). As a
13

consequence of the mechanism of reverse transcription, an identical LTR is
present upstream

and downstream of the structural

genes. The

gag-pol

precursor protein is translated from an mRNA of genome size, while the env
polypeptide is translated from a spliced messenger (Fig.l).
With the exception of Rous sarcoma virus, viruses which have acquired an
oncogene are replication-defective. They lack part of their gag-pol-env
genome and for their replication they are dependent on the presence of a
helper virus, which provides the structural proteins and RT (Weiss et al.,
1984).

Fig. 1 : The replicative cycle of
MMTV. Α. The
viral
RNA
is
transcribed
by reverse trans
criptase into double stranded (ds)
DNA. Via a circular intermediate
the DNA integrates into the host
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genome. Two identical LTRs are
flanking the gag-pol-env- genes.
B. The transiational products and
the processed proteins of the three
viral mRNA. рЗб ? represents the
putative
LTR
orf
translation
product (after Weiss et jìl_., 1984).

Endogenous and exogenous proviruses
Two types of MMTV transmission have been described: germline transmission
(vertical) and transmission via the milk (horizontal). The endogenous MMTV
proviruses,

transmitted

via the

germline, were

probably

acquired

by

multiple, independent infections of the mouse germline after speciation.
This hypothesis is supported by the fact that different mouse strains have
different patterns of endogenous MMTV proviruses. The cellular flanking
sequences of the different proviruses within a mouse strain are not related,
indicating that the multiple proviruses did not arise by amplification.
In general the endogenous proviruses are not expressed and do not give rise
to tumors. The high degree of methylation of endogenous MMTV DNA (Cohen,
1980) may be implicated in this control. However, females of certain mouse
strains (GR, DBA) develop carcinomas even after foster nursing on females of
virus free strains (Mlihlbock, 1965; Bentvel zen et ^1_., 1970). Transcription
from the endogenous provirus and integration of new proviruses seem to be
necessary for the induction of mammary tumors (Cohen & Varmus, 1980; Fanning
et al_., 1980). An um'ntegrated circular provirus was cloned from a GR tumor
cell-line (Buetti & Diggelmann, 1981).
The mouse strain C3H has a high mammary tumor incidence. When C3H mice are
foster nursed on mothers of low-incidence strains, the incidence is very
much decreased. An MMTV virus exogenously transmitted via the milk has been
found as cause of the high tumor incidence. How the milkborn virus migrates
through the gut to the mammary gland is not well understood. Experiments
showing new proviruses in the marmiary glands and not in other tissues of
infected animals, suggested a mammary gland tropism of the virus (Cohen et
al.,

1979). Upon hormonal

stimulation

during

pregnancy

and

lactation,

transcription and virus production occur in the infected mammary gland.
The virus is shed into the milk, thus causing infection of the progeny.

15

Insertional mutagenesis
MMTV belongs to the group of slowly transforming retroviruses which do not
contain an oncogene and do not transform cells vn vitro. The mechanism by
which such viruses elicit tumors is by insertion in or close to proto-oncogenes and activation of these genes. In avian leukosis virus (ALV)-induced
lymphomas a provirus is often found integrated in the vicinity of the c-myc
oncogene (Payne et al_., 1982; Neel et _§]_., 1981). Elevated levels of c-myc
mRNA are detected in these tumors. In leukemias induced by Moloney murine
leukemia

virus

(M-MuLV) newly

integrated

proviruses

are found

in the

proximity of proto-oncogenes c-myc or pim-1 (Cuypers et ^1_., 1984; Selten et
al.» 1984). The integrated proviruses are often not of the original M-MuLV
type. Presumably a recombination event prior to integration generated mink
cell focus forming (MCF) viruses in which parts of the envelope and LTR
regions are replaced by homologous regions of xenotropic viruses (Van der
Putten et a]_.,

1981; Quint et _al_., 1984). Upon insertion specific RNA is

transcribed from the locus, indicating the involvement of the locus in
tumorigenesis.
In MMTV-induced mairmary tumors two distinct integration sites have been
identified: int-1 (Nusse & Varmus, 1982) and int-2 (Peters et a K , 1983).
They share the following features: 1) Proviral integrations are found either
upstream of the

int-transcription

unit in the opposite transcriptional

orientation or downstream of the int-locus in the same orientation. The fact
that disruption of the int coding region has never been found suggests an
important role of the int gene product in tumorigenesis. 2) The spliced int
mRNA (2.6 kb for int-1 and 3.6 kb for int-2) is detected in tumors bearing
an insertion in the int locus and not in normal mammary gland cells or
other tissues. 3) The int sequences are not homologous

to any known onco-

gene (Dickson et _al_., 1984; Nusse et aL·, 1984; Van Doyen & Nusse, 1984).
Another locus (int-41) distinct from int-1 and int-2 has been isolated from
16

an MMTV induced mammary tumor and was found activated in a kidney adeno
carcinoma induced by an MMTV variant (Garcia et ^ К , 1986).
The function of the int-proteins is not known, but the high sequence conser
vation between mouse and human int-genes suggests an important function. The
hypothesis that proviruses integrate into transcriptionally active sites
predicts that the int proteins play a role in mamnary gland development or
milk production. Also, the oncogenic potential of the int gene products is
not yet established. So far neither transformation of cells in vitro nor
tumor i gem'city in nude mice could be detected in transfection experiments
with the int-genes expressed from a strong promoter.
The LTR open reading frame
The LTR of MMTV is relatively long. While the LTR of most other retroviruses
is approximately 600 bp long, the MMTV LTR contains 1328 bp. In vitro trans
lation

of

hybrid

selected

3' MMTV

RNA

fragments

predicted

a coding

potential of the LTR (Dickson & Peters, 1981; Dickson et a].., 1981). The
existence of an open reading frame (orf) with a coding

capacity for a 36 kD

primary translation product has been confirmed by sequencing (Donehower et
^1_., 1981; Fasel et_al_., 1982; Kennedy et jl_., 1982). A detailed analysis of
viral RNA in infected mammary gland cells and in MMTV-induced tumors reveal
ed a novel 1.7 kb mRNA, besides the 9 kb genomic mRNA and the 4.4 kb
envelope mRNA (Wheeler et ¿Ι.., 1983; Van Doyen et al·, 1983). Using the SI
nuclease mapping analysis Van Doyen et ^ К

(1983) showed that the 1.7 kb

mRNA initiates in the 5' LTR at the same site as the genomic RNA. The same
splice donor site as used by the envelope mRNA and an acceptor site which is
located 72 bp upstream of the 3' LTR are used. The RNA terminates at the
polyadenylation site in the 3' LTR. This messenger which contains predomin
ante! y LTR sequences could code for the orf protein. An antibody raised
against a synthetic peptide specifically imnunoprecipitates in vitro trans
lation products translated from LTR hybrid selected RNA. The

products with
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molecular weight of 36, 32, 24, 21 and 18 kD are related, the smaller ones
originating at internal methionine codons (Dickson et ^ К , 1981; Racevskis &
Prakash, 1984). The function of the open reading frame protein is not
known. Due to the low expression and the lack of a high-titer antibody, the
protein has not yet been demonstrated vn vivo. An MMTV provirus, probably
involved in the induction of T-cell leukemias, has been characterized. It
showed rearrangements in the region coding for the C-terminal portion of the
orf protein (Michalides e* a]_., 1985). Recently another MMTV variant was
isolated from a kidney adenocarcinoma cell line, also showing a rearrange
ment in this region (Wellinger ^t ä\_., 1986). Based on these observations,
the orf protein might be involved in the tissue-specific regulation of MMTV
transcription.
The glucocorticoid regulatory element
Mammary tumori genes is is strongly dependent on the hormonal milieu of the
cells. Tumors occur almost exclusively in females, although males treated
with feminizing hormones are prone to tumorigenesis. The Incidence is lower
in virgin mice when compared to multiparous females and the rate of growth
of tumors is highest during
hormones) clearly

play

pregnancy. Hormones

a role

in development

(steroids and

peptide

of MMTV-induced

tumors

(Ringold, 1979). Transcription of MMTV DNA is increased by the synthetic
glucocorticoid dexamethasone in cultured cells infected or transfected with
MMTV (Young et _al., 1977; Ringold et ^1_., 1977; Buetti & Diggelmann, 1981;
Hynes et j K »

1981). The glucocorticoid responsive sequences have been

localized in the LTR (Lee et al·, 1981; Huang et a b , 1981; Groner et _al.,
1981; Fasel et $}_.,

1982) and by deletion mapping in a region downstream of

position -200 with respect to the transcription initiation site (Hynes et
¿1_., 1983; Buetti & Diggelmann, 1983; Majors & Varmus, 1983). Firzlaff and
Diggelmann (1984) have shown that the stimulation of transcription by the
hormone has a direct effect on the number of RNA polymerase II molecules
18

transcribing the gene. U^ vitro binding studies have been performed with
purified glucocorticoid receptor complexes, showing that distinct regions in
the MMTV LTR bind with high affinity to the receptor (Payvar et jil_., 1981;
Ρ ay var et a K , 1983; Geisse et _al_., 1982; Govindan et ^1_., 1982; Pfahl,
1982; Pfahl et _al_., 1983; Scheidereit et aJL, 1983; Scheidereit & Beato,
1984).

Interestingly,

progesterone

receptor

binds

to

overlapping

DNA

sequences as compared to the glucocorticoid receptor (Von der Ahe et al.,
1985). It is unknown how the binding of the receptor influences the loading
of the RNA polymerase II complexes. Attempts to generate an vn vitro
transcription system which

is stimulated by the addition of purified

hormone-receptor complexes have sofar been unsuccessful. Therefore, other
factors and/or a specific configuration of the template

are probably

involved in this process. A DNA binding protein, different from the gluco
corticoid receptor was shown to bind specifically to the regulatory region
of the LTR in vitro (Nowock et ^.,

1985). It has recently been purified by

Rosenfeld and Kelly (1986). The role of the binding site in hormone action
will be discussed in chapters 2, 3 and 4.

3. Regulation of eukaryotic mRNA synthesis
The principal method of identifying the DNA sequence elements that control
transcription in eukaryotes has been to mutagenize DNA sequences near the
start of transcription and to test transcription efficiency from the altered
templates either after re introduction into the cell or in an jn vitro
transcription system. These studies have shown that promoters for proteincoding genes despite their variation in sequence, are organized according to
a common plan. The TATA box element (Fig. 2) is found in many promoter
regions although exceptions have also been described

(Valerio et al.,

1985). It is located 20-30 bp upstream of the transcription initiation site
and is thought to be involved in positioning of the RNA start : deletion of
19

the sequence generates 5' heterogeneity in the transcripts (for review see
Breathnach & Chambón, 1981). Further upstream at approximately position -70
to -100 with respect to the RNA cap site, additional promoter elements are
found. Some promoters contain

the so-called

CCAAT box, or the GGGCGG

sequence, whereas others contain unique features which are not found in any
other known promoter

(for example

heat shock promoters; Pelham, 1982;

Pelham, 1985). Dynan and Tjian (1983) have isolated a protein factor (Spi)
which binds to the GGGCGG sequence. It is not clear how the Spi protein
interacts with RNA polymerase II to influence transcription. In a variety of
genes the Spi binding sites are located at different positions with respect
to the RNA cap site. The binding of the factor may alter the conformation of
the DNA downstream thus enabling the entry of the RNA polymerase II complex
between the two DNA strands. Alternatively, Spi binding could facilitate
binding of other factors which could create a continuous array of proteins,
thus transmitting the signal from the Spi binding site to the RNA polynerase
entry site (review Dynan & Tjian, 1985). Recently partial purification of a
protein binding to the CCAAT sequence has been reported (Graves et al.,
1986; Cohen et ^ L , 1986).
Approximttelg 100 bp
I
f

1

Upstream elements
1 GGGCGG І-ГССДАТ l—[ТДТДІ

•
•
•

^

ι

> mRNA

ч
·
•
•

| Enhancer |

Fig. 2 : Arrangement of DNA sequence elements controlling transcription of a
typical eukaryotic protein-coding gene. The enhancer may be located upstream
or downstream of the site of transcriptional initiation (from Dynan & Tjian,
1985).
The activity of many promoters is modulated by an enhancer, a separate
regulatory element. It was first identified as а с is-acting element in the
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SV40 genome (Benoist & Chambón, 1981; Gruss et aj_., 1981). Elements with
enhancer properties have been described for a variety of viral genomes and
cellular genes (reviewed by Khoury & Gruss 1983; Serfling et a b , 1985).
They can exert their stimulatory effect over a relatively large distance and
independently of their orientation. However, at close proximity to the
promoter distance and stereospecific alignment seem to be important for
maximum effect (Wasylyk et li-, 1984; Takahashi et ^ К , 1986).
The enhancer sequence also interacts with specific factors. This was shown
in a transfection competition assay, in which cotransfection of increasing
amounts

of

competitor

enhancer

DNA,

decreased

transcription

from

the

enhancer containing promoter (Schöler & Gruss, 1984). Later, it was shown
that some enhancers compete for general factors, while others bind celltype-specific factors (Mercóla et al., 1985). Repression of enhancer-induced
stimulation has been reported for the adenovirus Eia product (Borrelli et
a b , 1984; Velcich & Ziff, 1985).
The glucocorticoid regulatory element of MMTV can be viewed as an inducible
enhancer, of which the factor is known, namely the glucocorticoid hormonereceptor complex (Parker, 1983). It renders a heterologous promoter hormone
inducible (Chandler et a K , 1983; Ostrowski et jib, 1984; DeFranco et a!..
1985) and can work on longer distances in an orientation-independent manner
(Ponta et _al_., 1985). Similar transcription regulatory elements of other
inducible genes

also have enhancer-like

properties. The

glucocorticoid

regulatory elements of metallothionein and human growth hormone render a
heterologous promoter hormone inducible (Karin et _al_., 1984; Slater et al.,
1985). The region necessary for the stimulation of the /^-interferon gene by
polyl-polyC and by viral infection (Zinn et ^1_., 1983) exhibits enhancer
like properties (Goodburn et a}_.t 1985). Recently an element with enhancer
properties located upstream of the human c-fos proto-oncogene was identified
(Treisman, 1985) which is required for the transient accumulation of c-fos
RNA following serum stimulation (Greenberg & Ziff, 1984; Kruijer et al.,
1984; Müller et i l · , 1984).

Chromatin structure
Various features of chromatin structure are related to gene expression. In
the

polytene

transcribed

chromosomes
regions

of Drosophila

appear

as puffs.

salivary

gland

In mammalian

cells

cells

actively

transcribed

chromatin can be discriminated from non-transcribed chromatin on the bases
of electron microscopical morphology (euchromatin versus heterochromatin).
In eukaryotes the DNA double helix, with its 10.4 basepairs per turn, is
organized

into a higher order chromatin structure. The first order of

folding is the nucleosome structure (Fig. 3 ) . Two of each of the four
histones H2A, H2B, H3 and H4 constitute a histone core around which 146 bp
of DNA are wrapped in approximately two left-handed turns. Adjacent nucleosomes are separated by a linker sequence approximately 50 bp long. Histone
HI is bound at the base of the core where the DNA ends join the nucleosome,
and is thought to be involved in the second order of folding, the 30 nm
fiber (Fig. 3 ) . The fine structure of this fiber has not yet been resolved.
A two-start superhelix, shown in Figure 3 and a one-start solenoid have been
proposed (for review see Felsenfeld & McGhee, 1986).

DNAdo^he,,» .jO^ÒO^^ÒUf^/K

V

Fig. 3. Schematic illustration of
two orders of chromatin packing
(from Alberts et al., 1983)

"beads on a string"
form of chromatin

chromatin fiber of
packed nucleosomes

30 nm

Active genes are preferentially sensitive to digestion by the nuclease
DNasel (Weintraub & Groudine, 1976) and they often possess specific sites at
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their 5' end that are hypersensitive to DNasel (reviewed by Eissenberg et^
a!., 1985). It is generally accepted that DNasel hypersensitive sites are
devoid of nucleosomes and thus more accessible to the enzyme. Studies on the
SV40 virus have shown that DNasel hypersensivity is a feature of specific
DNA sequences in chromatin regions; movement of the SV40 origin/promoter
region, which contains hypersensitive sites, to other locations in the
genome results in the production of the same hypersensitive sites at their
novel position (Jongstra et ä\_., 1984). DNasel hypersensitive sites often
coincide with regulatory elements (Siebenlist et ¿1_., 1984). This suggested
that the generation of these sites may be dependent on binding of regulatory
proteins. For the MMTV regulatory region Zaret and Yamamoto (1984) have
shown an appearance of DNasel hypersensitive sites (II and 12) upon administration

of

dexamethasone

to

cells

containing

transfected

MMTV

LTR

constructs. The appearance of the sites paralleled the increase in MMTV
transcription

rate. These

sites map

at positions where

glucocorticoid

receptor binding in vitro was demonstrated. A second class of hypersensitive
sites (C-sites), lying outside the receptor binding region, was persistent
after withdrawal of the hormone. Hormone dependent appearance of DNasel
hypersensitive sites was also reported for the chicken vitellogenin gene
(Burch & Weintraub, 1983), the lysozyme gene (Fritton et jH., 1984), the
tyrosine aminotransferase gene in rat liver (Becker et _al_., 1984), and for
the ovalbumin gene (Kaye ^t jib, 1986).
From studies of gene transfer, together with studies of gene expression
during normal development, three states of gene activity can be defined:
"off", "on" and "inducible". The "off" state is for example reflected by the
endogenous MMTV proviruses or the endogenous growth hormone gene in nonpituitary cells (Robins et ^ Ь , 198E). Addition of glucocorticoids does not
induce transcription of these genes. The "inducible" state is represented by
newly integrated MMTV proviruses (after infection or transfection). Trans23

fected genes often are in the "inducible" or "on" state somehow escaping the
"off" regulation imposed on the endogenous genes (Diggelmann et ^., 1982).
The "inducible" state is defined by the presence of persisting DNasel
hypersensitive sites such as the C-sites in MMTV (Zaret & Yamamoto, 1984).
The "on" state is accompanied by the appearance of transcription-specific
hypersensitive sites such as the inducible sites II and 12 in the MMTV.
The glucocorticoid receptor
Steroid hormones, which are synthesized from cholesterol, are small hydro
phobic molecules of A/300 D. They cross the cell membrane by diffusion. In
the cytoplasm they bind to a receptor molecule and exert a direct regulatory
effect by binding of the complexed receptor to specific DNA sequences (Fig.
4 ) . The glucocorticoid hormones induce also secondary effects, presumably by
inducing transcription of regulatory proteins which in turn induce trans
cription of a larger set of proteins (Alberts et j K , 1983). The hormones
also have an effect which is independent of transcription, the mechanism of
which is not known (i.e. direct actions in Fig. 4 ) . Hormone binding induces
conformational changes of the receptor so that its affinity for DNA is
increased (Simons, 1979; Higgins et ^1_., 1979). The bound receptor which can
cross the nuclear membrane by diffusion is then preferentially retained in
the nucleus. For the estrogen

receptor

GLUCOCORTICOID • RESPONSIVE CELL

Пд

contradictory

_ ,_ s t e p s

in

data

have been

g1ucocorticoid

action. S = steroid, R = receptor.
Different

shapes

of R

indicate

different conformations. The direct
actions/indicate that the receptorsteroid complex has effects other
than those in the nuclear chromatin
(from Baxter & Rousseau, 1979).

published, suggesting that the unoccupied receptor is also found in the
nucleus (King & Greene, 1984; Welshons et _al_., 1984). Thus, in this respect
the estrogen

receptor

would

resemble

the

thyroid

receptor, which

is

localized in the nucleus even when no hormone is bound (Alberts et al.,
1983).
Most of our knowledge of the glucocorticoid receptor comes from studies of
receptor mutants. Immature T-cells and several T-cell lymphoma eel 1-1 i nes
die when dexamethasone is added to the culture medium. Selection of dexamethasone resistant cell clones resulted in the isolation of three classes
of mutants: the receptorless r~ mutant, the n f

mutant with deficient

nuclear transfer (Sibley & Tomkins, 1974) and the nt^ mutant with increased
nuclear transfer (Yamamoto .et j].., 1976). From results obtained by hormone
affinity

labeling

and

immunological

blotting

technique, the

following

conclusions can be drawn (Dellweg £t jib, 1982; Northrop et ¿}_., 1985): the
wild type receptor has a molecular weight of 94 - 98 kO. It contains three
domains, a hormone binding domain, a DNA binding domain and an antigenic
domain. In the receptorless mutant both the hormone binding activity and the
innunoreactivity are decreased, suggesting a defect in receptor production
or accumulation. The n f mutant cells possess a receptor of wild type size,
which binds the hormone as efficiently as wild type. A small mutation in the
DNA binding region may be responsible for the defect in accumulation of this
receptor in the nucleus. The nt^ mutant contains a truncated receptor of 39
- 40 kD which can only be detected by hormone affinity labeling (Westphal et
al., 1984; Northrop £t ^1_., 1985), suggesting that the antigenic domain is
not present. A receptor fragment with comparable characteristics can be
produced from the wild type receptor by partial proteolysis with Ä'-chymotrypsin (Dellweg et a K , 1982). Based on these data the following model can
be proposed: the conformational change of the receptor brought about by the
binding of the hormone involves the exposure of the DNA binding domain at
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the surface of the molecule. In the unbound receptor this domain is masked
by the antigenic domain. Deletion of the antigenic domain such as in the nt 1
mutant or in the proteolytic fragment of the wildtype receptor results in a
permanent exposure of the DNA binding

site and

an

increased

nuclear

transport. The nti mutant does not elicit glucocorticoid hormone response.
It may be that the abnormally high affinity of the receptor complex for DNA
does not allow sufficient diffusion. Thus the specific sites to which the
receptor has to bind to induce transcription, remain unoccupied. In this
model the glucocorticoid receptor would function in an analogous way to the
prokaryotic catabolite activator protein (CAP, De Crombrugghe & Pastan,
1980). A loose binding is observed with aspecific DNA, while a tight binding
is found with specific sequences of the lactose operon (Weber & Steitz,
1984).
Recently the genes coding for the human glucocorticoid receptor (Weinberger
et al., 1985a; Govindan ejt jiK, 1985), the rat glucocorticoid receptor
(Miesfeld et _al_., 1984) as well as the human estrogen receptor (Walter ^t
al., 1985) have been cloned. Two human glucocorticoid receptor genes were
localized on chromosomes 5 and 16. The open reading frame, determined by
sequencing of a cDNA, can encode a protein of 777 aminoacids (v85 kD)
(Hollenberg et _§]_., 1985). The in vitro synthesized receptor protein binds
dexamethasone, although less efficiently than the purified receptor. Posttranslational modifications may be necessary for optimal binding.
Comparison of the DNA sequence revealed some homology to the oncogene
v-erb-A (Weinberger et гЛ_., 1985b). It is not yet clear whether the homology
is confined to general features of a DNA binding protein containing a ligand
binding site or whether a glucocorticoid receptor-like molecule is indeed a
proto-oncogene product. It is known that glucocorticoids can influence DNA
synthesis and proliferation of specific target cells.
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The molecular cloning of the receptor

gene will

enable

site directed

mutagenesis studies of the receptor and subsequently the identification of
the requirements for DNA binding. DNA-protein interaction studies comparable
with those performed with the

^-repressor

(Ptashne, 1980; Wharton &

Ptashne, 1985; Anderson et a b , 1985; Hochschild & Ptashne, 1986) will be
neccessary

for

further

understanding

of

the

molecular

mechanisms

of

transcription regulation.
Other steroid hormone regulated genes
A variety of glucocorticoid and other steroid regulated genes has been
cloned. For some of them it has been shown that the regulation is at the
level of transcription (tryptophan oxygenase: Danesch ^t &}_., 1983; MMTV:
Ringold et jl_., 1977; Firzlaff & Diggelmann, 1984). For the estrogen- and
progesterone-induci ble genes ovalbumin and conalbumin, both transcriptional
and post-transcriptional control has been described (McKnight & Palmiter,
1979). Some genes have been Introduced into appropriate tissue culture cells
and were shown to respond to the hormonal stimulus. For this class of genes
deletion studies were performed, to delimit the region necessary for hormone
response. Often, in vitro binding studies with the purified receptor delineated a region overlapping with the region determined by the functional
analysis. A brief

sumnary

of several

steroid

hormone-responsive

genes

follows:
Metallothionein (MT): A DNA clone of the human metallothionein Ila gene,
transfected into a rat fibroblast cell line, exhibits glucocorticoid and
heavy metal inducible transcription. Both inducers function independently of
protein synthesis. Two elements which can act independently are responsible
for the heavy metal induction; they are located at positions -150 to -138
and -50 to -38, respectively. A glucocorticoid responsive element is found
at position -268 to -237 with respect to the transcription initiation site.
A third element located at position -90 to -70 is involved in the basal
27

level of transcription. In vitro glucocorticoid receptor binding protected
the region -265 to -245 from DNasel digestion

(Karin et ^ Ь ,

1984).

Transfected DNA of mouse metallothionein I yields cells responding only to
heavy metals and not to glucocorticoids. Two metal responsive elements have
been detected at similar positions as in the human MT IIa (Stuart ^t a!.,
1984; Carter et _al_., 1984).
Lysozyme: The chicken

lysozyme

is induced _in_ vivo by several

steroid

hormones such as glucocorticoid, progesterone, estrogen and androgen. A
cloned lysozyme gene linked to the SV40 T-antigen coding region, transfected
into primary oviduct cells is inducible by progesterone and glucocorti
coids. 5' deletion studies have shown that both glucocorticoid and pro
gesterone responses

are

lost when the deletion

extends

downstream

of

position -208 (Renkawitz et a/L, 1984). DNasel and exonuclease III footprint
analyses jn vitro revealed two sites to which both the glucocorticoid
receptor, isolated from rat liver, and the progesterone receptor, isolated
from rabbit uterus, bind. These sites are located at positions -208 to -161
and -74 to -39 with respect to the transcription initiation site (Von der
Ahe et ^1_., 1985). Analysis of internal deletions will be necessary to
determine the functional importance of the proximal binding site.
Growth hormone: Rat growth hormone can be induced in vivo and in a pituitary
cell line by the glucocorticoid and thyroid hormones (Evans et ^1_., 1982;
Spindler et a}_., 1982). A DNA clone containing the human growth hormone with
500 basepair 5' flanking sequences, transfected into mouse fibroblasts is
inducible by the addition of dexamethasone
glucocorticoid-responsive

(Robins et jab, 1982). Two

elements which render a heterologous promoter

dexamethasone inducible, have been identified: one in the 500 bp 5' flanking
sequence (Robin £t j^L·, 1982) and another one in the first intron of the
gene (Moore et a^.,

1985; Slater et ^1_., 1985). Only the element in the

intron at position +86 to +115 generates a DNasel footprint in vitro, while
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both elements

are preferentially retained

in a filter binding

assay,

suggesting a weaker binding of receptor to the element in the 5' flanking
region. The presumed position of the latter element is around position -250,
based

on

comparison

of

sequence

homology

with

other

glucocorticoid

responsive genes (Slater et _al_., 1985).
2u globulin: This protein which is exclusively found in male rat liver, is
induced _irL vivo by glucocorticoids, androgens and thyroid hormones, while
estrogen represses its accumulation. Transfection of a

recombinant clone,

containing the gene and approximately б kbp of 5' flanking sequences into
LTK" mouse fibroblasts yielded dexamethasone-inducible expression of the
gene (Kurtz, 1981). No data are available on receptor binding and deletion
studies of this gene.
Ovalbumin: Expression of a cloned ovalbumin gene, transfected into primary
oviduct cells is induced by progesterone. 5' flanking sequences up to
position -222 are necessary for this response (Dean et a K , 1983). In vitro
filter binding experiments with progesterone receptor isolated from hen
oviduct, showed

that a fragment

located

at position -247 to -135 is

preferentially retained (Compton et ^1_., 1983).
For several
functional

genes receptor
data

are

not

binding

yet

studies

have been reported, while

available. The

rabbit

uteroglobin

gene

expression is induced by estrogen in the uterus and by glucocorticoids in
the lung. Three binding sites for the glucocorticoid receptor have been
identified far upstream (2.6 kb) from the transcription intiation site (Cato
et a\_., 1984). Binding of the estrogen receptor in the 5' flanking region of
the vitellogenin II gene (approximately 600 bp upstream of the RNA cap site)
coincides with an estrogen dependent hypomethylation site (Jost et al.,
1984).
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In the cases mentioned above functional analyses and binding data are in
agreement with each other. Sequences which show _in vitro receptor binding
are also important for the hormone inducibility in cells. From comparison of
the different genes one can conclude that the number and the location of the
steroid responsive elements is not limited. They are found as far as 2.6 kb
upstream of the transcription initiation site (uteroglobin) and in the first
intron (growth hormone). A consensus DNA sequence for binding of the glucocorticoid receptor has been deduced from the data of the different genes. A
17 bp sequence was proposed by Karin et a K (1984, Fig. 5 ) . Functional data
presented in Chapter 2 suggest that a 10 bp sequence is essential for
hormone response. Comparison of the consensus sequence to the binding site
sequence present in the growth hormone gene led Moore et a]_. (1985) to
propose a degenerate consensus. The question which bases are crucial to
receptor binding and function might be answered by the systematic sitedirected mutagenesis approach taken by Hutchison et à}_. (1986) and in a
later stage by X-ray diffraction studies of receptor - DNA complexes.

TGGT.ACAAA.TGTTCT
CAAACTGTTC
G..ACAA..TGTYCT

(Karin et a b , 1984)
(Buetti & Kühnel, 1986)
(Moore et _al., 1985)

Fig. 5 : The consensus sequence for the
glucocorticoid receptor binding.
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In the proviral DNA of mouse mammary tumor virus (MMTV), sequences up to 5r200 base
pairs from the RNA start site are required for cumulation of transcription by glucocorticoid
hormones in cultured cells A total of 20 mutant plasmids with clustered point mutations or
small deletions in the hormone control region of the MMTV long terminal repeat were
constructed, linked to the coding portion of the Herpes sim-ptex virus thymidine kinase
gene, and introduced by transfcction into LTK" LCIIS Transcription from mutant DNA in
the presence or absence of hormone « a s quantified by S, nuclease protection assays Our
analysis revealed the presence of at least three control elements that affect the extent of
transcription stimulation by glucocorticoid hormones (1) a distal element, between — 181
and —172 base pairs (bp) from the RNA initiation site Linker scanning mutants in this
segment have a reduction of up to 20 fold in the hormone response with respect U> wild
type (2) An element around position — 120, defined by a mutation of 4 base pairs between
— 121 and —117, which causes a fivefold reduction (3) An element from ~ — 78 to —70,
defined by a mutant with also a roughly fivefold lower stimulation The first t « o are
included in areas that have been shown by others to interact m vitro with hormonereceptor complexes, the last one overlaps the in vitro binding site of a nuclear protein
factor A mutant lacking all three elements ( — 193 to —70) is completely non inducible by
glucocorticoids Together with earlier results obtained with 5' deletion mutants, the data
show that the largest contribution to the stimulatory response is made by the distal
element, which however docs require the presence of both more proximal ones for the
response to be maximal In the absence of the distal one, the two proximal elements
together produce a residual stimulation in the order of 5 to 1 0 % of wild type, while the
— 70 element alone is ineffective In addition, we show that a functional TATA homology is
required for maximum stimulation It appears that transcriptional regulation of MMTV by
glucocorticoid hormones is achieved by the concerted action of multiple sequence modules,
not all of which correspond to receptor binding sites m vitro

1. Introduction
In animal cells, differential gene expression
through modulation of the rate of transcription is a
regulatory mechanism that plays an important role
in differentiation and developmental processes
Kxpenmentally, the mouse mammary tumor virus
(MMTV) with its hormonally regulated transenp-

t Author for correspondence
X Abbreviations used MMTV, mouse mammary tumor
virus, LTR, long terminal repeat, bp, batte paire,
TK, thymidine kinase, HAT,
, nt, nucleotide,
LS. linker scanning, dex, dexamethacone
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tion is one of the best model systems for studying
ьшh mechanisms (for a review, see Ringold, 1979)
A stimulation of the rate of specific MMTVt D N A
transcription by glucocorticoid hormones (e g
dexamelhasone) occurs in cultured infected cells
(Young el al, 1977, Ringold el al, 1977), and in
cells transfectcd with cloned MMTV D N A (Buetti *
Diggclmann, 1981, Hynes et al, 1981, Diggelmann
el al,
1982, Owen & Diggelmann, 1983) or
suhfragments of it containing the long terminal
repeat, or L T K ( L e e e / a J . 1981; Huang et al. 1981.
Croner tl al, 1981, Fasel et al, 1982) Direct
evidence that this regulation occurs at the level of
initiation of transcription has been provided by
©
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К liuetti and It
( І с и т т ш і п ц the number of ItNA polymerase II
molecules involved in the tr.mscriptio» of MMTV
DNA (Fir/l.ilT & Diggrlm.inn, l!)H4) Furthermore,
the intracellular receptor protein that mediates the
transcriptional stimulation has been characterized
(Wrange et al, 1979), complementary DNA clones
have been recently isolated (Miesfcld et al, 1984,
Weinberger et al, 1985), and the genomic sequences
have Іюеп mapjied to chromosome ii in human cells
(Hollenberg et al, 1985) Biodirinical and genetic
data support the notion that the receptor binds the
hormone and that the complex associates with
certain regions in the genome, thereby exerting it«
regulatory function Rinding of purified glucocorti
coid-receptor complexes to specific sites of cloned
MMTV DNA, including the bTR, has been
demonstrated tn vitro (Pavvar el al, 1981, 1983,
Geisse et al, 1982, Goiindan et al, 1982, Pfahl,
1982, Scheidereit et al, I98J Pfahl ci al, 1983,
Scheidereit & Beato, 1984) Studies with deletion
TinitAnts have established th,it (1) sequences, from
approximately —200 to
100 bp upstream from
the transcription initi.Uron site are rpquncd for the
lionnonal stimulation to take place (Huctti Ä.
Diggi'lmann, 1983 Majors A Varmub, 1984, Нупсь
et al 1983, Fir/laff et al 1984 I x e et al , 1984)
(2) Sequences downstream from
approximately
— 70 bp are required for the basal le\el of
transcription (Buctti 4. Diggclmann, 1983, Majors
& Varmus, 1983, Ix-e et al 1984), independent of
the hot mone Schematically one can therefore
envisage the area of the MMTV LTR that is
important for transcription as composed of two
distinct regions a promoter region (TATA homo
logv/mRNA cap region and upstream sequences to
— 70 bp), involved in RNA polymerase binding, and
a regulatory region ( s ; — 100 to - 2 0 0 bp), involved
in hormone receptor complex interactions A cor
relation exists between the biological data and the
results of m miro receptor binding studies
(Scheidereit et al,
1983 Payvar et al, 1983,
Scheidereit & Beato, 1984) these indicated the
presence of a strong promoter distal binding site at
— МИ) lo — 190 bp, and of several proximal sites
between :s
80and-!f>0bp
In this paper we report the construction of a
series of clustered point mutations and small
deletions in the MMTV regulatory region and the
quantitative analysis of their effects on hormonal
stimulation of transcription from the MMTV
promoter The data obtained reveal the existence of
multiple, distinct sequence elements involved in the
glucocorticoid regulation of MMTV transcription

2. Materials a n d M e t h o d s
(a) Plaitmtd conxtntfiiunn
The construction of 5' and 3' deletions and their
АанетЫу into linker ecannuiR plajunlds as well as the
transient expression assay have been described (Kuhnel el
al 1980)
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Kvhnel
(b) Tranifertian tuimifrt

Stuhle transfiM tum oí LTk apri ічЧІч ин.ч (»erformed
using the calcium phoHjihaU' precipitation гшчіичі
(Graham et al ЮНО) with 5 tu 10 μκ ріаяпші DNA plus
carrier salmon |»егт DNA to a total of 20 ;ig |>ег <И) mm
Petri dish containing Ä IO6 cells For ticlection using
hygromycm Η (200/ig/ml, Calbiochcm) 70 to 12()iig of
plasmid pY3 (Hlochhnger SL Diggclmann, 1984) was
coprecipitat«d Cells were incubated with the DNA for
%15h, and selection was started 2 davs after transfee
tion LTK * cells were seletlcd in ΙΙΛΤ medium
(lattlefietd, 1964) Resistant clones were detected after 10
to 12 days After ~ 3 weeks individual colonies were
picked with cylinders, or all colonies in a dish were
pooled, they were expanded to 4 to 6 10 cm Petri dishes
and grown for the last 17 to 20 h with or without the
addition of 10"* M dexamethasone to the culture
medium
(c) Nueleir acid artalynt
DNA and cytoplasmic UNA were extracted ал
previously described (Buctti &. Diggelmann 1983) I)N \
blot analysis was ¡»crformed acumlmg to Southern (1975)
asdesinbed prcMousK (Buctti Ä. Diggclmann 1981) S,
nuclease protêt tion assays were < arned out aiumlmg to
Ffl\aloro et al (1980) as describid (liuetti A Diggelmann
1983) except for the use of Kp^ïendorf lillies and л
digestion temperature of 31°(' Nudeasc S l was from
Sigma or PL lïiochciilKals and was used at 800 (1 mm)
units/ml
Protected fragments were resolved on
denaturing 6% (w/v) polyacr)Iamide gels (Maxatn λ
Gilbert, 1980) Bands were \isuali/ed by autoradiography
of dried gels with Kodak \ Omat Alt films with
intensifying screens at — 70°C and their intensit} was
quantified by densitometne scanning of the films

3. Results
(a) Construction

and assay of "hnler
deletion mutants

scanning"

and

Since the glucocorticoid regulatory region in the
MMTV LTR (as defined by 5' and 3' deletion
analysis) spans more than 100 nucleotides, the
method of linker scanning mutagenesis (McKnight
& Kingsbury, 1982) was found most suitable to gain
a more detailed understanding of its function
Starling from two linearized recombinant DNA
molecules digested with exonuclcase III and S,
nuclease (Sakonju el at , 1980) we generated two
sets of 5' and 3' deletion mutants of the MMTV
LTR between positions - 2 0 4 and + 1 3 4 with
respect to the site of transcription initiation A syn
thetic //indili recognition site in the form of an
eight-nucleotide linker was ligated to the deleted
DNA molecules, and the end points of 00 different
5' and 49 different 3' deletions were identified by
DNA sequencing (Sanger ef o í , 1980) By recombining 5' and 3' LTR fragments with matching
deletion termini, an essentially complete LTR with
a cluster of point mutations at varying positions
was
reconstructed
(linker scanning, or l>S.
mutants) Similarly, deletion mutants were produced by
recombining
appropriate fragments
through their / / i n d i l i site
Each mutant is

HrgnUUwn of Ттапнспрііоп οι MMTV

designated by two numbers, which refer to the
position of the nucleotides immediately 5' and 3' to
the insert«) linker sequent e (Kig I) Of the 20
mutations d e s m h e d , nine do not alter the overall
spacing of the neighboring D N A , Il do so by
adding or deleting I to 3 nucleotides, four delete 7
to 17 nucleotides, and two are more extended
deletions For the functional analysis, the mutated
LTIts were positioned in front of the coding region
of the thymidine kinase (TK) gene of Herpes
simplex virus им a synthetic HnmHl linker (Fig 2)
After introduction into cells, an inRNA containing
fused MMTV TK 5' non translated sequences is
tr.uiscnbed from the LTR promoter under the
«ontrol of the mutated regulatory region Correctly
initiated, stable m UN As were identified in nuclease
S, protection experiments with a probe 5' end
i2 ,
labeled with l in the synthetic βατηΗΙ site at the
junction between LTR and TK DNA Such R N A s
should protect from S l nuclease digestion a 5' endlabeled fragment of 142 nucleotides, extending to
the MMTV c i p site (Fig 2) The mutant plasmids
were introduced into LTK" cells by the calcium
phosphate piecipitation method (Graham eí al,
ЮНО) and I/IK* <oll d o n e s «ere selected in HAT
molnim (Littlefield
ΙΟΟΊ) in the absence of
hormone In some tases a plasmid containing a
gene conferring resistance to the antibiotic hygroi m u n U was cotransfected with the mutant, and
selection of transfectants was carried out with the
antibiotic (Blochbnger & Diggclmann, 1984) This
alternative wa\ of selection, independent of the
function of the MMTV promoter, should avoid the
risk of seiet ting for secondary mutations or for
rearrangement in the DNA to be tested The s l a t e
of the exogenous MMTV DNA in the transfectants
was analy7ed by Southern blotting after BamHI
digestion and agarose gel electrophoresis The
results showed that hygromycin 11 selected cell
clones contained fewer copies (I to 4) of integrated
plasmids than HAT selected ones, which had 10 to
20 copies This analysis also showed no evidence for
rearrangement in the transfected LTRs since only
one fragment of the predu ted si¿e hybridized to a
31
V labeled LTR probe (data not shown) Southern
blot analysis of D N A from several different pools of
LT К * transfectants using the enzyme £ c o R I ,
which cuts only once in the plasmid (Kig 2),
revealed one major band of the plasmid size
hybridizing with a 3 2 I > labeled LTR probe (data not
shown)
This observation indicates that the
multiple copies of transfected plasmids in L T K *
clones are present in tandem arrangements In view
of these results, selection for TK * transfectants was
preferred since the higher number of plasmids per
cell permitted the detection of the low basal level of
transcription from the MMTV promoter, this in
turn permitted a quantitative determination of the
stimulation factor by glucocorticoid hormones
Pools of clones (5 to 5 0 , depending on the
e x p e n m e n t ) from one transfected plat« or m some
cases individually picked clones were amplifìed, and
cytoplasmic RNA was extracted from parallel

LS Mídanle

cultures grown in the absence or presence of the
6
synthetic glucocorticoid dexamethasone ( 1 0 ~ м )
added to the medium I(i to 20 hours prior to the
extraction Equal amounts of RNA were used in S ,
nuclease protection experiments, and relative tran
scription levels were deduced from densitometnc
scanning of the 142 nucleotide band of autoradio
grams at different exposure times A more accurate
quantification was obtained in experiments where
dilutions of ( + ) samples were applied to the
sequencing gel next to the undiluted corresponding
( —) sample (Fig 4(c) and (d)), and densitometnc
data were plotted as a function of RNA amount
Some mutants were also tested in transient
expression assays by cotransfccting LTK ~ cells
with the lest plasmid and a reference plasmid
containing the rabbit β globir. gene under the
transcriptional control of the simian virus 40
(SV40) enhancer sequence (Banerji et al, 1981)
Transcripts from the globm gene annealed to
32
Д а т Н І digested, (5' P ) labeled globm plasmid
should protect a 212 nt end labeled fragment of the
second exon from nuclease S, digestion (Mantei et
al , 1979) An example is shown in Figure 5(c) The
relative intensities of the 212 nt band on autoradio
grains weie used as standards lor (ornpanng
transcription levels of test genes, by dividing the
intensity of the 142 nt LTR derived band by that
of the 212 nt band (Kuhncl et al , 1986) Transient
expression assays did not permit us to detect basal
levels of transcription in the absence of glucocorti
coid hormone Relative stimulation factors were
derived by tompanson of stimulated levels of RNA
synthesized from mutant and wild type plasmids
(b) Effects of linker scanning mutations on the extent
of transcnptvcynal stimulation by dexamethasone
The stimulation factor for cells transfected with
the wild type LTR TK plasmid was determined
and served as the 1 0 0 % value in comparison with
mutants It was approximately 300 fold for T K *
stable transfectants containing 10 to 20 copies of
DNA, and approximately 70 fold for hygromycin
selected cells containing on the average a single
copy of DNA In view of the tandem arrangement
of the multiple integrated copies in LTK* clones
(see above), their higher stimulation factor could be
explained by a cumulative, reciprocal effect of
neighboring LTRs on each other, similar to the
effect
of
hormone dependent
transcriptional
enhancer exerted on
heterologous promoters
(Chandler el al, 1983, Hynes el al, 1983, Ponto et
al, 1985) Plasmids with a deletion between - 193
and —70 did not show any stimulation by
dexamethasone above base-level in stable transfec
tants (Kig 3(c)), and did not produce a detectable
signal in transient transfection assays (not shown)
This result confirms previous d a t a obtained with 5'
deletion mutants (Buetti & Diggelmann, 1983,
Majors к Varmue, 1983, H y n e s et al, 1983) and
demonstrates that LTR sequences upstream from
— 193 are not involved in glucocorticoid regulation
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Figure 2. Wild type plasmid the MMTV I.TR {Pell
i'vull fragment) is joined through a ßamtll linker to the
thymidine kinase coding region {BglN-Pvull
fragment)
The shaded area indicates the glucocorticoid regulatory
region, extending to s: — 200 nt from the UNA start site
where linker scanning mutations have been introduced
The position of the 142 nt fragment protected from S,
nuclease digestion by RNA initiated at the correct site in
the LTR is aleo indicated Dots represent artihcially
introduced restriction sites
E EaiRl
В ЛотНІ
Ρ, PtmW The wavy line denotes pBR322 sequences
(fc'coRI-Pimlt fragment)

Tn a pool of clones transfected with the — 193/ —70
mutant the basal level of transcription was about
fivefold lower than the average, in addition it
ronlamcd upstream initiated transcripts, recog
пЛЫе by the presence of a protected fragment of
¿10 nt (Fig 3(c)) arising from hybridi7alion up to
the point ( — 70) of sequence divergence between the
probe and the RNA All mutants directed the
synthesis of correctly initiated transcripts though
small variable amounts of upstream initiated RNA
were also delected in stably transfected cells ( e g
Fig 3(a)) Of all the linker scanning mutations
analyzed, none completely abolished the glucocorti
coid response, as did mutant —193/ —70 the most
strongly affected mutants had about 5 % of the
wild type stimulation factor, which, for T K *
transfectants, still represents a ratio of approxi
malely 15 fold between dexamethasone treated and
untreated cultures The results, in the form of
autoradiographic exposures, are presented
m
Figures 3 to 5 The quantitative analysis, based on
one or more pools or clones of transfectants as
indicated, is given in Figure I Results obtained

m M MTV

LS

MulaiUi

with hygromycin H selected cells were in mmplete
agreement with those of TK * transfettants, an
asterisk indicates the inclusion of one such case in
the calculations
The d a t a define at least three upstream regions
involved in the glucocorticoid regulation of the
MMTV promoter The most critical regulatory
element ia between nucleotides —181 and —172, at
a distal location from the transcription start site
Its left boundary is defined by LS mutant
— 190/— 181, which is a high responder like the two
upstream
I^S
mutants
—201/—192
and
— 1 9 6 / - 186 (Figs 1(a) 4(b) and 5(c)) The next LS
mutant, — 189/ - 180, formally representing a shift
o f l b p of the sequence substituted by the linker,
displayed a five to sevenfold reduction m transen ρ
tional stimulation by dexamethasone
A low
response was observed with a group of ÌJS mutants
in this area (Figs 1(a) 4(b) and (a)) - 1 8 6 / - 1 7 7 ,
-181/-169,
-176/-109
- 1 7 6 / - 167,
- 1 7 i / - l b 6 and - 1 7 5 / - 1 6 6 This last one, with
only 6% on the average of the wild type level, had
the lowest stimulation seen in this study
Its
genotype shows an alteration of all 8 bp involved
(five transversions and three transitions) without
changing the distance between sequencob outside
the
octanucleotide
Two
other
mutants
( L S - 1 8 1 / - 1 6 9 and - 1 8 1 / - 1 7 5 ) show almost
equally low stimulation levels of 8 and 10%,
respectively Here the sequence alterations are also
accompanied by a net deletion or insertion of 3 bp
As one moves towards the promoter, the next two
LS mutants, - 1 7 2 / - 1 6 2 and - 1 7 0 / - 1 6 2 were
found to be fully competent in the hormonal
response They delimit the right hand boundary of
the distal control element A deletion between
— 193 and - 1 6 2 (Fig 1(a)) gave a reduction to
» 1 5 % , i c in the s a m e , range as for smaller
mutations in the region A 'quantitative impression
of the differences in stimulation factors can be
derived from the sequential twofold dilution
analysis shown in Figure 4(c) and (d), if one

Figure 1 Sequence of linker scanning mutations and quantification of their effect on the transcriptional regulation by
dexamethasone (a) to (e) Sequential segments of the regulatory region from —200 to the mRNA cap site The sequence
of the coding strand (Fasel et al, 1982) numbered with respect to the transcription start site (Buetti & Diggelmann
1083) is given On the wild t) pe sequence, published landmarks of in vttro interactions with the glucocorticoid receptor
are indicated below the sequence, 2 lines (for the 2 DNA strands) indicate the segments protected against DNase I
according to Scheidereit et al (1983) the broken line in between showing the consensus hexanucleotide Further below,
brackets represent the protected areas described by Payvar el al (1983) with their consensus octanucleotide as a double
line Triangles denote residues shown by Scheidereit & Beato (1984) to interact with the glucocorticoid receptor in
methvlation protection experiments (open protected, filled enhanced) Open squares indicate G residues at which
methylation was shown to prevent receptor binding (Scheidereit A. Beato, 1984) In (b) arrows indicate sequences
related to viral core enhancers (Weiher el at 1983) In (d) the sequence with dyad symmetry centered at position —70
that binds nuclear factor I in niro (Nowock el Ы, 1985) is marked by arrows In (e) the TATA homology is boxed
Linker scanning mutants are named by the positions of the nucleotides flanking on the 5' and 3' side the inserted
//indili linker 5' CAAGCTTG 3' Mutated nucleotides are in bold type and boxed Hyphens indicate deletions, boxes
above the line insertions The alignment of the linker was arbitrarily chosen to optimize the homology with the wild
tyfie sequence The relative dexamethasone stimulation was derived from densitometnc scanning of the 142 nt protected
fragment in différent autoradiographic exposures A 2 fold dilution analysis as in Fig 4(c) and (d) was performed for all
mutants except - 9 6 / — 88, - 9 0 / - 7 8 and —37/-11 For stable transfectants, the number of independent pools of
ι lonen (ρ) or isolated clones (c) analyzed is given in small type, an asterisk indicates that one of them had been selected
with hygromycin R, all othera were LTK * transfectants Data from transient expression assays were normalized to the
fi giubili murimi standard
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Figure 3. .Sj nuclease protection assays of RNA transcribed from linker scanning mutants in stably transfccted cells.
Different autoradiograpbic exposures of a sequencing gel displaying S! nuclease protected fragments are shown; 30 /ig of
cytoplasmic RXA from pools of LTK * cells transfected with the mutants indicated on top were used. The cells were
grown for Ä 16 h (trior to RNA Isolation either m the absence (lanes marked — ) or in the presence (lanesmarked + ) of
1 /iM-dexamethasone. The probe usediBs a 0 ЗЛ χ IO3 bp (5'- 32 P)-labeled W m d l l l - ß a m H I fragment of plasmid ρΔ47Β
(Kiihnel et al., 198tí) containing l/TR sequences between —204 and + 134 with respect to the RXA start site. Correctly
initiated RNA protects a fragment of 142 nt. (-ontrol yeast tRNA (30/¿g) was used for lane с . Numbers to the right
give the si/.es in nucleotides of DNA fragments used as molecular weight markers (lane M), (c) A longer exposure of the
portion of (b) aligned above it.

considers t h a t . e.g. lanes labeled " b " c o n t a i n t h e
e q u i v a l e n t of 1 5 / i g of ( + )dex R N A in (d). b u t only
0-25/<g in panel (c), while all lanes m a r k e d ( —)
contain t h e equivalent of 40 ;ig of ( — )dex R N A .
T h e second sequence e l e m e n t involved in t h e
glucocorticoid response is revealed by LS m u t a n t
— 125/—116, whose genotype has only four base
changes (two transversions a n d two transitions)
between positions — 121 and — 117. a n d no d i s t a n c e
a l t e r a t i o n s (Fig. 1(c)). Phenotypically, —125/—116
showed a fivefold reduction in s t i m u l a t i o n (Fig. 5(a)
a n d (b)). I t is separated from t h e distal e l e m e n t by
a s t r e t c h of a b o u t 50 bp: 40 of these are covered by
four
o v e r la p p i n g
mutations
( — 101/ —145,
- 1 5 1 / - 1 4 5 , - 1 5 I / - 1 3 2 , - 1 4 0 / - 1 3 2 ; Fig. 1(b))
t h a t in stable t r a n s f e c t a n t s displayed a wild-type
p h e n o t y p e (Figs 1(b), 3(a) and (b), 4(1)) a n d (c)).
T w o of these m u t a n t s were also tested in a t r a n s i e n t
expression assay and showed a s o m e w h a t reduced
response: 3 6 % of wild tviie for - 1 6 1 / — 1 4 5 a n d
5 0 % for - 1 4 0 / - 1 3 2 . T h e d i s c r e p a n c y m i g h t be
related to t h e different assay s y s t e m s (see Discus
sion) On t h e 3' side of the sensitive sequence
defined by US—125/ —116 are located t h r e e m u t a 
tions with eaacntially unaflected
response t o
dexamethasone:
-ІІ5/-105,
-96/-H8
and
- 9 0 / - 7 8 (Figs 1(c), 3(a) and (b), 5(a) a n d {c|.
Finally, two m u t a n t s with reduced response are
indicative of one (or two) sensitive region(s) a t a
p r o m o t e r - p r o x i m a l location: —!H»/ —70 (a net dele

46

tion of 11 bp; see also Kiihnel el ai, 1980) with
^ 2 0 % , and L S - 6 6 / - 5 7 (a 3 bp m u t a t i o n a t
positions - 6 1 , - 6 0 and - 5 8 ) with 4 0 % of wild
type (Figs 1(d), 3(a) and (b), 5(a)). I t is unclear
w h e t h e r t h e y belong to one a r e a s p a n n i n g from
— 78 t o —58, or to two separate ones, since we h a v e
no LS m u t a n t s m a p p i n g between —70 a n d — 0 1 . In
a n y case, t h e sequence between — 78 and — 70
a p p e a r s more critical, considering t h e
fivefold
reduction in h o r m o n e response of m u t a n t —90/ —70
with respect to - 9 0 / - 7 8 (Fig. 1(d)), a l t h o u g h t h e
contribution of t h e spacing a l t e r a t i o n d u e to t h e
removal of an additional 8 bp in —90/ —70 c a n n o t
be distinguished from t h e effect of nucleotide
s u b s t i t u t i o n s . Sequences d o w n s t r e a m of approxim a t e l y - 7 0 are expected to be involved in t h e
basal p r o m o t e r function (Majors & Varmus, 1983;
Lee et al., 1984). Only one LS/deletion m u t a n t in
this area was constructed and analyzed: —37/ — 11,
a plasmid with a n e t removal of 17 b p including t h e
T A T A homology (for a review, see U r e a t h n a c h &
C h a m b ó n . 1981; and Fig. l(ej Uoth pools of clones
and the one isolated LTK
transfectant
tested
contained threefold reduced levels of t r a n s c r i p t s
with heterogeneous 5' ends, m a p p i n g between t h e
correct + 1 position a n d a p p r o x i m a t e l y
position
+ 10 (Fig. 5(1))), probably directed by an A -l-T-ricli
region 30 t o 40 bp upstream from t h e new s t a r t site.
D e x a m e t h a s o n e increased the a m o u n t of these
t r a n s c r i p t s t o a limited e x t e n t : d e n s i t o m e t r y on t h e
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Figure 4. 8, nuclease protection assays of RNA transcribed from wild-tyiie and linker scanning mutants in stably
transfected cells (a) and (b) Two autoradiographic exposures of portions of sequencing gels with the 142 nt fragment
protected by correctly initiated transcripts Cytoplasmic RNA from pools of LTK * transfectants grown with or without
I /iM-dexamethasone was used; 10/ig for wild-type (wt) LTK transfectants + dexamethajsonc in (a). 40 ^g for all other
lanes (c) and (d) Kxamples of 2 fold dilution analyses used to evaluate stimulation factors bv dexamethasone All lanes
marked ( — ) contain the product of Sj assays performed with 40 /ig of RNA from untreated cells Dilutions of reaction
products containing RNA from dexamethasone-treated cells ( + lanes) were applied to the gel The RNA equivalents in
each lane are as follows (c) 0 125 /ig (lanes a). 0 25/ig (lanes b). 0 5 /ig (lanes c); I /ig (lanes d) (d) 0-75 /ig (lanes a);
I-5/ig (lanes b), .'Î/ig (lanes c): 6/ig (lanes d) Bands marked Ρ in (c) and (d) represent reassociatod DNA probe. Further
details arc as for Fig 3.

d a t a with the pool of clones shown in Figure 5(b)
gave a stimulation factor of a p p r o x i m a t e l y 25 fold.
or l()(>o of wild type
4. Discussion
T h e bS m u t a n t s described in t h i s s t u d y cover
a l m o s t the whole glucocorticoid r e g u l a t o r y region of
the MMTV L T R from nucleotides - 2 0 1 t o - 5 8
(see Fig l) Of t h e 23 I Л m u t a n t s tested in stable
traiisfection assays, 12 showed an
essentially
unaltered response t o d e x a m e t h a s o n e . indicating n o
inhibitory effect of t h e linker sequences. Kleven had
reduced stimulation levels, between (i a n d 4 0 % of

wild tyiie (Fig I) It is striking t h a t n o single LS
mutation
eliminated
the
hormone
response,
although this was t h e case when t h e whole
— 193/ —7(1 region was deleted
T h i s deletion
m u t a n t enabled us t o exclude c o n t r i b u t i o n s by
І/ГІІ s e q u e n œ s
upstream
from
—200 to the
hormone regulation
T h e l a t t e r result
supports
previous ones obtained with 5' deletion
mutants
(liuetti & Diggelmann. 1983. Majors & V a r m u s ,
1983. Hynes el al., 1983; IXÌC et al., 1984) t h a t set
the 5' b o u n d a r y of t h e glucocorticoid
regulatory
region within 200 bp u p s t r e a m from t h e transcription s t a r t site. T h e present analysis
provides
evidence for the existence of multiple individual

47

К. liuetli and li.

Kiilinel
•ж, -во -щ,
час *т -юв
'-+-•-+ и

щ-

Шmщ

I

»Figure 5. S, nuclease protection assays of RNA transcribed from linker scanning mutants in (a) and (b) stably or (c)
3
transiently transfected cells grown in the absence ( — ) or presence ( + ) of 1 /ІМ dexamethasone (a) The 0-35 χ IO bp,
31
+
(.V- 1') labeled DNA ргоію described in the legend to Fig 3 was annealed to cytoplasmic RNA from pools of LTK
tiansfectants (40/ig for L S - 2 0 I / - I 9 2 , I ^ - 9 0 / - 7 8 and Ι ϋ - 9 ( ) / - 8 8 , 20 í/g 'for L S - 9 0 / - 7 0 and L S - 1 2 5 / - 1 1 6 ) .
3
(b) The (Γ/ 'M'ì-labeled DNA probe was the І - 4 х І 0 Ь р /iamHI fragment of LS —37/—11, containing the mutated
Γ/ΓΙΐ The RXA (30/£g) was from pools of transfectants (—125/—116 and P —37/—11) or from an isolated clone
( ( ' 1 , - 3 7 / - II). In lane С 30 /ig of yeast tRNA was used for the S, assay (c) Transient expression assay. L T K " cells
were со transfected with 20/ig of mutant DNA and 1 //g of plasmid H514 carrying the rabbit /Î globin gene Total
cytoplasmic RNA was extracted after 64 h, and 50/ig was annealed to the (5'-J1l>)-labeled probes ßnmHI-digested pLS
wild type, and /¿пшHI digested ρΗ5Ι4 MMTV mRNA protects a fragment of 142 nt, ^-globin mRNA a fragment of
212 lit. Lanes M and M' contain molecular weight markers Their sizes in nucleotides are given on the side of each panel

sequence c o m p o n e n t s involved in t r a n s c r i p t i o n a l
regulation bv glucocorticoid hormones. At least
three s e p a r a t e segments are aflfected
by t h e
introduction of clustered point m u t a t i o n s in this
region (1) between nucleotides —181 and —172
from the t r a n s c r i p t i o n s t a r t site; (2) a r o u n d nucleo
tides - 1 2 1 to - 1 1 7 ; and (3) between - 7 8 a n d
— 7 1 , possibly e x t e n d i n g further d o w n s t r e a m . T h e
two more distal s e g m e n t s are flanked on both sides
by mutation-insensitive regions, a n d are therefore
more clearly delimited than t h e s e gm e n t d o w n
stream from position —78, which on its 3' side
borders on sequences possibly involved in t h e
pro|)er functioning of t h e p r o m o t e r . A c o m m o n
cliaracl«ristic of DNA segments —181/—172 a n d
— 121/—117 is (he fact t h a t they m a p inside
sequences t h a t h a v e lieen shown to be p r o t e c t e d
from DNase I digestion after binding to h o r m o n e receptor complexes in vitro (Scheidereit et al., 1983,
P a y v a r el al..
1983; see also Fig. I). More
specifically, t h e y m a p in t h e two sites (distal and
proximal) where t h e glucocorticoid rei^eptor was
shown, by Sclieidereit Л Heato (1984), to bind with
the highest relative affinities as measured, by t h e
influence of receptor c o n c e n t r a t i o n on in vitro
m e t h y l a t i o n of guanosine residues. T h i s correlation
suggests t h a t d i r e c t c o n t a c t s lœtween receptor a n d
DNA in these a r e a s are required for a functional
effect on t r a n s c r i p t i o n , although t h e in vitro binding
|>i<)|MTtics of t h e I-S m u t a n t plasmids have n o t been
fejiled directly. Despite some uncertainties a b o u t
t h e e x a c t boundaries of these e l e me n t s (see lielow).
we no!iced a sequence similarity t h a t m a y be
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relevant to their function The distal element (5'
CAAACTGTTC 3')t contains a small 3 bp d y a d
s y m m e t r y (underlined) centered on the Τ a t
position — 176, while an incomplete version of it (5'
AAATGTT 3') is present in the proximal element,
centered on the Τ a t position - 120. We are testing
the possible relevance of this observation by sitedirected mutagenesis.
(a) Mutations

in the distai

element

T h e distal control element, between positions
— 181 and - 172, is defined by a set of overlapping
LS m u t a n t s from — 189/— 180 on t h e 5' side, with a
five- to eightfold reduction in d e x a m e t h a s o n e
s t i m u l a t i o n , to - 1 7 5 / - 166 on the 3' side, with a n
a l m o s t 20-fold reduction. Since a reduction of t h e
same order of m a g n i t u d e was found with a linkers u b s t i t u t e d deletion between — 193 a n d — 162, it is
likely t h a t t h e different LS m u t a t i o n s affect one
major sequence t a r g e t and n o t a 5' a n d a 3'
c o m p o n e n t . T h e finding of a residual effect with t h e
deletion m u t a n t —193/—162 s t a n d s in c o n t r a s t t o
the absence of s t i m u l a t i o n observed previously with
5' deletion m u t a n t s e x t e n d i n g to —149 ( B u e t t i &
Diggclmann, 1983), - 1 4 0 (Majors & Varmus, 1983)
or — 137 ( H y n e s et al., 1983). T h e discordance m a y
be explained by t h e difference in 5' a d j a c e n t
sequences ( L T R versus plasmid DNA), a n d by t h e
lower range of discrimination of earlier analyses.
t Hyphens have lieen omitted from sequences for
clarity.

ReguUUtvn of Tranne rtption in Al МТУ
On the 5' side, the laat [JU mutant with a normal
plienolyi» is — 190/— 181, only I bp upstream from
— IH!)/— IЖ) winch shows a reduced hormone
П'ь|юпче This suggests that the С at position — 181
is the 5' extremity of the critical sequence On the 3'
side of —175/—166, the next US mutant with a
normal phenotype is —172/—162, leaving the two
Τ residues at positions —174 and — 173 and the С
al position —172 as possible 3' limits of the
element Η is noteworthy that if it extends to
|K)4ition - 1 7 2 , the distal element covers all three
G (' base pairs that have been shown
by
Scheidereit & Beato (1984) to be involved in direct
(ontacts with the receptor protein This was based
on the observation that »n vt(ro methylation of the
G residues at positions —181, —17ft and —172 (see
Fig 1(a)) prevented receptor binding to the DNA
fragment It ha.·, been pointed out by the same
authors that the G residues at positions — 181 and
— 172 are located on the same face of the DNA
helix one turn (10 bp) apart The importance of the
alignment of these critical nucleotides is supported
l)\ the finding of the severely reduced hormone
les-ponse of mutant I.S—181/— 175 Its genotype
can lie \ lewed as an almost correct sequence with
<>nl\ one base transversion (at —180) having
preserved all the nucleotides involved in contact
points with the receptor in miro, except for the
inseition of three extra base pairs This insertion,
that disrupts the alignment of the relevant G С
р.игь might then weaken or prevent the interaction
of the receptor with the distal element We are
teling
this
hypothesis with
derivatives
of
U S - 1 8 1 / - 175 that delete the extra 3 bp On the
other hand the mere preservation of the contact
points at — 181, —175 and — 172 does not seem to
IK- bulficient, since LS—186/ —177, which has no
change either in the three G residues or in their
relative distance, has a mutant phenotype The
alteration of a G residue at —185, involved in
methylation protection tn in<ro (Scheidereit &
Itcato 1984) and located one helix turn from the G
at —175 (Fig 1(a)), cannot be responsible for the
reduced function, since the same mutation is
present m I^S—190/—181, which has a normal
|>hciioty[>e It is apparent that at least some of the
additional base changes in LS—186/—177 (in
particular, - 1 8 0 to —178) are also involved in its
mutant behavior The contribution of individual
ba.se pairs will have to be ascertained by single
nucleotide mutation analysis Compatible results
have been reported by DeFranco eí al (1985) with
two linker scanning mulante in this region, linked
to a heterologous promoter and tested for en/.yin
alie activity in transient expression assays

(I)) Atidalwnjt in the — 120 and — 70 demente and
TATA homology
A second glucocorticoid regulatory element lies
around (»oeition — 120 relative to the transcription
itarl aile, and ¡я defined by L S - 1 2 5 / - 1 1 6 , with a
S fold lower hormone response than wild type N o

¿Λ' Mutants

d a t a arc available on ita 5' boundary up to —132,
the site of the next ІІ5 mutant with normal
phenoly|>c, while on the 3' side it does not extend
furthei than —115 It appears to overlap the
extreme 5' portion of the proximal tn miro receptor
binding region (Scheidereit el al, 1983, Payvar el
al, 1983 , and Fig 1(c)) and to include at least one
G residue that was shown to be protected from
methylation tn tii(ro by the receptor (Schcidcreit &
Beato, 19Я4) A linker substituted deletion mutant
between —129 and —88 had roughly the same
relative hormonal stimulation ( 3 0 % of wild type) aa
L S - 1 2 5 / - I Ifi (Kuhnel et al. 1986) Therefore, it is
unlikely that the DNA segment between — 105 and
— 95 contains critical sequences for the hormonal
response, although it includes a short segment
protected m vitro by the receptor against DNase I
(Fig 1(c)) A similar discordance between tn г;і(го
protection data and functional act ivity in transfec
tion assays is observed for the LS mutants
- 9 6 / - 8 8 and - 9 0 / - 7 8 In both instances men
tioned above the tn miro interactions have been
described as weak (Scheidereit & Beato, 1984)
Tliev appear to be insufficient for a detectable
alteration of the hormone response in the presence
of the other control elements in a functional assa\
The next element, between —78 and —71
(Fig 1(d)), is defined by subtraction of the sequence
mutated in L S - 9 0 / —78, which has a wild U p e
phenotype, from thai in LS — 90/ — 70, which shows
a fivefold reduction in hormone response (see also
Kuhnel et al
1986) It is unclear if this element
extends further to the 3' side to include the three
altered
nucleotides
(-62
-60,
58)
of
LS — (>G/ — 57, a mutant with only a roughly twofold
reduction In contrast to both upstream mutation
sensitive elements, the segment between —78 and
— 71 shows essentially no correlation with tn vitro
receptor binding sites, since it overlaps one of the
published
DNase I footprints only
partially
(Scheidereit et al , 1983) and the other not at all
(Payvar et al, 1983, and Fig 1(d)) Instead, this
element includes all of the 5' half of a sequence with
dyad
symmetry
centered on
position
—70
(Fig 1(d)) that hae been shown by Nowock et al
(1985) to bind a ubiquitous nuclear protein, termed
"TOCCA binding protein" A protein with similar
properties, called "nuclear factor I" was shown to
enhance initiation of adenovirus DNA replication tn
vitro (Nagata et al, 1982), but no functional role in
transcription has been attributed to it to date Our
results may indicate a role for a similar protein in
the stimulation of transcription from the MMTV
promoter
in
conjunction
with
glucocorti
eoul-receptor binding sites We recall the complete
absence of hormone effect in cells transfected with
5' deletion mutants extending to — 105 (Buctti &
Diggclmann, 1983) or - 8 0 (Majors & Varmus.
1983), which contain the binding site for nuclear
factor I but not for the glucocorticoid receptor On
the other hand, it is unclear if this region exerts an
ifli-et on promoter activity in the absence of
hormone, no
reduction
was observed in the
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uns)imiilaled Іін.чаІ level of transcription compared
to wil(l-ty|M· І/ГК m cells atahly trunsfected with
ІЛ -(H)/-70 or with a ñ' deletion to -Ші (Іле et
ui, 1984) The reduction in hormone stimulation to
4 0 % of wild type observed with L S - 6 0 / — 57 may
he rolnlod to the fact that its three base alterations,
while still within the DNase I-protectcd sequence of
Ncmock et al (1985), cause only a change in one of
(lu- [KTipheral positionb ( - 6 0 ) , .but not in the
central dyad symmetry motif itself, which is
conserved among m miro binding sites for this
protein (also present in adenovirus and BK virus
DNAs, and in the chicken lysozyme gene, for a
leview, see Nowock ci al , 1985)
The result found with the TATA box deletion
mul.ml (LS — 37/— II) underscores the requirement
for a functional promoter so that the glucocorticoid
regulatory elements can fully exert their elTecL The
presence of An intact set of regulatory elements
produced A relative шегедье in the transcription
level, «Inch however was much lower ( 1 0 % ) than in
the normal situation This mutant was also affected
at the basal level ol transcription, both quantità
Li\el\ and qualitatively the residual level WAS
a p p a i e n t k due to RNA p o h m e i a s e s initiating
d o u n s l i e a m fiom incomplete TATA homologies
present m the region between —54 and —39
(Fig 1(e)) Transcription factors of RNA poly
merasc Π that bind m vitro to the TATA box region
have been described for Drosophila DNA (Parker &
Topol, 1984) and for the adenovirus major late
promoter (Saw adogo & Rocdcr 1985) Our data
suggest a requirement for RNA polymerase and/or
transcnplion (actors of tins lyi>e not only in basic
pioinnU'r d d i v i l v , but in hormonal regulation as
well
((. ) Matahon iiisensitive

regions

Of the 12 lyS mutants that showed no substantial
alteration of the hormone response, three map
upstream from the distal control element, six
between the distal and the — 120 element, and three
between the latter and the nuclear factor I binding
site (Nowock el al, 1985) The stretch of mutationinsensitive DNA between - 173 and - 133 includes
sequences that have been shown to interact in vitro
with the glucocorticoid receptor (Payvar eí al ,
1983, Scheidcreit & Beato, 1984, and see Fig 1(b)),
And also .sequences homologous to the enhancer core
of DNA tumor viruses (Wciher et al, 1983, and see
Fig 1(b)) It is possible that the threefold reduction
observed in a transient expression assay with
1.8—161/—145 is due to the alteration of the
enhancer like sequence Since no effect was seen in
stably tranafecled cells, the requirement for such an
element may be related to the s l a t e of the template
DNA in transient assays, as observed for the rabbit
β gloliin gene (lianerji et al , 1981) An l-S mutant
( — 155/—147) linked to a heterologous promoter
was analyzed by DeFranco ei al. (1985) in a
transient assay and exhibited a reduced hormone
response The lack of a phenotypic change of our
mutant« in this area in stable transfcctions does not
exclude the possibility that the introduction of the
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//indili linker sequence could have an effect on
hormone stimulation If this were the case, it would
mean that no accurate positioning of this sequence
is required for function Within the limits of the
present analysis, no evidence was found for the
CMstcncc of negative control elements, since none of
the mutants analyzed displayed constitutively
high levels of transcription, or stimulated levels
significantly higher than wild type The observation
of a fivefold lower basal level in cells containing the
— 193/ —70 deletion mutant may indicale the
existence of sequences involved in basal level
maintenance, as for instance in the upstream region
of the human metallothioneiJI. gene (Kann et al ,
1984) However, they could not be located in any of
the areas covered by LS mutations, because the
observed variations were low, and inconsistent in
individual mutants
(d)

Conclusion

The results presented here show that several
distinct sequence elements in the M MTV promoter
and legulatorv regions are involved m the tran
scnptional stimulation b\ glucocorticoid hormones
(Fig 6) Two of them are located in DNA regions
shown to interact in vitro with the glucocorticoid
receptor
the distal clement being the most
mutation sensitive Two other elements, around
positions —70 and —30, are required for a maximal
hormone response in association with the previous
ones, but are not sufficient for any hormone
stimulation by themselves, and probably represent
transcriptional control elements interacting with
protein factors distinct from the glucocorticoid
rece [> toi
Our data can be accounted for by a model
whereby RNA polymerase II and promoter-binding
factorfs) responsible for the ba-sal transcription level
gain a facilitated entry into the promoter region
due to the co operative effect of the proteins
interacting
with
the upstream
elements at
- 1 8 1 / -172, - 1 2 0 and - 7 0 Nuclear factor I
bound to the — 70 element would play the role of an
intermediary between the hormone receptor(s) and
the promoter factors Two receptor subunits would
bind to the — 1 8 1 / - 1 7 2 clement, and only one to
the —120 clement, as suggested by the tn mtro
studies of Scheidereil A. Beato (1984) We have
shown (Kuhnel et al, 1986) that a synthetic distal
binding site can functionally replace the proximal
И80-170
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Figure 6. M ut A timi sensitive regions defining the
diffen-nt control elcinenU Filled boxes denoie sequence«
insule receptor binding eites (distal element at
- 1 8 1 / - 1 7 2 . proximal element -121/-117), a stippled
box denotes the element in the nuclear factor I binding
eite around —70 (arrowH show the dyad eymmetry), an
o|*eii box shows the element including the TATA
homology
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one m deletion/insertion ex|K>rimcnts The bound
proteins muy ro-oireraU' by means of trftnsmittmg a
wave of (ч)ііГоггааІіоііаІ changes in the DNA, or by
eslablisliuif; a direct contact with each other,
analogous to that of phage lambda
repressors
bound to operator sites (Hochschild &. Ptashnc,
I98G) This question could be investigated by
•unsaying the effects of systematic alterations of the
spacing between different binding sites, and by
protein cross linking cxpomnents
We thank Heidi Diggeltnann for encouragement,
gupfiorl and discussions. Guido Micschcr fur constructing
some 5' deletion mutants, Karen Illothhnger for the pY3
ріаыіші and Peter Heard for critical reading of the
niaiuiHtnpt Annabcllc Nicolet and Nathalie Jeanguenat
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Appendix to chapter II

There are conflicting data for the in vitro binding of purified glucocorticoid receptor to the proximal binding domain. While Scheiderelt ^t ^1_.
(1983) described a major and two minor DNase I protected regions, Payvar et
al. (1983) reported one large protected region spanning from position -129
to -85 (Figure 2C, chapter II). Hormone response values of pLS -125/-116 and
pLS -129/-88 are comparable (20% and 30% of wild type, respectively). pLS
-115/-105 and pLS -96/-88 showed wild type hormone response. These data
suggest that the region from -115 to -88 does not contain any functional
elements. The second minor receptor binding site described by Scheidereit et
al. (1983) around position -80 has been mutated in pLS -90/-78 without
having an effect on the hormone response (Figure 2C, chapter II), indicating
that also this region is dispensable for the hormone response. Furthermore,
studies of 5' deletion mutants showed that a mutant lacking all sequences
upstream of position -105 was not hormone inducible (Buetti and Diggelmann,
1983). This mutant still contains the two minor proximal binding sites.
A mutant pLS -101/-78 was constructed to test directly whether the region
between the functional proximal binding site at position -120 and the NF-1
binding site is important for hormone response. The mutant was tested in a
transient transfection assay showing 60% of dexamethasone-induced transcription relative to wild type (Figure 1 ) . When compared to the effects of
mutations in the distal, the major proximal or the NF-1 binding sites which
reduce the hormone response of the mutants to approximately 20% of wild
type, the deletion in pLS -101/-78 has relatively little effect on the
hormone response. The slight decrease may be due to changed distances
between the remaining elements.
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Figure 1: Quantitative $ι nuclease mapping of cytoplasmic RNA from LTK"
cells transiently transfected with pLS -101/-78 (lanes 2 and 3) and pLSwt
(lane 4 ) . The transfection conditions and the Si nuclease mapping procedure
are described in detail in Materials and Methods of chapter III. 10"^dexamethasone was added in the lanes marked +, 16 h prior to RNA isolation. 25/jg
total cytoplasmic RNA was hybridized to an excess of 5' labeled Bam HI
fragment of pLSwt, containing the MMTV LTR and of Bam HI-digested 5' labeled
Plasmid H514. The Si nuclease digestion products were separated on a 5%
denaturing Polyacrylamide gel and the dried gel was exposed to Kodak XAR
film. The sizes of the protected fragments expected for the globin message
(>) and for the MMTV-initiated message (•) are indicated. M: molecular
weight marker (in nucleotides). Exposure time: 3 weeks with two intensifying
screens.
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Chapter III
Functional Analysis of the Glucocorticoid Regulatory
Elements Present in the Mouse Manmary Tumor
Virus Long Terminal Repeat
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Functional Analysis of the Glucocorticoid Regulatory
Elements Present in the Mouse Mammary Tumor
Virus Long Terminal Repeat
A Synthetic Distal Binding Site Can Replace the
Proximal Binding Domain
Blanka Kuhnelf, Elena Buetti and Heidi Diggelmann
Swiss Institute for Experimental Cancer Research
1066 Epahnges,
Switzerland
(Received 30 January

1986, and m revised form 5 March

1986)

Transcription of mouse mammary tumor virus DNA is stimulated by steroid hormones
The DNA sequences involved in this regulation are located in the viral long terminal repeat
between positions —200 and —50 with respect to the transcription initiation site In this
region four, one distal and three proximal, m vitro binding sites for the glucocorticoid
hormone-receptor complexes have been identified We have prepared a series of 5' and 3'
deletions of this region, using the exonuclcase ExoIII Combination of suitable 5' and 3'
fragments enabled us to reconstitute the entire long terminal repeat with small internal
deletions The mutated long terminal repeats linked to the coding region of the Herpes
simplex virus thymidine kinase gene were introduced into LTK" a p r t " cells by
transfection Transcription from the mouse mammary tumor virus promoter in the presence
or absence of hormone was assayed by nuclease S ι mapping Deletion of the proximal in
vitro binding sites resulted in a decrease in hormonal mducibihty When a synthetic
oligonucleotide harboring the sequence of the distal tn vitro binding site was inserted at the
site of the proximal ones, hormone response was restored This indicated that the distal
binding site can replace the proximal ones in their hormone regulatory function However,
insertion at the same site of an oligonucleotide containing the sequence 5' TGTTCT 3' found
in all four binding sites, did not restore the hormone response, indicating that sequences
flanking the TGTTCT motif are required for hormone response Insertion of an unrelated
DNA fragment at the site of the proximal binding element deletion completely abolished
the hormone response Analyses of different proximal binding site deletion and insertion
mutants suggested the presence of a transcriptional clement located downstream from the
most proximal hormone-receptor binding site

1. Introduction
The regulation of mouse mammary tumoxr virus
(MMTV) expression provides an excellent expen
mental system for the study of steroid hormone
action It has been shown that hormone induction is
at the level of transcription initiation (Ringold et

t Author to whom all correepondence should be
addreaaed
I Abbreviationa used MMTV, mouse mammary tumor
virus, LTR, long terminal repeat, bp base pairs, HAT,
, pLS. plaamid linker scanning, HSV, Herpet
nmplex virus, TK, thymidine kinase, ExoIII
exonucleaae III, DBS, distal binding site, ma, insertion
mutant, CIP, calf intestinal phosphatase
(ийі-гнжі/ші/оіиикхмию *>i mi/n

al, 1977, Firzlaff & Diggelmann, 1984) Purified
glucocorticoid receptor has been shown to bind to
specific DNA sequences in the regulatory region of
MMTVt »n miro (Scheidereit el al, 1983, Payvar ei
al, 1983) A detailed analysis of the function of the
DNA sequences is necessary to understand tran
scriptional regulation by steroid hormones The
hormone responsive sequences are located in the
proviral UNA (Buetti & Diggelmann, 1981) By
dissection of the viral genome and transfection of
fragments into tissue culture cells it was shown that
these sequences are located in the viral long
terminal repeat (LTR), upstream of the unique
viral promoter (Lee et al, 1981, Huang et al, 1981,
Fasel et al, 1982) The delimitation of this region
from the 5' side by tn tniro deletion of LTR DNA
© IHHtt AcKHomiL І еш Ine (London) ІЛЛ
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showed
that
approximately
200
nucleotides
preceding t h e transcription initiation site are
sufficient to confer hormone i n d u c i b i h t y on t h e
transcription from the L T R p r o m o t e r (Hyncs et al,
1983, Buetti ft. Diggelmann, 1983, Majors &
V a r m u s , 1983) Deletions from t h e 3' end showed
t h a t u p s t r e a m sequences to nucleotide —53 with
respect to t h e transcription initiation site a r e
necessary to render a heterologous
promoter
hormone inducible ( P o n t a et al, 1985)
Purified glucocorticoid-rcceptor complexes bind
m mtro selectively to specific sequences within t h e
hormone regulatory region (Scheidereit et al, 1983,
P a y var et al, 1983, Y a m a m o t o et al, 1982) defined
by the deletion m a p p i n g One distal binding site
a n d three proximal sites h a v e been identified
between positions — 200 and —70 by D N a s e I
f o o t p n n t i n g (Scheidereit et al 1983) Analyses of
the influente of m e t h y l a t i o n of G residues on m
vitro receptor binding a n d of protection a g a i n s t
methylation of G residues by t h e bound receptor,
suggest t h a t t h e T G I T C T f sequence, which is
present in all four binding sites, is involved in t h e
c o n t a c t between t h e h o r m o n e receptor and t h e
DNA double helix (Scheidereit & Beato 1984) T h e
T G T T C T motif has also been found in t h e
regulatory region of the glucocorticoid responsive
genes coding for lysozyme ( R e n k a w i t z et al, 1984)
a n d metallothionein ( K a n n et al, 1984) Recently,
Nowock et al (1985) showed t h e presence of a
binding site for t h e TGGCA protein d o w n s t r e a m
from the proximal binding sites in t h e MMTV L T R
This protein is similar in s t r u c t u r e a n d function to
t h e nuclear factor 1 protein ( N a j a t a et al, 1982)
isolated from I l e b a cells (Nowock et al, 1985)
In the present s t u d y we w a n t e d to assess t h e
function of t h e individual tn vttro receptor binding
elements in h o r m o n e induction By combination of
scries of 5 and 3 deleted MMTV L T R molecules we
reconstituted t h e entire L T R with different internal
deletions or s u b s t i t u t i o n s in various places (linker
scanning mutagenesis, M c K n i g h t ft K i n g s b u r y ,
1982) T h e m u t a t e d L T R was linked to t h e coding
region of t h e Herpes simplex virus (HSV) t h y m i d i n e
kinase (TK) gene a n d introduced into L T K " cells
T h e a m o u n t of correctly initiated m R N A in t h e
presence or absence
of d e x a m e t h a s o n e
was
measured by S , nuclease analysis in transiently a n d
s t a b l y transfected cells Deletion of some or all of
t h e proximal b i n d i n g sites resulted in a decrease in
h o r m o n e induction, which could be restored b y
r e p l a c e m e n t of t h e deleted proximal sequences by a
s y n t h e t i c oligonucleotide c o n t a i n i n g the complete
distal binding site (DBS) sequence b u t n o t by a
s y n t h e t i c oligonucleotide 5' T G T T C T 3 ' T h e level of
recovery of t h e h o r m o n e response d e p e n d e d on t h e
e x t e n t of the deletion, indicating t h e existence of
D N A sequences possibly involved in t h e binding of
o t h e r factors

t Hyphens have been omitted from all séquences for
clarity
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2. Materials a n d M e t h o d s
(a) ConstnuUum of the deletion viutant«
(ι) P&47B
Starting from the 204 deletion mutant described by
Buetti & Diggelmann (1983) we introduced a BamHl
restriction site between the MMTV LTR and the TK
coding sequences generating ΡΔ47Β (Fig I) 204 was
digested with Sell ancfthêlragment containing pBR3'22
sequences and a part of the MMTV LTR was isolated
HSVltk/M2 (Wilkie el al 1979) was linearized with
Rglll
the ends were filled in with Klenow DNA
polymerase I (Boehnnger) and synthetic BamHI linkers
(PL Biochemicals) were added The Ä m H I / ' r a i l
fragment containing the TK coding region was isolated
and ligated into the Sstl-Pvull
vector together with an
Sstl-BamHl
fragment containing the 3 part of the
MMTV LTR This fragment originated from an M13 clone
p2 5 containing the Bglll P r a l l LTR fragment of
GR MMTV clone H (Buetti &, Diggelmann
1481)
subcloned into the Hmcll site of mp7 The BamHI
restriction site is present in the phage polylinker
(n) 5 Deletions
The exonuclease III
reactions
were essentially
performed as described by Quo Λ Wu (1983) 6/ig of
ρΔ47Β plasmid was linearized at the ЕсоШ site and
digested with 4 units ExoIII enzyme/jig (PL
Biochemicals) in 66 т м Tris HCl (pH 8) 100 т м NaCI
1 т м MgCI2 and 1 т м dithiothreitol at 23°C in a total
volume of 150 μΙ At different times between 2 and 5 mm
25 μΙ samples were removed and added to 75 μΙ of S!
digestion buffer containing 500 units Si nuclease (PL
Biochemicals) After incubation at 23 0 C for 30 mm the
DNA was extracted with phenol/chloroform and
precipitated To increase the percentage of molecules with
blunt ends a Klenow DNA polymerase I (Boehnnger)
reaction waa performed the DNA was extracted with
phenol/chloroform and precipitated In this time course
10 to 300 base pairs were removed from each end of the
linearized DNA molecules
Synthetic //indili linkers (PL Biochemicals) were
phosphorylated
m the presence of [y J 2 P ] A T P
(Amersham) as described by Maniatis et al (1982) and
ligated to the truncated Δ47Β molecules at a 20 fold
molar excess The free linkers were separated from the
DNA fragments on a BioGel column (100 to 200 mesh
Bio Rad Laboratones) and the DNA containing fractions
were pooled and precipitated The DNA was then
digested with //indili and Peti and the 0 9 to 1 2( χ IO3)
bp fragments containing the MMTV LTR TK sequences
were electrophoretically separated on agarose gels
(Sigma type VII low gelling temperature) and isolated
(Fig 1) The fragments were subcloned into bacterio
phage M13mp8 (Vieira & Messing 1982) between the
//indili and the P»4 sites for sequencing (Sanger et al,
1980) The bacterial host strain JM10I was used
(ill) 3* Deleiioru
A clone containing the Petl-Ptrull LTR fragment of
MMTV inserted at the Pëtl-Uincll
sitee of the M13mp9
vector was used (Fig 1), 20 Mg of the replicative form
were linearized with EeoRl The ExoIII digestion was
performed in 100 μΐ with 5 units of enzyme/^g (in 50 т м
Tris HCl (pH 8) lOmMMgClj 1 т м dithiothreitol) a t
3 7 T for 1 to 1β mm S, digestion, Klenow polymerase
reaction and //indili linker ligation were done aa
described for the 5' deletions P«iI-//«ndIII fragment«

Regulation of M MTV
were
subcloned
into
МІЗтрв
for
sequencing
Approximately 10 to 400 bp werp removed during the
time counw Assembly three gel purified fragments were
I [gated to obtain the final constructs (Fig I) (I) the
EcoKl-BamHl fragment of ρΔ47Β, which contained TK
and bacterial plasmid sequences, (2) an £eoRI-//indIII
fragment of a 3' deletion, and (3) a / / i n d l l l - ß a m H I
fragment of a 5' deletion By analogy with McKnight &
Kingsbury (1962) the mutante were named plasmid linker
scanning pLS z/ y, ι and y representing the last 5' and
the first 3' LTR nucleotide present in the mutant After
transformation of HB101 bacteria plasmids were isolated
by alkaline lysis (Maniatis et al, 1982) or by the Triton
procedure (Shalit el al, 1981) and identified by restriction
analysis Large scale preparations were purified by CsCI/
ethidium bromide density gradient centnfugation
(b) Constructum ο/ρ LS wild type
The linker scanning mutant рТ^Я 125/ 116 with the
//indili linker upstream from the 5ч/І site (position
— 106) was digested with EcoRl and partially with Sstl
A fragment containing the pBR322 and TK sequences as
well as the 3 end of the LTR was isolated Into this
vector an MMTV LTR EcoRI-Sdl fragment isolated
from pLS 66/ 57 was ligated Thus a wild tyjie MMTV
was re<4>nstituted without a //indili site (Fig 2 top
line)
(c) Construction of the insertvyn muianls
(i) ins

TGTTCT

The synthetic complementary oligonucleotides 5 AGC
TTTGTTCTA 3' and 5' AGCTTAGAACAA 3' were phoi
phorylated heated to 100°C and allowed to anneal The
double stranded oligonucleotide was subcloned into a
pLS 129/57 vector, which was digested with //indili
and dephosphorylaled by treatment with calf intestinal
phosphatase (CIP Boehnnger) The presence and orienta
tion of the insert were determined by sequencing after
subcloning of the LTR as a I'stl-BamHl
fragment into
M13mpll (PL Biochemicals)
(u) in¿ spacer
The spacer was obtained by digestion of LTK" cellular
DNA with / / i n d i l i and isolation of 50 to 150 bp
fragment« from low gelling temperature agarose after gel
electrophoresis The fragments were subcloned into an
М І З т р П //indili digested CIP treated vector and some
were sequenced The shortest spacer of 123 bp was then
subcloned into the //indili site of mutants pLS 129/ 78
and pLS 129/ 57 and the orientation was determined by
subcloning and sequencing
(in) ins DBS
The synthetic oligonucleotides 5' GTTTATGGTTACA
AACTGTTCTTAAAAC 3' and 5' GTTTTAAGAACAGTT
TGTAACCATAAAC 3', were phosphorylated in the
presence of [y " P J A T P , annealed and ligated to //indili
linkers, which were phosphorylated with cold ATP The
DNA was digested with an excess of //indili and
separated on a native 12% (w/v) Polyacrylamide gel The
oligonucleotide with linkers was eluted from the gel (in
0 5 M ammonium acetate, 10 т м magnesium acetate,
0 1% sodium dodecyl sulfate and 0 1 т м EDTA) by
agitation at 37°C for 16 h The eluted DNA was
subcloned in an М І З т р П vector (digested with //indili
and treated with CIP) and its sequence was verified The
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oligonucleotide was then subcloned into the //indili sit«
of mutants pLS 129/ 88, 129/ 78
129/ 57 and the
orientation was determined by sequencing
(d) Cell culture and tranefeetum
L T K " aprt~ cells were cultured in Dulbecco's modified
Eagle β medium supplemented with 10% fetal calf serum
(Gìbeo or Nabi) and antibiotics Transfection
was
jierformed essentially as described by Graham & Van
5
der Eb (1973) Subie transfections 5 χ IO cells were
seeded on 6 cm Petn dishes, 0 5 ml calcium phosphate
precipitate containing 2 to 5 μg pLS plasmid DNA plus 8
to 5 μg camer DNA was added and the cells were
intubated for 1Θ h Cells were then incubated with fresh
medium and 24 h later medium containing HAT
(Littlefield 1964) was added TK positive colonies were
pooled after 2 weeks and cells were grown for DNA and
RN'A analysis When hygromycm В resistance was used
to select transformants, 0 4 pg of plasmid pY3
(Blochlmger & üiggelmann, 1984) was coprecipitated and
the cells were selected in medium containing 200 μg
hygromycm B/ml (Ell Lilly & Co) Transient trans
6
fcctions 1 5 x 10 cells were seeded in an 85 mm Petri
dish 6 h later 1 ml calcium phosphate precipitate was
added containing 20 /ig pLS plasmid DNA and 1 ^g of
plasmid H514 which contained the rabbit β globin gene
(Maniatis et al, 1978) and simian virus 40 (SV40)
enhancer sequences (Banerji et al, 1981) in a pATI53
vector After incubation for 16 h, the precipitate was
removed and 2 ml medium containing 20% gly<erol was
added After 2 min the medium was diluted with 8 ml
phosphate buffered saline (PBS) and the cella were
washed twice with 10 ml PBS Fresh medium was added
and the celh were cultured for 48 h prior to RNA
isolation When indicated, dexamethasone (Sigma) was
added 16 h рпог to RNA isolation at a final
concentration of 10 6 M
(с) DNAjRNA

uiokdum, S, nuclease mapping

Nucleic acids were isolated as described by Maniatis et
al (1982) DNA digestion, gel electrophoresis, Southern
(1975) transfer and hybridization were essentially
lierformed as described by Maniatis et al (1982) For the
Si nuclease mapping expenments (Favaloro et al, 1980)
25 to 50 pg total cytoplasmic RNA was hybridized to 100
to 200 ng of 5' labeled probe (spec act 10 6 cts/mm per /ig
DNA) in 30 μΙ at 50 o C for 16 h S, nuclease digestion was
done with 1500 units of S, enzyme/ml (Sigma) The
purified protected fragments were separated on a
denaturing 6% Polyacrylamide gel (Maxam & Gilbert,
1980) Bands were visualized by autoradiography of dried
geh with Kodak X Ornat AR films with intensifying
screens a t -70°C The intensity of the bands was
quantified by densitometnc scanning of the films

3. Results
(a) Construction

of pLS

muíante

T h e construction of t h e ρ LS m u t a n t s of t h e
MMTV L T R is d e s c n b e d in d e t a i l in Materials a n d
Methods a n d shown schematically in F i g u r e 1 I t
was designed in such a way t h a t s y n t h e t i c linkers
were i n t r o d u c e d in different places in t h e region
p r e r e d i n g t h e MMTV T A T A
box
For the
g e n e r a t i o n of 3' deletions, t h e replicative form of a
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Figure 1. Construction of the pLS mutants Experimental procedures are described in detail in Materials and
Methods The open boxes represent MMTV LTR sequences, the thick lines HSV TK sequences and the thin lines
sequences of the cloning vectors pBR322 or M13
Figure 2. Schematic representation of the regulatory region of the MMTV LTR The distal tn miro receptor binding
site and the 3 proximal sites are indicated in the sequence the thick lines denote the DNaae I protected sequences for
both DNA strands as determined by Scheidereit el al (1983), and the dots represent the conserved hexanucleotide
TGTTCT Around position —70 the palindrome of the binding region for nuclear factor 1 is given and at position —30
the TATA box is indicated Position + 1 corresponds to the transcnption initiation site (a) Position of the deletion of
the proximal binding aite mutante The deleted sequences are replaced by the //indili linker sequence CAAGdTG The
numbers of the pLS mutante indicate the 5' and 3' nucleotides present in the MMTV sequence, which flank the //indili
linker (b) Schematic representation of the distal binding site insertion mutante, the spacer insertion mutante and the
TGTTCT insertion mutant The DNase-I protected sequence and the TGTTCT sequence are indicated as above In the
spacer sequence the + and — orientations are shown, as well aa arrows representing the largest inverted and direct
repeats

60

fcoraSomHT

TATA b o i

M MTV

PruU

LTP

TK coding

region

Λ

190

-200

f'Ρ вот HI

-ΙβΟ

-170

-160

-150

-UO

-130

-120

-ПО

-100

-90

-80

-70

TrrAAATAAGTTTATGGTTACAAACTGTTCTTAAAACAAGGATGTGAGACAÁGTGGTTTCCTGAGTTGGTTTGGTA'CAAATGTICTGATCTGAGCTCTrAG'G'TCTATITTCCTATGTTCTTTÍrGGAÍHlC

—

IPC

-50
»ТСС» »GTCTTATGTAAATGCTTATGTAAACCAlfÄATiranr

—'

АААТТТАТТСАДАТДССААТСТТТСАСДДаДАТТГТйГГССТАСАСТСТСТТСАССДДАООАСТСААССАААСеАТАСТТТДСДДСАСТДСДСТСаДСДД'СДСАДСДТДАДДСОАГАСААСААдЬсСТтбДТДССиСАОАДТДСАТТТАССАД
( о )

-129/-88

CAAG--

-129/-7β

CAAG-

-129/-70

CAAG-

-Ι29/-57

CAAG-·

-161/-57
-90/-70

(b)

-129/-В8 Ins o e s ®

CAAGCTTJ.
ÍAAGCITG
-iTTTATGGTTACAAACTGTTCTrAAAAt

-129/-7β Ins D8S©

CAAGCTTG-GTTTATGGTTACAAACTGTTCTTAAAAC

• · •
• I ·

-129/-7β ins DBS©

- 1 2 9 / - 5 7 (ns

CAAGCTTG

CAAGCTTG.
JTTTTAAGAACAGTTTGTAACCATAAACCAAGCTTG
-CAAGCTTT

TT

CAAGCTTG- GTTTATGGTTACAAACTGTTC AAAAC

MS©

CAAGCTTG

•• •
T

-129/-57 Ins М 5

CAAGCTTGCAAGCTTACAAGCTTG-GTÍT AAGAACAGTTTGTAACCATAAAC--CAAGCTTGCAflGCTTG

-129/-7β

Ins s p a c e r ©

CAAG-

spacer DNA +

-CTTG

-129/-7β ins spacer Q

CAAG-

-'spacer D4A - •

-CTTG

-129/-57 ins s p a c e r ©

CAAG-

spacer DNA •

-1297-57 ins s p a c e r ©

CAAG-

- s p a c e · - ONA · •

-129/-57 ins TGTTCT

CAAGCTT-TGTTCT-AAGCTT-AGAACA

spacer ONA sequence

4

-CTTG
AAGCTTG

123 bp

AGCTTTCTATGACAACATAGAATGAAACTTCAATACAATAGCÁTTTGCATAMAGGAAAGCCATGTCAAGATTCATTCACTATTCAGGGGAATGCCCACCTGCATAACGAAGTCCTTTTCCAA
»

-CTTG

»

®

•»

AAGATACTCTTCTATCTTACTTTCAAGTTATCTTATCGTAAACCTATTTTCCTTTCGGTACAGTTCTAACTAAGTUATAflGTCCCCTTACGGGTGGACGTATTCCTTCAGGAAMGGTTCUA
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li KuJinel et al
phage MI3 clone was used, which contained the
MMTV LTR as a Pstl-PvuU fragment (Fasel et al,
1082) For the 5' deletions a deletion mutant was
used that lacked all LTR sequences upstream from
position —204, and which has been shown to be
hormone inducible (Buetti A. Diggelmann, 1983)
Out of the approximately 150 sequenced mutants,
50 different ones were obtained that mapped in the
-204 to + 1 region, both for the 5' and for the 3'
deletions Combination of different 5' and 3'
fragments each flanked by the W«ndIII linker
enabled us to introduce deletions of different sizes
or exact substitutions The resulting mutants,
called pLS, have the following characteristics they
contain the entire MMTV LTR with mutations in
the regulatory region, linked ma a BamHI restric
tion site to the coding region of the HSV thymidine
kinase gene and a Aftndlll linker at the boundaries
of the internal deletion (deletion mutants) or the
HtndlU
linker sequence exactly replacing the
MMTV sequence (linker scanning mutants, Duetti 4
Kuhncl, accompanying paper) Mutants described
in this report have deletions in the proximal
hormone-receptor binding sites thus enabling us to
examine the role of these sites in hormone
inducibility and level of transcription As shown in
Figure 2(a), the mutants delete either one, two or
three proximal binding sites including various
amount!» of 3' or 5' flanking sequences
(b) Stable transfection with deletion mulanls
m the proximal binding region

stimulation was by a factor of at least 10 to 100
fold The 129/88 mutant, which lacks the
upstream two of the three proximal binding sites,
still gave relatively high levels of transcription in
the presence and absence of the hormone (Fig 3(a),
30% of wild type in the presence of dexamethasone,
Table 1) The pLS 129/ 78 mutant, which lacks all
three proximal binding sites but not the sequences
shown to bind nuclear factor 1 (Nowock et al,
1985), showed 8% of the wild type hormoneinduced transcription level Mutants ρ LS 129/-70
and -129/ 57 showed only 1 and 2% of the pLSwt
signal, respectively In both mutants all three
proximal binding sites as well as part or all of the
sequences that bind nuclear factor 1 are deleted (see
Fig 2(a)) In these latter mutants the non induced
levels of transcription were also lower than in
.pLS-129/-88 The 180 bp band observed in the S,
analyses, using as a probe the complete Л о т ΗI
digested pLS plasmid, probably reflects transen ρ
tion originating from the opposite strand within the
thymidine kinase gene Using a purified ass\
metrically labeled fragment, this band was no
longer detected (data not shown)
To eliminate the possibility that by HAT"selection
for TK activity we selected for aberrant highlj
transcribing recombinants that arise by recombina
tion during transfection and/or selection, the
mutants 129/ 88 and 129/ 70 were cotransfected
with the pY3 hygromycin В resistance gene
(Blochhnger & Diggelmann, 1984) at a ratio of 10 1

LTK " a p r t " cells were transfected with the
Table 1
deletion mutants and TK positive cell clones were
Relative атоитач of dexamethasone induced mRNA
selected in the absence of dexamethasone Transfection efficiencies varied from 10 to 100 HATTransient
Stable
resistant colonies per pg plasmid After transfection
transfection!
transfecliont
with the proximal binding site deletion mutants
100
pLSwt
100
pLS-129/88, -129/78, -129/70, -129/-57, -161/-57
and -90/-70 (Fig 2(a)) the HAT-resistant colonies
30
129/ SS
30
90
129/ 88 ms DBS*
90
were pooled, expanded and analyzed for the
expression of mutant specific mRNA by S! nuclease
10
129/78
β
analysis RNA was isolated from untreated cultures
70
32
129/ 78 ms DBS*
30
34
and cultures treated with 10 " ' M dexamethasone 129/ 78 ms DBS
<0I
129/ 78 ins spacer*
<0 1
16 h prior to the extraction In Figure 3(e) the
129/ 78 insspaoer"
<0 1
<0 1
probe used in the S, analyses and the expected Si
3
1
129/70
nuclease protected fragment of 142 bp, generated
by correct RNA initiation from the MMTV cap site,
3
2
129/ 57
17
15
129/ 57 ins DBS*
are shown schematically After the S, digestion the
129/57 ins D B S "
2
1
products were separated on a denaturing 6%
<0 1
129/ 57 ms spacer*
<0 1
Polyacrylamide gel
In all proximal deletion
<0 1
129/ 57 ms spacer
<0 1
mutants, except for pLS 161/ 57, transcription was
2
l29/57msTGTTCT
1
increased by dexamethasone (Fig 3(a) and (b)) In
10
90/70
β
cells transfected with pLS 161/-57 no correctly
161/ 57
<0 1
<0 1
initiated mRNA was detected with or without
hormone treatment (Fig 3(b)) In this S, analysis a
t Banda on aulomdiograms of the S, nucleue analyses were
homologous probe, namely the LTR containing
qualified by denaitomcHtnc scanning, and the values were
fragment of pLS 161/ 57 labeled at the flamHI
corrected for copy number of the transfected plaemids as
determined
by Southern blot analyeis The pL£ wild type signal
sites, was used The multiple additional bande
was set at 100%
present probably reflect aberrant start sites By
X Similarly, as deecntied above, the values of the quantity of
densitometnc scanning of the bands shown in
MMTV initiated message in transient assays were corrected for
Figure 3(a) we estimated that the hormonal
the globin specific signals and pLSwt was set at 100%
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Figure 3. Quantitative S, nuclease analysis of RNA from stably and transiently transfW ted cells The S, mapping
procedure is described in detail in Materials and Methods (a) A 25 μg sample of total cytoplasmic RNA from pools of
HAT resistant cells, stably transfected with 5/ig pLS mutant DNA (shown on top) The cells were treated when
indicated ( + ) with ! 0 * 6 м-dexamethasone for Hi h prior to RNA isolation The probe used was a 5' labeled HarnUl
digested plasmid рІл^-129/-88- As molecular weight markers we used //mfl digested pBR322 fragments (laneM,
ih nucf^c/f) The size of correctly initiated transcripts is indicated by an arrowhead Exposure time H h with 2
intensifying screens (b) Cytoplasmic RNA from stably transfected, HAT-selected cells (40/ig of pLS 161/57 and 20/ig
of pL8 66/ 57 RNA) and an excess of gel purified MMTV LTR-containing 5' labeled Bam\\\ fragment of pLS 161/ 57
were used for the Si nuclease analysis. pLS 66/ 57 used as an internal standard showed approximately 50% of hormone
induced MMTV transcription as compared to pLSwt Exposure time 3 days with I intensifying screen (c) Analysis of
cells cotransfected with mutants pLS-I29/-88 and 129/70 and hygromycm В resistance gene. 25 /ig of RNA from stably
transfected cells growing in the presence of 200/ig hygromycm B/ml hybridized with an excess of Ham\\\ digested 5'
labeled pLSwt probe Por lanes 1 and 2. 10 and 50/ig of RNA of stably transfected. HAT selected cells wen' hybridized
with the same probe Exposure times 9 days with 2 intensifying screens (d) Transient transfections of LTK cells,
20 /ig of pLS plasmid DNA and I /ig of a rabbit ^globm containing plasmid H5I4 were cotransfected Total
cytoplasmic RNA was isolated after 64 h and 50/ig was hybridized to /fomHI-digested 5' labeled pLSwt DNA and to
/ÍÍJÍ/ÍHI digested. 5' labeled H5I4 probe. The size of the protected fragments expected for the globin message ( Δ ) and
the MMTV initiated message (A) are indicated pl>vll5/ 105. used as a standard, showed wild type levels of
dexamethasone induced MMTV transcription. Exposure time 1 month with 2 intensifying screens, (e) Diagram
illustrating the probes used to detect MMTV and globin sjHiCific transcripts The radmactively labeled fragments
protected against S, nuclease digestion are indicated

a n d cells were selected in h y g r o m y c i n В c o n t a i n i n g
medium. Pools of a p p r o x i m a t e l y 200 resistant
colonies were analyzed in t h e s a m e way as described
a b o v e Figure 3(c) shows a n S | nuclease analysis of
25/ig
RNA
of
hygromycin-B-selected
cells
containing
p L S Г29/-88
or
-I29/-70
DNA
Compared to HAT-selected celle, those selected

with h y g r o m y c m
В show t h e same
relative
differences in t h e a m o u n t s of specific t r a n s c r i p t s
between d e x a m e t h a s o n e t r e a t e d a n d u n t r e a t e d
cultures, and between m u t a n t s pLS-I29/-88 a n d
-I2Í/-70. T h e a b s o l u t e
level of
transcription,
however, is significantly lower in the h y g r o m y c i n ·
selected cells. Analysis of t h e DNA by S o u t h e r n
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H К illuni i l ui
blotting and li\ bridi/adon to a nuk Iranslntcd 'ГК
s|)e(ih< probe indicated that the HAT selci tul ( d i s
(ontained more copies of the transfeded pl.usmids
(linn those selected with tugromycin U ( d a U not
shown)
From these results we conclude that
seledion for the TK. en/yme expressed from the
weak non induced MMTV promoter did not s e l e d
foi imitations or rearrangements
but
rather
seiet ltd for tells with a high copy number of the
transfected DNA

(с) Transient Imnsfechon with deletion mutants
m the proximal binding region
The same set of deletion mutants were tested in a
transient tranbfection assay Using ЬТК " cells
selected for high transfection efficiencj (Kuhn et al
Ш) u( could show correct!} initiated MMTV TK
RN'A in the presence of dexamethasonc without the
need of additional enhanters on our test plasmids
In these assays a cotransfected plasmid containing
the rabbit β globin gene wai used as an internal
Standltd The expression of the β globin gene from
its own promotei was enhanced bj the prest nee of
the b\ 40 72 lip repeat (Hancrji et al 1981) and was
not dexamethasone inducible
For detection of
globin specific transcripts the same genomic clone
5 labt led at the HamH\ site wai used (Fig 3(e))
H\bridi7ation of this probe to the globin speofic
RNA followed bv S, nuclease digestion resulted in
protection of a fragment of 212 nucleotideb (Mantei
el al 1979) Figure 3(d) »hows S, nuclease mapping
cxpfiinitnts of RNA from transiently transfetted
LI К " cells with the proximal binding region
dek lion mutants ρ Ι ^ Ι 2 9 / 8 8 and 129/70 The
linker stanning mutant pLS 11 "5/ 105 which had
w i l d U p c levels of expression served as control
The ratio of hormone induced
m RNA levels
between these mutants is in good agreement with
that obsir\cd in stable transfections (Fig 3(a)
lanes 2 and 6) Comparison of the S, signals bj
densitometric scanning from equal amounts of
cellular RNA from transiently and stably trans
feeted cells enabled us to estimate that under the
transfection conditions used the stable transfection
assa\ was approximately 200 fold more sensitive
than the transient assa_\

(d) Inxertwn of a synlhelic diUal binding site and oj
an oligonwleottde cmdaining Oir mmierved
ГОТТСТ
wqiifnce
A synthetic oligonucleotide corresponding to the
distal binding site sequente was inserted after
addition of synthetic linkers into the //indili site
of the deletion mutants pLS 129/ 88 129/ 78 and
129/ 57 (Fig 2(b)) The orientation of the inserts
was determined by sequent mg The (onfiguration
where the original and the synthelit distal binding
site were in the same orientation was called plus
and w here tlie\ were in opposite orientation minus
Mutants pUS 129/78 ins D U S " and 129/ r i7 ins
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DBS lontained one and t i m e additional //indili
link« is
nsptttivcl·
Figlile 4(a) shows an S,
nui Itasi i n i p p i n g anal\sis ol RNA transi ril« d
frolli traiisienlK I r a n s f u u d imitant pl.usmids in
comparison
with
the
wild lj|>e like
plasmid
r
pLSll5/IO ]
|>l*SI29/88 ins
DBS*
shows
dexainithasone induied
levels
of
m UN A
tompaiable to wild tv|H livels suggesting that the
b\nthfti<
distal binding site tan funi tioiially
replaie the two deleted proximal ones plJS 129/ 78
ins І)НЬ* and 129/ 37 ins D B S * also gave higher
hormont induced levels of m RNA tompared to the
original deletion mutants (from 10 to 7 0 % and from
3 to 1 5 % respectively Table I) Insertion of the
distal binding site in the opposite orientation
increased the hormone
response for
mutant
pLS 129/ 78 but not for pLS 129/ 57 (Fig 4(a) and
Table 1 )
Similar results were obtained when the mutant
phsnnds were transfected sUblj into Ι/ΓΚ" cells
that were selected for TK expression Figure 4(b)
shows the analyses of pIJS 129/ 57 and its insertion
duivatives
As
shown
bcfoie
deletion
of
nucleotides between 129 and 57 gieatlj decreased
tin hoi mone response Insertion of the svnthetic
distal binding site in the same orientation as the
original distal binding site resulted in an increased
hormone response (Fig 4(b) lanes 5 and 6 Table 1)
while insertion of the same sequence in the opposite
orientation did not change hormone induced levels
of m R \ A (lanes 3 and 4)
Tin s j n t h e t u distal binding site contained a
(onsensus sequente 5 TGTTCT 3 winch was shown
retenth
to includi contact points with
the
hoi mone receptor complex (Schcidereit & Beato
1984) We were therefore interested to examine
whether this sequence alone was sufficient to cause
the increase in hormone induced transcription of
pLS 129/ 57 that was observed using the complete
distal binding site sequence In the insertion
mutant tested the TGTTCT sequence was present
as a head to head dimer of a synthetic 12 mer
containing the hexamicleotide and ¡hndlll
linkers
(Fig 2(b)) As shown in Figure 4(b) lanes 11 and
12 this insertion did not change the hormone
mducibihty This result suggests that the hexa
nucleotide alone is not sufficient to restore hormone
response Quantitative analysis of the levels of
expression of the different mutants is summarized
in Table I T h e autoradiograms were scanned by
densitometry and standardized bv the^measure
ment of the β globin signal for the transfection
assav or by the DNA content (as determined by
Soul hern blot analysis) for the stable transfections
(e) Innertion of spacer DNA
To determine if the increase in hormone induced
i r a n s m p t i o n upon insertion of the synthetic distal
binding site wa-s sequence specific, we constructed
insertion mutants containing a random DNA
séquence starting from mutants pl>S 129/ 78 and
129/ 57 Cellular DNA of LTK" cells was digested
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Figure 4. Quantitative S, analysis of cytoplasmic RNA extracted from cells transfected with various pLS mutants
(see top line) (a) Transient transfection of pLS insertion mutant«. The conditions were identical to those described for
Fig, 3(d) Exposure time. 3 days with 2 intensifying screens (b) Stable transfection of рЬ8-Г29/-57 mutant and its
derivatives The transfected cells were selected on HAT medium and resistant clones were pooled, 25/ig of cytoplasmic
RNA and an excess of 5' labeled йатНІ-digested pLSwt probe were used in this analysis Exposure time I day with 2
intensifying screens.

with restriction e n z y m e ffindlll a n d fragments of
a p p r o x i m a t e l y 50 to 150 bp were randomly cloned
into t h e М І З т р П sequencing vector. T h e s h o r t e s t
insert, 123 b p long, was sequenced (Fig. 2(b)). T h i s
fragment, called spacer, was s u b m i t t e d t o c o m p u t e r
analysis and was shown to c o n t a i n neither k n o w n
transcriptional signals nor t h e sequence T G T T C T .
T h e largest direct a n d inverted repeats are
indicated by a r r o w s .
Upon insertion of t h e spacer D N A in e i t h e r
o r i e n t a t i o n in pLS-128r78 a n d -129/-57 (positive
a n d negative o r i e n t a t i o n were chosen arbitrarily,
Fig. 2(b)), faithfully initiated R N A was no longer
d e t e c t e d . T h i s was d e t e r m i n e d using both t h e
t r a n s i e n t (Fig. 4(a), lanes 11 a n d 12) a n d the s t a b l e
transfection assay (Fig. 4(b), lanes 7 to 10; Table 1).
T h e insertion of t h e spacer D N A between t h e
remaining distal binding site a n d the T A T A b o x
increases t h e d i s t a n c e between these t w o e l e m e n t s
by
87 b p
for
pLS-129/78
and
66 b p
for
рІ.й-І29/-57. We conclude t h a t t h e inserted D N A is
n o t only unable t o s u b s t i t u t e functionally for t h e
proximal receptor binding site, b u t , in a d d i t i o n ,
d e s t r o y s t h e residual h o r m o n e response

4. D i s c u s s i o n
We h a v e used a mutagenesis a p p r o a c h both to
assess t h e function of t h e different glucocorticoidreceptor binding elements of t h e MMTV L T R in
hormonal regulation a n d possibly to identify o t h e r
transcriptional regulatory e l e m e n t s . T h e t h y m i d i n e
kinase gene, linked t o t h e MMTV L T R , served b o t h
as a selective m a r k e r in stable transfections a n d as
a test gene in t r a n s i e n t transfections. In a d d i t i o n ,
stable transfections were d o n e using hygromycin В
resistance gene as a n i n d e p e n d e n t selection. T h e
results o b t a i n e d by t h e three m e t h o d s were in good
a g r e e m e n t with each o t h e r with respect t o h o r m o n e
induction, although t h e absolute a m o u n t s of
MMTV-TK-specific
mRNA
varied.
In
the
hygromycin В cotransfection e x p e r i m e n t s t h e low
a m o u n t s of specific t r a n s c r i p t s relative to those
from T K selections most p r o b a b l y reflected t h e
lower copy-number of t h e transfected D N A . In t h e
t r a n s i e n t transfection assays t h e relatively low
a m o u n t s of specific R N A were probably d u e to t h e
fact t h a t only some of t h e cells expressed t h e
transfected D N A .
T h e very low level of MMTV t r a n s c r i p t i o n in t h e
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яіічгшч* ol the hormone, detectable only in the
stallie transfeclion assay made it very difficult to
sludy the role of the mutations on the basal level of
expression, which in addition might he affected by
the site of integration and the copy number The
lack of detectable transcripts in transient trans
lections in the absence of glucocorticoids could
reflect the relatively low transfeclion efhciencv
Similar observations have been reported for the
expression of several eukaryotic gene¡> and addition
of enhancer sequences was necessary for detectable
expression (for a review see Khoury & Gruss
l!)83) In this situation the MMTV regulatory
region might be viewed as a conditional enhancer
(Parker 1983) The lack of measurable trans
cnption in the absence of dexamethasone in the
transient transfcction assay made it impossible to
determine the stimulation ratio in this system To
be able to compare the transient and the stable
tiansfection assays, we decided to quanti fν the
meineed levels of transcription relative to wild type
m both Assays
The first set of results, involving the stepwise
deletion of the three proximal binding sites
indicated that these sequences are needed for
maximum hormone response However, deletion of
this region did not completely abolish the hormone
response A further decrease in the level of
hormone induced transcription was observed as the
deletion eliminated more of the 3' sequences
including the region that binds the nuclear factor I
m vitro (Nowoek et al, 1985) These observations
indicate the presence of an additional transcnp
tional element located downstream from the
proximal binding sites Kvidencc supporting the
importance of this region was also obtained from
the comparison of RNA from cells transfected with
ρ LS 90/ 70 and ρΙ.8-90/-78 pI,S 90/-70 deletes the
third proximal binding site and part of the nuclear
factor
I palindromic recognition sequence
(Fig 2(a)) The level of mRNA after transfection of
this mutant is approximately 10% of that of the
wild type (Table 1) pLS 90/-78 changes the
TGTTCT sequence of the third proximal binding
site, hut does not affect the nuclear factor 1 binding
region This mutant shows hormone-induced levels
of transcription comparable to wild type
(auompanying paper, Duetti & Kuhnel) It remains
to be shown if the sequences that bind tn vitro
nuclear factor I (Nowoek et al , 1986) and the
additional transcriptional element detected in our
biological assay are identical
Deletion mutant pLS 161/-57 did not show
torrect transcription in the presence or absence of
the hormone either in the transient or in the more
sensitive stable transfeclion assay The aberrant
transcripts detected by the Si nuclense analyses of
RNA of cells stably transfected with this mutant
(Fig 3(b), lanes I and 2), probably enabled the cells
to survive in HAT medium The difference between
pI^S 129/ 57, which was hormone inducible
(although very little relative to wild type), and
pI-S I6I/-57, where correctly initiated transcripts
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were not detectable, is the préseme or absence of
sequences l>etwecn 161 and 129 Linker scanning
mutations or small deletions mapping in this region
showed no reduction of hormone induci bility
(accompanying paper) These data therefore suggest
a possible distance requirement for the functional
activity of a single distal binding site to give the
residual hormone response observed
In this paper we show that the distal m vitro
receptor binding site can functionally replace the
proximal ones The distal binding site insertion
mutant pLS 129/88 ins DBS* showed wild-type
hormone response When the distal binding site was
inserted in the mutants pLS 129/78 and -I29/-57
the restoration of hormone response was partial
The orientation of the inserted distal binding site
fragment seemed to be important TransiCiit and
stable transfection of pLS 129/ 57 ins DBS showed
a significant increase in hormone induced transcnp
tion when the DBS fragment was inserted in the
same orientation as the residing distal binding site
( + ) and not in the opposite orientation ( —)
(Table 1) In the minus orientation, however, this
clement did not interfere with the residual hormone
response Assuming that the DBS sequence can
bind the receptor, this binding in the opposite
orientation docs not prevent regulation Transfection of pLS 129/ 78 ins DBS showed increased
RNA level in both orientations Transient transfections showed twofold more RNA in the plus
orientation than in the minus orientation however,
this dilTerence was not found with the stable
transfection assav We do not know the molecular
basis underlying the orientation effect Palindromic
sequences as well as changes of relative distances,
introduced by the additional molecular linkers
present in the various mutants, may play a role in
the orientation dependence of the level of
dexamethasone induced expression It would be
interesting to analyze whether this phenomenon is
reflected in differences in m vitro receptor binding
An oligonucleotide containing the sequence TGTTCT flanked by a Hmdlll restriction site, inserted
in the proximal deletion mutant pLS-129/ 57 did
not change the hormone inducibihty of the MMTV
promoter This sequence, present in all four m vitro
binding sites of the MMTV regulatory region was
shown to be involved in the interaction between the
glucocorticoid receptor and the DNA double helix
(Scheidereit & Beato, 1984) This motif has also
been found in the regulatory region of the
glucocorticoid responsive
genes
lysozyme
(Rcnkawitz et al, 1984) and metallothionein (Kann
et al , 1984) From our data one can conclude that
in the configuration in which it was present in our
experiment this sequence alone was not sufficient to
restore hormone inducibihty
The data mentioned above suggested the
involvement of specific sequences flanking the
TGTTCT motif in the distal binding site in hormone
inducibihty In order to discriminate further
between specific sequences and the possible effects
of distance, the expenments with the spacer

fíiyiilation o/ ΜλϊΤ\

insertion mutante were performed Unexpectedly,
insertion of a spacer fragment at the deletion site
coniplelely abolished transcription In the mutants,
μΙ-S 129/ 78 ins spacer and pLS-129/ 57 ins spacer,
the distal binding site was placed 87 and 66 bp,
respectively, further upstream from the TATA box
than in the wild type situation The inhibitory
effect could anse m two ways (I) The sparer
sequence harbored m acting inhibitory sequences
that prevent transcription, or (2) the spacing
between the single distal binding site and the other
transcription regulatory sequences is important
Possible distance requirements for the function of
the single binding site were also suggested by the
data of mutant pLS-16l/-57 discussed above P o n t a
el al (1985) have shown that the intact MMTV
regulatory region could confer hormone response to
heteiologous promoters in an orientation
and
distance independent manner In our experiments
where the distal glucocorticoid receptor binding site
was used m the absence of the proximal sites, it
permitted hormonally regulated transcription, only
when
its distance from
the promoter
was
appropnatc ( * 7 0 bp as in pLS 129/ 57) The e x a c t
distance requirement for the residual hormone
inducibility by a single distal binding site will have
to be examined using spacers of different ei7es in
constructs similar to those described here
In this study we consistently observed a
significant difference
in hormone
inducibility
between pLSwt and the proximal binding site
deletion mutants In stable transfection ex pen
ments where accurate measurements were possible
the wild type was found to be inducible 200 to
400 fold, this ratio dropped to 10 to 20 fold in the
mutants In constructs where the MMTV regulatory
region conferred hormone inducibility on a hetero
logous promoter (TK, DeFranoo et al, 1985, E
Buetti, unpublished results, ot-globin, Ponta et al,
1985), stimulation ratios were in the range of 10 to
20-fold These observations suggest that only when
the regulatory region and the promoter are in the
wild type configuration
is maximal
hormone
stimulation of 200 to 400-fold observed Disruption
of this sequence organization either by deletion or
replacement of certain elements, or by positioning
of the elements in a less-suitable configuration,
results in a drop in hormone induction to 10 to
20 fold
Our functional analysis of the MMTV regulatory
region demonstrates that the DNA sequences
involved in hormone action essentially overlap
those that have been shown by others to be
involved in the binding of glucocorticoid-receplor
complexes and nuclear factor I protein in miro
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Chapter IV
Regulation of Transcription of Mouse Mamary Tumor Virus:
Spatial Requirements of the Control Elements and
Involvement of the NF-1 Binding Site
In the Basal Level of Transcription

B. Kühnel, E. Buetti, H. Diggelmann & F.A. van der Hoorn
submitted to the EMBO Journal

Abstract

Using linker scanning mutagenesis we have previously identified four
elements within the glucocorticoid regulatory region of mouse mammary
tumor virus DNA which are necessary for hormone response. Two elements
overlapped

with

regions to which

glucocorticoid

receptor binds in

vitro. The third element contained a nuclear factor 1 binding site and
the fourth contained the TATA box. Introduction of a 123 bp DNA spacer
between these elements resulted in a 6 to 10 fold decrease in hormone
response of the mutants

after transfection

into mouse fibroblasts,

indicating that the spacing of the four elements is important for
hormone response. The analysis of deletion mutants showed that the
element binding nuclear factor 1, is involved in the regulation of the
basal

level of transcription. Moreover, the biological

activity of

mutants in this area correlated with the _i£ vitro binding of nuclear
factor 1, determined by band-competition experiments.

Introduction

Transcription

of Mouse mammary

tumor virus

(l"MTV) has been widely

studied as a model system for hormonal regulation. It has been shown
that a small region of approximately 200 bp located upstream of the
transcription initiation site in the viral long terminal repeat (LTR) is
responsible for the induction by glucocorticoid hormones (Buetti and
Diggelmann, 1983; Hynes et a K , 1983; Majors and Varmus, 1983). The
induction by the hormone takes place at the level of transcription
initiation

(Ringold et

à\_.,

1977; Firzlaff

and

Diggelmann,

1984).

Furthermore, binding of purified glucocorticoid receptor in vitro has
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been demonstrated, showing several binding sites within the glucocorticoid regulatory region (Payvar ^t &}_., 1983; Scheidereit et _al_., 1983).
Recently we have analyzed the hormone regulatory region of MMTV by
systematic linker scanning mutagenesis (Buetti and Kühnel, 1986) and we
have identified four distinct sequence elements involved in transcription regulation (Figure 1 ) . Mutations in any of these elements reduced
the hormone response after transfection of the mutant plasmids into
mouse fibroblasts. Two elements (distal and proximal) overlapped with
sequences which were shown to interact U^ vitro with glucocorticoid
hormone receptor complexes (Payvar et jîl_., 1983; Scheidereit et al.,
1983; Scheidereit and Beato, 1984). The third element (NF-1) overlapped
with the binding site for the TGGCA-binding protein (Nowock ^t al.,
1985). This protein is functionally identical with nuclear factor 1
(NF-1) isolated from HeLa cells (Leegwater ^t _al_., 1986) which has an
enhancing activity on adenovirus DNA replication in vitro (Nagata j!t
a!., 1982). The fourth element (TATA) contained the TATA box (for review
see Breathnach and Chambón, 1981). Deletion of this element resulted in
both reduction of hormone response and generation of heterogeneous RNA
start sites.
Our previous data demonstrated a cooperation of the distal element with
NF-1 and TATA box in hormone response (Kühnel et à]_., 1986). To further
investigate the importance of spacing we inserted a DNA spacer sequence
between the four elements and analyzed the effect of these insertions on
the hormone response. The mutated LTR was linked to the coding region of
herpes simplex virus thymidine kinase (TK) gene and transfected either
stably or transiently into mouse Ltk" cells. MMTV-specific transcripts
were analyzed by quantitative SI nuclease mapping. We show that the
spacing of the four regulatory elements
Inducibility.
72

is important

for hormone

Analysis of two linker scanning mutants in the NF-1 element did not show
an effect of the mutations on the basal level of transcription (Buetti
and Kiihnel, 1986). However, deletion of the proximal

glucocorticoid

receptor binding site excluding or including the NF-1 element, suggested
that the NF-1 element may be involved in transcription regulation in the
absence of hormone (Kiihnel et _ab, 1986). Using deletion mutants of the
entire regulatory region excluding or-including the NF-1 element, we now
show that the latter does play a role in the basal level of transcri
ption. Furthermore, in in vitro DNA-protei η binding experiments mutants
in the NF-1 element showed reduced binding to a factor present in
nuclear extracts of Ltk" cells, presumably the NF-1 protein.

Results

Construction and analysis of the spacer mutants

Starting from the linker scanning (LS) mutants (Kiihnel et ^1_., 1986;
Buetti

and Kiihnel, 1986), spacer mutants were constructed to test

whether alteration of the distance between the regulatory elements would
affect the glucocorticoid response. The spacer, a 123-bp Hind III
fragment of mouse DNA (Kiihnel et _al_., 1986), was inserted into the Hind
III sites of pLS mutants shown in Figure 1A. Mutant pLS -201/-192 ins
spacer contained the spacer sequence upstream of the glucocorticoid
regulatory region and was designed to determine whether the spacer had
an inhibitory effect on transcription. The spacer sequence was inserted
between the distal and the proximal receptor binding elements in pLS
-151/-145 ins spacer, between the receptor binding region and the NF-1
element in pLS -90/-78 ins spacer, and between the NF-1 binding site and
the TATA-box in pLS -66/-57 ins spacer. In the latter mutant the palin73

Fig. IA. Schematic
representation of the pLS
mutants. The MMTV LTR is
joined to the coding region
of the herpes simplex virus
TK gene via a Bam HI linker.
The shaded area represents
the glucocorticoid regulatory
region. E: Eco RI, S: Sal I,
В: Bam HI, Ss: Sst Ι, Ρ: Pvu
II. The wavy line represents
pBR
322 sequences. The
numbers above the regulatory
elements
are given with
respect to the transcription
initiation site. The black
boxes indicate the distal and
proximal glucocorticoid re
pLSwt
ceptor binding elements de
сттсштттсстдтспсгт ййддтстдтссддстсгтат
ШСТДТТтОО&СЭтПйЬШЛД CCAA6TCIIAT
»LS Μ/ Л
fined by mutation analysis,
pLl WO/ 76
сттстд тіПЩІсГИ-ЯпсР
Ь ЛІССДАЬТСШТ
the shaded box the NF-1 bind
pis η / ντ
сппдписстдтілтсттттббшстдтссАЛ(і01т§и
ing site and the white box at
position -30 represents the TATA box. The numbers of the pLS mutants
indicate the 5' and 3' nucleotides of the MMTV sequence between which a
Hind III linker is present. The 123 bp spacer sequence has been inserted
into this Hind III site.
B. Scheme of pLS deletion mutants. The numbers of the mutants indicate
the last 5' and the first 3' nucleotide of the MMTV sequence present in
the mutant, respectively.
С Sequence of the NF-1 element of pLS wt and three pLS mutants. The
numbers above the sequence are given with respect to the RNA cap site.
The arrows indicate the palindromic recognition sequence and the bracket
indicates the region protected from DNase I digestion by NF-1 protein
(Nowock et al_., 1985). The boxes indicate the nucleotides which are
changed in the mutants due to the Hind H I linker.
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dromic sequence of the NF-1 binding site (Nowock e t ^ K , 1985; Leegwater
et^l_., 1986) was reconstituted by the Hind H I linker sequence (Figure
1С).
The transcriptional activity of the mutants was determined both in tran
sient and in stable transfection assays by quantitative SI nuclease
mapping. In the transient assay the plasmid H514 (Kühnel et ^1_., 1986)
containing the genomic rabbit Λ-gl obi η sequence was included as an
internal standard for transfection efficiencies (Figure 2A and 2B).
Using this plasmid labeled at the Bam HI site in the second exon, a 212
bp fragment was protected from SI nuclease digestion by globin-specific
mRNA (Mantei et a K , 1979). For the analysis of MMTV-initiated mRNA a
Вал HI-digested pLS plasmid was used, resulting in the protection of a
142 bp fragment (Kühnel et jib, 1986). The bands of the autoradiograms
were quantified

by densitometry

and

standardized

to the

wild-type

signals. Table 1 shows the relative hormone response values obtained
with the transient and the stable transfection assays of the original
pLS mutants (Buetti and Kühnel, 1986) and their spacer derivatives.
Insertion of the spacer upstream of the hormone regulatory region, in
mutant pLS -201/-192 ins spacer, did not affect the hormone response,
Indicating that the sequence does not contain an Inhibitory element
which affects a downstream promoter. Insertion of the spacer sequence
between the MMTV regulatory elements at any of the three positions
decreased hormone response 6 to 10 fold.

NF-1 binding site is necessary for the basal level of transcription

In the transient expression assay transcription from the MMTV promoter
in the

absence of hormone was

not

detectable. Therefore,

it was

impossible to discriminate between hormone response and transcription
75
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Fig. 2. Quantitative SI
analyses of pLS insertion
mutants.
i
I
^ 1

A and B. 25 ^ig of total
1
cytopl asmi с RNA of cel 1 s
и
и
transiently
20 jug of pLS transfected
plasmid DNA with
and
m Ф <
1 лід of rabbit ^-globin
plasmid H514 were hybridized
«
to an excess of 5' labeled
MMTV and globin specific
φ
probes at 51 " С for 16 h.
•
SI
nuclease
digestion
' ^
9 Ш
Ш "* products were separated on
6% denaturing Polyacrylamide
i 2 » 4 i * τ t
gels. When indicated (+),
dexamethasone
was
added
(10"6 M) 16 hours prior to
RNA isolation. pBR 322 DNA digested with Hinf I and end-labeled was used
as molecular weight marker (M). The sizes of the protected fragments
expected for the globin message (c) and for the MMTV initiated message
(•) are indicated. Exposure time: 2 days (A) and 5 days (B) with two
intensifying screens.

efficiency. In stable transfections the basal level of transcription was
detectable. Our linker scanning analyses (Buetti and Kühne!, 1986)
showed that deletion of the TATA box but not of the other three elements
resulted in a reduction of the basal level of transcription. However,
deletions of the proximal receptor binding element including or excluding the NF-1 element suggested that the latter element may be important
for basal level of transcription (Kühne! et^^l_., 1986). The presence of
the two glucocorticoid binding elements in the NF-1 linker scanning
mutants could compensate for the NF-1 mutation. To examine this
possibility deletion mutants were constructed in which both glucocor-
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ticoid binding elements were deleted excluding or including the NF-1
binding

site. These mutants, named

pLS -193/-78

and pLS -193/-57

respectively, are shown schematically in Figure IB. Mouse Ltk" cells
were transfected with the plasmid DNA and pools of HAT-resistant clones,
selected and grown

in the absence of dexamethasone, were analyzed.

Figure 3 shows SI nuclease analyses of cytoplasmic RNA of cells trans
fected with the two deletion mutants. In the lanes marked +, dexametha
sone was added (10-6 щ) іб hours prior to RNA isolation. RNA from cells
stably transfected with pLS wt was used as a standard for the amounts of
specific transcripts (Figure 3, lane 1 ) . Deletion of the two glucocorti
coid receptor binding elements resulted in the loss of hormone inducibility (lanes 4 and 5) but basal level of transcription was unaffected.
Additional deletion of the NF-1 binding site resulted in a decrease of

Table 1.

Relative amounts of dexamethasone induced mRNA

pLS
&

stable /transient
wild type

100 / 100

-201/-192

100 / 180

-151/-145

100 / n.d.$

-90/-78

90 / n.d.

-66/-57

40 / n.d.

pLS ins spacer
+

Ä

+

stable /transient
100 / 120
11 / 30
n.d./ 15
3 / 4

* Values taken from Buetti and Kiihnel (1986)
& Ratio of signals from induced and non-induced cells is given
as a percentage of wild type.
+ MMTV signals from induced cells were normalized to the -globin
signals and expressed as percentage of wild type.
$ not determined
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transcription (lanes 2 and 3 ) , indicating that this element is involved
in the regulation of the basal

level of transcription. Restriction

analysis of the DNA of the transfected cells revealed the presence of
comparable

plasmid

copy

detected, that could

numbers

account

and

no major

rearrangements

for the differences

were

in transcription

efficiency of the two deletion mutants (data not shown).
Fig.3. SI nuclease mapping
of pLS -193/-78 and pLS
-χ,
s
-193/-57 deletion mut
Ώ
S
S
ants. Ltk" cells were
α
stably
transfected with 2
180
jug plasmid DNA and HAT
resistant colonies were
pooled and expanded in the
160
absence of dexamethasone.
When indicated (+), dexa
methasone was added 16
147
hours prior to RNA isola
tion. 20 jug of total cyto
plasmic RNA was hybridized
to an excess of 5' labeled
2 3 4 5
MMTV LTR-containing Bam HI
fragment.
The
size
corresponding to correctly initiated RNA is indicated ( r ) . M: pBR 322
digested with Hpa II and end-labeled. Exposure: 4 weeks with two
intensifying screens.
*-

m

ri
^
t

Band competition assay with NF-1 mutants

We have asked the question whether the decreased basal level of trans
cription due to mutations in the NF-1 binding site parallels decreased
binding of the factor to the DNA. Band competition assays (Strauss and
Varshavsky, 1984) were performed with crude nuclear extracts from Ltk"
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cells grown in the absence of dexamethasone (Siebenlist et^li·. 1984).
In the low-ionic-strength Polyacrylamide gels used in this method, the
DNA bound to nuclear proteins migrates at a lower rate than the free
DNA. The 240 bp Sst I - Bam HI fragment which did not contain any
functional receptor binding sites (Buetti and Klihnel, 1986) was isolated
from pLS wt, pLS -66/-57, pLS -90/-78 and pLS -90/-70 (Figure 1 ) . The
fragments were labeled at the Bam HI site and incubated with increasing
amounts of nuclear extracts in the presence of the copolymer poly
(dl-dC) to reduce unspecific binding of nuclear proteins (Singh et al.,
1986). The results are shown in Figures 4A and 4B. In mutant pLS -66/-57
the Hind III linker sequence replaces three nucleotides adjacent to the
palindromic sequence which is important for NF-1 binding (Figure 1С;
Leegwater et al., 1985). Transcription in the presence of hormone is 40Ä
of wild type (Buetti and Kühnel, 1986), suggesting that sequences outside the palindrome may be important (De Vries et a±.,

1985). A similar

quantitative difference was seen in the DNA-protein binding experiments
by comparison of intensities of the free DNA bands of pLS wt and pLS
-66/-57. Densitometrie scanning of the bands revealed a 2 fold reduction
in the binding of mutant pLS -66/-57 to NF-1 protein relative to wild
type (Figure 4A lanes 3 and 7 ) . The mutant pLS-90/-70 which lacks half
of the palindrome is very low in NF-1 protein binding (Figure 4B). This
mutant also shows greatly reduced hormone response (10% of wild type;
Buetti and Klihnel, 1986; Kühnel e t i l - , 1986). Finally, pLS -90/-78
behaves as wild type both in the DNA-binding assay (Figure 4B) and In
transfection assays (Table 1 ) .
The Sst I - Bam HI fragment used in the assay contains several other
regulatory elements, such

as a TATA box, polyadenylation

site and

cap-site. To discriminate between binding of nuclear proteins to these
other elements and to the NF-1 site, competition experiments with DNA
fragments containing these elements and containing or lacking the NF-1
79
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Fig.4. Band competition assays. A and B. An Sst I - Bam HI fragment of
the MMTV LTR (240 bp), labeled 3' at the Bam HI site, was incubated with
500 ng copolyner poly (dl-dC) and increasing amounts of nuclear
extract. The numbers above the lanes indicate the amount of microliters
added. On top. The pLS mutant is indicated from which the fragment was
isolated. The arrow ( r ) indicates the position at which free DNA
migrated.
С and D. An Sst I - Ban HI fragment of pLS -66/-57 (C) or pLS -90/-70
(D) was incubated with 2 ^1 of nuclear extract, 500 ng poly (dl-dC) and
an increasing amount of a 1.7 kbp DNA fragment containing the Eia region
of adenovirus 5 or a 1.8 kbp DNA fragment containing two MSV LTRs
(indicated on top). The numbers above the lanes refer to the molar
excess of the competitor. Arrow (r) represents free DNA.

binding site were performed. The LTR of Moloney murine sarcoma virus
(M-MuSV) contains a TATA box, a CCAAT box and a polyadenylation site
(van Beveren et a}_., 1981). Furthermore, an enhancer and a glucocorti
coid responsive element

are present on the 72 bp repeat

sequence

(DeFranco and Yamamoto, 1986). No homology to the NF-1 binding site has
been detected by sequence comparison (Nowock et jl_., 1985). The Hpa I E fragment of adenovirus 5 contains the EIA region with a promoter and
an enhancer in addition to an NF-1 binding site, located near the 5' end
of the viral genome (Guggenheimer et a K , 1984). Competition experiments
using an M-MuSV LTR-containing fragment of 1.8 kbp and an Ela-containing
fragment of 1.7 kbp are shown in Figures 4C and 4D. A constant amount of
nuclear extract was incubated with 1 ng end-labeled 240 bp Sst I - Bam
HI fragment, 500 ng poly (dl-dC) and an increasing molar excess of
unlabeled competitor DNA, taking into account that the M-MuSV fragment
contained two LTRs. The binding of nuclear proteins to the 240 bp
fragment of pLS -66/-57 can be competed for very efficiently by the
addition of a small amount of Ela-containing DNA (Figure 4C lanes 1-4).
Competition by the same molar excess of M-MuSV LTR-containing DNA is
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less efficient (lanes 5-8). The quantity of unbound DNA was analyzed as
a function of the molar ratio between the unlabeled competitor DNA and
the labeled 240 bp fragment. This analysis revealed 50% binding of the
240 bp fragment at a molar ratio of 0.5 for the Eia DNA and at a molar
ratio of 6 for the MSV DNA. In contrast, the weak binding of proteins to
the 240 bp fragment isolated from NF-1 binding site mutant pLS -90/-70
could be competed

for equally efficiently by both competitor DNAs

(Figure 4D). These data suggested that the strong binding as determined
in the band-competition assays of DNAs of pLS wt, pLS -66/-57 and pLS
-90/-7Θ is to the NF-1 protein. The weak binding of pLS -90/-70 is
probably due to other regulatory elements such as the TATA box.

Discussion

Four distinct elements in the glucocorticoid regulatory region have been
identified by linker scanning mutagenesis (Buetti and Kühnel, 1986).
Here we report that the relative distances of the four elements can
influence hormone response. The fact that the spacer DNA does not interfere with transcription when inserted upstream of the regulatory region
suggests that the sequence does not contain inhibitory elements and
exerts its effect by changing the relative distances. Insertion of the
spacer at any of the three positions between the regulatory elements
resulted in a decrease of hormone response. Insertion between the two
glucocorticoid

receptor binding elements resulted

in a decrease In

hormone response to 11% of wild type. When compared to the value of 16%
for a mutant in which the distal binding site has been deleted (Buetti
and Kühnel, 1986), it appears that the contribution to hormone response
of the distal binding site, when placed 123 bp further upstream, is
absent. This indicates that cooperation between the distal and proximal
elements is required for optimal hormone response.
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Insertion of the spacer upstream of the NF-1 binding site reduced the
hormone response б fold (Table 1 ) . This suggests a spatial constraint
for maximal hormone response in the positioning of the receptor binding
elements with respect to the promoter elements (NF-1 element, TATA-box)
reminescent of the observations by Wasylyk et ^1_. (1984) with the en
hancer region of simian virus 40 (SV 40). They showed that the activity
of the SV40 enhancer on both the homologous early promoter and a heter
ologous promoter exhibits a biphasic behaviour: increasing the length of
spacer DNA inserted between the enhancer and the promoter up to 600 bp
severely decreased transcriptional activity, while increasing the length
of inserts over 600 bp did not cause a further reduction of promoter
activity, that remained relatively constant at 0.5 to 4% of the maximum
(Wasylyk ^t a K , 1984). Using pLS -90/-78 ins spacer derivatives con
taining spacers of different sizes we will test whether the MMTV hormone
responsive elements and promoter elements

behave similarly. Ponta et_

al. (1985) reported hormone-dependent enhancer activity of the MMTV
regulatory region on a remote ¿K-globin promoter (approximately 1 kbp
away). In agreement with our data the stimulation ratios were substantially lower than those of wild type MMTV

(10 fold versus 200

fold). The hormone regulatory region used in those experiments also
included the NF-1 promoter element.
Our previous data (Kühnel et ^1_., 1986) and the ubiquitous presence of
the NF-1 protein in mammalian cells suggested a general function for the
NF-1 binding site in the MMTV LTR. The data with pLS -193/-78 and pLS
-193/-57 clearly show that deletion of the NF-1 binding site affects the
basal

level of transcription, independently of the hormone. Linker

scanning mutants in the NF-1 binding site did not show a change in basal
level of transcription but had a reduced hormone response (Buetti and
Kühnel, 1986). It is possible that in these mutants sequences between
position -78 and -200 can compensate for the NF-1 binding site deletion.
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The mechanism by which NF-1 modulates transcription is not known. The
fact that it enhances DNA replication of adenovirus in vitro (Nagata et
j K , 1982) suggests a function in modifying locally the structure of the
chromatin to favor regulation of gene expression or DNA replication.
Linkage between DNA replication and transcription has been reported in
two other cases: 1) Polyoma virus DNA replication requires a functional
enhancer (De Villiers et ^ К ,

1984). 2) Yeast topoisomerase II is

necessary for DNA replication and can complement for functions in RNA
synthesis in topoisomerase I mutants (North, 1985).
Enhancement of adenovirus DNA replication _ш vitro depends on NF-1
binding (Leegwater et a K , 1986). We show that transcriptional activity
of pLS mutants also correlates with binding of NF-1. Mutant pLS -66/-57
showed 40% hormone induced transcription relative to wild type and a two
fold reduction in binding of NF-1. The binding to pLS -66/-57 was
efficiently competed by small amounts of adenovirus Eia DNA which con
tained the origin of replication and an NF-1 binding site. Significantly
less competition (10 fold) was observed with an M-MuSV LTR containing
fragment which does not contain an NF-1 binding site (Nowock et al.,
1985). These data indicate that the binding observed using the small Sst
I - Bam HI fragment of MMTV DNA and crude nuclear extracts is due to the
binding of NF-1. pLS -90/-70 which is poorly inducible (10% of wild
type) showed a very low binding activity that may be due to sequence
elements such as the TATA box, because Eia and M-MuSV LTR DNA competed
efficiently and equally well with the binding of this mutant.
Interactions between DNA and proteins (glucocorticoid receptor and NF-1)
play a role in transcription and hormone stimulation of the MMTV promot
er. Hormone inducible DNase I hypersensitive sites have been mapped in
the hWTV regulatory region (Zaret and Yamamoto, 1984), indicating that
changes in chromatin structure accompany hormone stimulation. The actual
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spacing of the regulatory elements (distal and proximal receptor binding
sites and the TATA box) suggests that they might be on one side of a
nucleosome structure. The heavy metal responsive region of the metallothionein genes has a similar arrangement (Carter et _al_., 1984; Karin et
al., 1984; Stuart et à]_., 1984). We are in the process of investigating
whether in vitro and in vivo nucleosome phasing can occur on DNA fragments containing the MMTV regulatory region and what the effects are of
addition of dexamethasone in vivo or purified factors in vitro.

Materials and Methods
Construction of the Plasmids, transfections and nuclease SI mapping
Construction of the pLS mutants has been described previously (Kühnel et
al., 1986). The sequence of the 123 bp spacer fragment has been
determined (Kühnel et _al_., 1986). Stable and transient transfection
assays by calcium phosphate precipitation (Graham and Van der Eb, 1973),
isolation of nucleic acids and nuclease SI mapping (Favaloro et al.,
1980) were performed as described before (Kühnel et _al_., 1986).
Band-competition assay
Nuclear protein extract was prepared from purified nuclei of Ltk" cells
essentially as described by Siebenlist et à±. (1984), using 0.4 M NaCl
for the extraction of proteins and 1 mM benzamidine instead of PMSF in
all buffers. Ammonium sulfate-precipitated proteins were redissolved in
storage buffer (Siebenlist et _al_., 1984) at a concentration of 0.5 - 1.0
mg/ml.
Band-competition experiments were performed as described by Strauss and
Varshavsky (1984) and modified by Singh et .aU (1986). One ng of the 240
bp Sst I - Bam HI fragment, 3' labeled with 32 P-x-dATP and Klenow DNA
polymerase (Boehringer) at the Bam HI site (6000 cpm/ng) was incubated
with 500 ng of the copolymer poly (dl-dC).poly (dl-dC) and increasing
amounts of nuclear extract in DNA binding buffer {0.1% Triton X-100, 4%
glycerol, 1 mM EDTA, 10 mM/é-mercaptoethanol, 10 mM Tris.HCl (pH 7.5),
50 mM NaCl, 1 mM benzamidine) in a total volume of 15 ^1 for 30 min at
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ЗО'С. The samples were separated on pre-electrophoresed 4% Polyacryl
amide gels containing 6.7 mM Tris.HCl (pH 7.5), 3.3 mM sodium acetate
and 1 mM EDTA at 4 < > C. After separation the gels were fixed in 20%
ethanol and 10% acetic acid, dried and exposed to Kodak XAR-5 films.
The competition assays with unlabeled Eia and MSV LTR DNA were carried
out as described above using 2 /Л nuclear extract. The Eia competitor
was a 1.7 kbp Pst I fragment of plasmid pLB202 (Allan et _al_., 1984)
containing the Hpa 1 - Е
fragment of adenovirus 5. The MSV LTR
competitor was a 1.8 kbp Pst I - Hind III fragment of plasmid pMLTR
containing two M-MuSV LTRs in tandem (Van der Hoorn et _al_., 1982).
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SUMMARY

The B-type retrovirus mouse manriary tumor virus (MMTV) causes mammary tumors
in certain strains of mice. The mechanism of tumori genie i ty by this virus,
which does not contain an oncogene, is based on promoter insertion. The
proviral DNA integrates in the vicinity of a cellular oncogene that now
becomes expressed due to the insertion of the viral promoter or enhancer.
The oncogenes found in association with the MMTV integrations were called
int-1 and int-2. The elucidation of the function(s) of the Jot-encoded
proteins is a major research interest of several laboratories.
The development of MMTV-induced mammary tumors depends on hormonal stimula
tion of the mammary gland. _ІЦ vivo tumors occur exclusively in females,
generally after two to three pregnancies. During the lactation period virus
particles are produced and shed into the milk, thus establishing the infec
tion of the progeny. The growth of some human mamnary tumors is influenced
by hormones, which is one of the reasons why the MMTV system has been chosen
to study the hormonal regulation of gene expression.
Several laboratories have shown the presence of a 100 bp sequence in the
MMTV promoter that binds glucocorticoid and progesterone receptors. This
sequence, placed upstream of other genes, confers hormone inducibility to
the genes. Aspects of the molecular interactions of the glucocorticoid
receptor with the 100 bp DNA sequence, leading to the increased rate of
transcription, are described in this thesis. Using recombinant DNA tech
niques mutations were introduced in the glucocorticoid regulatory element
(GRE). The mutated GRE's were linked to the herpes simplex virus thymidine
kinase (TK) gene and introduced into tissue culture cells by the calcium
phosphate precipitation technique. The effect of the synthetic
corticoid
measured.

hormone

dexamethasone

on

transcription

of the TK

gluco

gene was

The first chapter is an overview of the MMTV virus, transcription regulation
and the glucocorticoid receptor. A comparison of the promoter structure of
several steroid hormone regulated genes is given.
In the second chapter results are described of a systematic mutation study
of the GRE. Mutations greatly reduced the hormone response in four subregions of the GRE. Two of these subregions overlap with sequences which
bind the hormone-receptor complex U}. vitro. The third element contains a
binding site for nuclear factor 1, a protein recently described by others.
Finally, the fourth element contains the TATA box. This promoter element has
been found upstream of many protein-coding genes.
The third chapter deals with a further analysis of various mutants. The two
receptor binding elements can replace each other and cooperation of the
elements is necessary for optimal hormone response.
In chapter IV the topic of cooperation

is elaborated

in more detail.

Insertion of a DNA fragment between the four functional elements reduced the
hormone response. Using deletion mutants, we show that the nuclear factor 1
binding site is a promoter element which is involved in the regulation of
the basal level of transcription, independent of hormone.
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SAMENVATTING

Het retrovirus muize manria tumor virus (MMTV) veroorzaakt bij muizen van
bepaalde inteeltstammen borsttumoren. MMTV is een type В retrovirus en bevat
geen oncogen. Verschillende groepen hebben aangetoond dat carcinogenese
onder invloed van MMTV op promoter insertie berust. Het provirale DNA inte
greert in de buurt van een gen, dat nu door de insertie van de virale
promoter of enhancer tot expressie komt. Deze cellulaire genen werden int-1
en int-2 genoemd. Men onderzoekt de functie van de eiwitten die door de
int-genen gecodeerd worden.
Voor de ontwikkeling van borsttumoren geïnduceerd door MMTV is een hormonale
stimulatie noodzakelijk. In vivo gebeurt dit tijdens de zwangerschap en de
zoogperiode. De vrouwelijke geïnfecteerde dieren ontwikkelen over het algemeen na twee tot drie zwangerschappen borsttumoren. Tijdens de zoogperiode
produceren de geïnfecteerde borst epithelium cellen virus deeltjes. Ze
worden in de melk uitgescheiden en veroorzaken de infectie van het nageslacht. Sonnige menselijke

borsttumoren

zijn

gevoelig

voor

geslachts-

hormonen. Men heeft daarom het MMTV systeem gekozen om de hormoonregulatie
van genexpressie te bestuderen.
Verschillende

groepen

hebben

aangetoond

dat

de MMTV

promoter een DNA

sequentie bevat, ongeveer 100 baseparen lang, die glucocorticoid- en progesteron receptoren kan binden. Deze sequentie, geplaatst voor een ongerelateerd gen en geïntroduceerd in weefselkweekcellen, veroorzaakt
induceerbaarheid van de transcriptie van het gen. Het in het

hormoon-

proefschrift

beschreven werk behandelt de moleculaire aspecten van de Interacties van de
glucocorticoid hormoon receptor met het DNA, die leiden tot de verhoogde
transcriptie. Door middel van recombinant DNA technieken werden mutaties
gemaakt in het glucocorticoid regulatie element (GRE). De gemuteerde GRE's
werden geplaatst voor een testgen (thymidine kinase (TK) van herpes simplex
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virus) en geïntroduceerd in weefselkweekcellen door middel van de calciumfosfaat-precipitatie techniek. Gemeten werd de transcriptie van het TK gen
en of deze geïnduceerd kon worden door het synthetische glucocorticoid
hormoon

dexamethasone.

Het eerste hoofdstuk geeft een literatuur overzicht van het MMTV virus, de
glucocorticoid hormoon receptor

en een vergelijking van gegevens over

verschillende steroid-gereguleerde genen.
Het tweede hoofdstuk beschrijft de resultaten van een systematische mutatie
studie van het GRE. Wij tonen het bestaan aan van vier subregios in de GRE.
Mutaties in de subregios leiden tot verlaging van het hormoonrespons. Twee
subregios correleren met bindingsplaatsen van de hormoon-receptor complex.
Het derde element correleert met een bindingsplaats voor een ongerelateerd
eiwit, "nuclear factor 1", onlangs door anderen beschreven. Het vierde
element tenslotte, bevat de zogenaamde TATA box, die vóór vele eiwit-coderende genen gevonden wordt.
In het derde hoofdstuk wordt een verdere mutatie studie beschreven. De
receptor-bindende

elementen

werden

gedeleteerd

of onderling

verwisseld,

teneinde de vraag te beantwoorden of coöperatie van de elementen noodzakelijk is voor de hormoonregulatie.
Deze vraag wordt verder uitgewerkt in het vierde hoofdstuk. Het verbreken
van de conformatie van de vier elementen door het invoegen van DNA fragmenten leidt tot verlaging van het hormoonrespons. Door middel van deletiemutanten werd

aangetoond dat het "nuclear factor T'-bindend element een

promoter element is waarvan de functie onafhankelijk is van het hormoon.
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STELLINGEN
1.
Hollenberg et al. beargumenteren dat hun cDNA cloon codeert voor de glucocorticoid receptor door een afname aan te tonen van het steady-state
niveau van receptor-specifiek mRNA door het glucocorticoid dexamethasone.
Dit argument zou alleen dan gelden wanneer de auteurs een controle zouden
laten zien van het steady-state niveau van een ander mRNA dat door de
-5
toxische concentratie van 10 M dexamethasone niet beïnvloed wordt.
Hollenberg, S.M., Weinberger, С , Ong, E.S., Gerelli, G., Oro, Α.,
Lebo, R., Thompson, E.B., Rosenfeld, M.G. & Evans, R.M. (1985). Nature
318, 635-641.
2.
Saggioro et al. hebben niet bewezen dat het v-abl product de 100 en 68 kD
cellulaire eiwitten fosforyleert in lymfocyten. Hun conclusie dat deze
fosforylering een essentiële stap is in cel transformatie door v-abl, is
voorbarig en wordt verder ondermijnd door hun eigen gegevens, die een hoge
mate van fosforylering van deze eiwitten in ongeTnfecteerde, gestimuleerde
lymfocyten laten zien.
Saggioro, D. , Ferracini, R., Di Renzo, M.F., Naldini, L., ChiecoBianchi, L. & Comoglio, P.M. (1986). Int.

J. Cancer 37, 623-628.

3.
In het licht van de karakterisering van een nieuwe JC/regiOjdie in een
cytotoxische T-lymfocyt

(CTL) cloon gerecombineerd is met een Vv- tot een

gen dat getranscribeerd wordt in een potentieel coderend mRNA (Iwamoto
et al.), geven de conclusies van Rupp et al. en Reilly et al. een verkeerd beeld van de noodzaak van mRNA coderend voor een functionele

V -

keten in CTLs voor hun activiteit.
Iwamoto, Α., Rupp, F., Ohashi, P.S., Walker, C.L., Pircher, H., Joho,
R., Hengartner, H. & Mak, T.W. (1986). J. Exp. Med. Ш ,

1203-1212.

Rupp, F., Frech, G., Hengartner, H., Zinkernagel, R.M. & Joho, R.
(1986). Nature 3Z±, 876-878.
Reilly, E.B., Kranz, D.M., Tonegawa, S. & Eisen, H.N. (1986). Nature
321, 878-880.

4.
Ostrowski et al. suggereren dat de activiteit van het glucocorticoid
regulerende element van MMTV zodanig gemoduleerd wordt door de Ha-MSV
LTR, dat de MSV enhancer activiteit alleen in aanwezigheid van het hormoon optreedt. Het is waarschijnlijker dat de enhancer activiteit van de
Ha-MSV LTR volledig afwezig is en dat het waargenomen effect een additieve
glucocorticoid respons is van de Ha-MSV enhancer en het MMTV regulerende
element (DeFranco & Yamamoto).
Ostrowski, M . С , Huang, A.L., Kessel, M., Wolford, R.G. & Hager, G.L.
(1984). EMBO J. 3, 1891-1899.
DeFranco, D. & Yamamoto, K.R. (1986). Mol. Cell. Biol, б, 993-1001.
5.
Het verschil in expressie van c-myc en c-myb in bloedcellen van systemi
sche lupus erythematosus patiënten versus normale personen, zoals beschreven door Klinman et al., wordt niet ondersteund door hun gegevens.
Klinman, D.M..Mushinski, J.F., Honda, M., Ishigatsubo, Y., Mountz, J.
D., Raveche, E.S. & Steinberg, A.D. (1986). J. Exp. Med. Ш , 12921307.
6.
De verschillende resultaten van Barklis & Lodish en Mehdy et al. betref
fende het effect van cAMP op accumulatie van presteel- en presporespecifieke mRNA na disaggregatie van Dictyostelium discoideum slakken, duidt
erop dat aggregaten
200 rpm

van 2 tot 10 cel lentie bij de schudsnelheid van

gebruikt door Barklis & Lodish

aanwezig blijven, voldoende

zijn voor endogene productie van differentiatie factoren.
Barklis, E. & Lodish, H.F. (1983). Cell 32, 1139-1148.
Mehdy, M.C., Ratner, D. & Fi rtel, R.A. (1983). Cell 32, 763-771.
7.
Rosenfeld & Kelly rapporteren een molecuul gewicht van 52 - 66 kD voor
nuclear factor 1, terwijl Diffley & Stillman voor dit eiwit een molecuul
gewicht van 160 kD vinden. Dit verschil wordt verklaard door proteoly
tische afbraak tijdens de isolatie en dient als waarschuwing, dat zelfs
testen van biologische activiteit niet noodzakelijkerwijs juiste metingen
van alle fysische eigenschappen waarborgen.

Rosenfeld. P.J. & Kelly, T.J. (1986). J. Biol. Chem. 261_, 1398-1408.
Diffley, J.F.X. & Stillman, B. (1986). Mol. Cell. Biol. 6, 1363-1373.
8.
In ALV-geïnduceerde tumoren wordt het provirus voornamelijk in regios van
transcriptie-afhankelijke DNase I hypersensitiviteit aangetroffen (Schubach
& Groudine, Robinson & Gagnon). Men zou daarom de functie van protooncogenen moeten zoeken op dat t i j d s t i p van de ontwikkeling van het weefsel of orgaan waaruit het v-onc

bevattend virus geïsoleerd werd, waarop

de i n f e c t i e plaats vond.
Schubach, W. & Groudine, M. (1984). Nature 307, 702-708.
Robinson, H.L. & Gagnon, G.C. (1986). J . V i r o l . 57, 28-36.
9.
Hsiao et a l . leveren geen bewijs voor het bestaan van een causaal verband
tussen de verhoogde expressie van A- en C-type retrovirussen in 5-azacytidine (5-AzaC) behandelde, getransformeerde mui ze fibroblasten en t r a n s f o r matie. De gebrekkigheid van hun experimentele aanpak wordt g e ï l l u s t r e e r d
door het f e i t dat enkele genen (c-mos en MMTV), ondanks demethylering door
de 5-AzaC behandeling, transcriptioneel i n a c t i e f b l i j v e n .
Hsiao, W.-L.W., G a t t o n i - C e l l i , S. «.Weinstein, I.B. (1986). J . V i r o l .
57,

1119-1126.
10.

Het noemen van "lane χ suffered the loss of some material" i n de legenda
van figuren (Fig.4, De V i l l i e r s & Schaffner; Fig.3, De V i l l i e r s et a l . ;
Fig.4, Boshart et a l . ) duidt erop dat de publicatiedruk zo groot i s , dat
experimenten n i e t overgedaan kunnen worden.
De V i l l i e r s , J . & Schaffner, W. (1981). Nucleic Acids Res. 9, 6251-6264.
De V i l l i e r s , J . , Schaffner, W., Tyndal1, С , Lupton, S. & Kamen, R.
(1984). Nature 312, 242-246.
Boshart, M., Weber, F., Jahn, G., Dorsch-Häsler, K., Fleckenstein, B.
& Schaffner, W. (1985). Cell 41_, 521-530.
11.

Het bestaan van open krantenkastjes, waarbij er op vertrouwd wordt dat de
gebruiker geld achterlaat, is alleen in Zwitserland mogelijk.
B. Kühnel
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