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Mutations in functional domains of steroid and thyroid
hormone receptors cause these molecules to become
constitutive (hormone independent) transactivators of
gene ftranscription. Mutations in, for example, the
estrogen receptor (ER) may contribute to the loss of
estrogen control of some breast carcinomas. The crucial
factor in determining estrogen requirement for the growth
of tumors may not be the presence or absence of
estrogen-regulated ER, but whether the ERs present
require estrogen to be able to cause transcription
activation of growth regulatory genes. This also has
implications for the therapy of breast cancer because it
may be necessary to design effective anticancer agents
to suppress the malignant effects of ER mutants.
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Introduction

The presence of mutant steroid and thyroid
hormone receptors in various tumor tissues
suggests that these mutants may be implicated in
the process of malignancy.! Steroid and thyroid
hormone receptors form part of a superfamily of
DNA-binding proteins with a zinc-binding ‘finget’
motif.>> This class also includes the oncogene
v-erbA of the avian erythroblastosis virus (AEV)
which is the malignant counterpart of the thyroid
hormone (T3) receptor c-erbA. Different domains
are distinguished in these receptor molecules. These
domains have been assigned A-F on the basis of
degrees of homology between receptors, i.e. regions
A, C, and E are highly conserved whereas this is
less the case for regions B, D, and F.? This class of
nuclear receptors also includes genes for the retinoic
acid receptor (RAR), vitamin Dj receptor (VDR),
and dioxin receptor (Figure 1). Several new genes
of this superfamily have recently been discovered
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including so-called ‘orphan receptors’ whose
ligands are unknown.’
The genomic organization of these genes

probably follows the eight-exon pattern found for
the thyroid hormone receptor (TR) f gene,*
estrogen receptor (ER) gene,” and progesterone
receptor (PR) gene.®.

Different functions have been delineated for
different parts of the receptor molecules (Table 1).
These functions and their possible role in
malignancy are discussed below.

Transcription activation

As shown in Table 1, members of the steroid—
thyroid hormone receptor superfamily function as
hormone-dependent regulators of gene transcrip-
tion. The receptors bind to enhancer elements
which are located upstream of the basal promoters
of the genes. In generai, enhancer factors are
believed to exert their activity by interacting with
basic factors which are necessary for initiation of
transcription by RNA polymerase.” Such interac-
tion could either recruit these basic factors to the
vicinity of a promoter (recruiting hypothesis) or
activate them (activating hypothesis). Within these
hypotheses it has been proposed that acidic
activating domains (AADs) of gene regulatory
proteins may interact with the basic TATA box
factor.?

Several classes of domains have been described
that are capable of mediating transcriptional
activation. The activation domains of the yeast
activators GAL4, GCN4, and herpes simplex virus
VP16 protein are composed of acidic stretches of
amino acids. However, not all activating domains
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Figure 1 Schematic amino acid comparison of nuclear
hormone receptors and related proteins. Primary amino
acid sequences have been aligned on the basis of regions
of maximum amino acid similarity. Amino acid numbers
are those for the human receptors with the exception of
v-erbA. Abbreviations: GR, glucocorticoid receptor; MR,
mineralocorticoid receptor; VDR, vitamin D, receptor;
T;R, thyroid hormone receptor, RAR, retinoic acid
receptor; HAP, hepatoma-associated protein (epithelial-
type retinoic acid receptor, RARg). The DNA-binding
(region C) regions are shaded.

are acidic; for example the activating regions of the
human Spl and CTF/NF1 proteins contain
glutamine- and proline-rich motifs, respectively.
Studies with steroid hormone receptors have
demonstrated transactivation regions in the A-B
region, in the DNA-binding C region and in the
hormone-binding E region. In the glucocorticoid
receptor, transactivating functions (called 71 and 12,
respectively) have been reported which are acidic
in nature.” By contrast, the transcription-activating

Table 1 Functional domains of steroid hormone receptors

Domain Function

A-B e Transcription activation by TAF-1 and/or
T19'10'12'25

DNA-binding*
Transcription activation
Nuclear localization®?'
Weak hormone-independent dimerization®
Hormone-binding
Nuclear localization
Dimerization?22349
Hormone-dependent transcription
activation by TAF-2 and/or 12%101225
Promotion of high affinity
DNA-binding?*

e Repression of other activators®

e Binding of hsp90®

13-15

20,21

T
n
® ® 0 00 0 0 o
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functions TAF-1 and TAF-2, discovered in the ER,
do not contain highly acidic regions. TAF-1 and
TAF-2 of human ER are not only structurally but
also functionally distinct from AADs such as ate
present in the glucocorticoid receptor (GR), GAL4
or GAL-VP16. Analysis of the ability of TAF-1 and
TAF-2 of human ER to synergize with themselves
and with the AADs of GAL4 and GAL-VP16
indicates that the properties of TAF-1 and TAF-2
are different from those of AADs."

Experiments suggest that transcriptional activa-
tors function by interacting with intermediary
factors present in limiting amounts in the cell. For
example, expression of high levels of the acidic
activators GAL4 or GAL-VP16 inhibit (‘squelch’)
transcription from other genes that do not contain
a cognate GAL4 binding site. TAF-1 and TAF-2
of human ER also show squelching: they compete
with transcriptional activation by PR and GR when
using PR and GR reporter genes that do not bind
ER."

It is possible to distinguish distinct transactiva-
ting functions on the basis of the fact that they
‘squelch’ in different manners. Such analyses
indicate that the transactivation function in the
A-B region of human GR is not a single function
but is in fact composed of two separate weak
activation functions which act together to give the
activation seen in this domain. This also applies to
the transactivation function located in the hormone-
binding region of GR. Therefore, the hGR is
composed of several activation functions: in
addition to the weak AADs present in both the A-B
and the E regions (71 and 72) there are additional
transcriptional activation functions located in these
regions with properties similar to those of the ER
TAF-1 and TAF-2, respectively.'>'? See Table 1.

Transactivation is also associated with the
DNA-binding domains (region C) of GR"! and
ER. For example, region C of ER confers both
DNA binding and transcriptional activation of the
estrogen-responsive rat prolactin gene.'

The GR can not only have a positive effect on
gene induction, but can also repress gene
expression. In some cases this is thought to involve
direct interaction of the GR with a site on the DNA
that has been named ‘negative GRE’.?’ However,
in other cases other mechanisms seem to be
responsible. For example, the anti-inflammatory
effect of glucocorticoids occurs by down-modula-
tion of the transcription factor AP-1 (jun|fos) via
direct interaction between the GR and AP-1. This
is a mutual effect, ie. while the GR is a
potent inhibitor of AP-1 activity, both the proto-



oncogenes cy## and c-fos are potent repressors of
GR activity.””®

The presence of several activating and repressing
domains within the same receptor molecule
probably greatly increases the potential of these
receptors to respond in a cell-specific manner to a
variety of regulatory stimuli, and to activate or
repress differentially the promoters of the vatious
hormone-responsive genes.

Recent studies have revealed how some anti-
estrogenic drugs act on ER. One of these drugs,
the 4-hydroxy derivative of tamoxifen, has proved
to be predominantly anti-estrogenic by binding to
the hormone-binding domain of ER, thereby
blocking estrogen binding and TAF-2 activation.
However, (4-hydroxy)tamoxifen is not a pure
antagonist but can behave as an agonist in certain
test systems and animal models via the cell-type- and
promoter-context-dependent activity of TAF-1.%

Nuclear localization and DNA
binding

The region on steroid and thyroid hormone
receptor which directly and specifically binds to
DNA (region C) is highly conserved and consists
of about 70 amino acid residues.” Region C
comprises two zinc finger motifs, each of which
coordinates a zinc atom with four conserved
cysteine residues.'®"” Nuclear magnetic resonance
studies have revealed that the DNA-binding region
consists of a globular body from which the finger
regions extend.

The C regions of nuclear hormone receptors bind
to specific hormone responsive elements (HREs) on
DNA which occur frequently in the 5 flanking
regions of hormone responsive genes. These
sequences are generally variations of a perfect
palindrome with a short interspace. For example,
the glucocorticoid response element (GRE) is
represented by AG(A/G)ACAnnnTGT(T/C)CT
and the estrogen response element (ERE) is
AGGTCAnnTGACCT. Discrimination among
specific HREs is determined by three amino acids
at the base of the first finger. When these three
amino acids in the ER are replaced with the
corresponding amino acids of the GR, the resulting
ER no longer recognizes EREs, but recognizes
GREs instead.

Five amino acids in the second zinc finger
probably serve in discriminating between HREs
with different half-site spacing.

Hormone receptor variants

A number of nuclear localization signals have
been described, including one encoded in region D
that may be conserved in all steroid receptors.”*!
Nuclear localization signals allow entry of the
receptor molecules into the nucleus, their site of
action.

Hormone binding and
dimerization

The ligand-binding domain or E domain en-
compasses about 210 amino acid residues and
determines the ligand-binding specificity of each
receptor. The hormone-binding and dimerization
functions are contained within overlapping regions,
but are not entirely coincident. Hormone binding
does not appear to be required for dimetization and
specific DNA binding controlled by the E region.”
This is indicated by the finding that certain mouse
ER mutants fail to bind estradiol but both dimerize
and bind to DNA with high affinity. Perhaps these
mutants can copy the estradiol-induced three-
dimensional conformation of the wild-type receptor
and so be able to bind to DNA and dimerize in a
constitutive manner.

Although ligand binding does not appear to be
absolutely required for dimerization, it may stabilize
the receptor dimers."

The anti-estrogenic drug ICI 164,384 has been
reported to act by preventing ER dimer-
ization.

The dimerization domain in region E has
certain features in common with both the leucine
zipper and the helix-loop—helix motif which have
been proposed as dimerization structures in other
DNA-binding proteins.'***2*

Normal gene vs oncogene

In order to elucidate which mutations are
responsible for turning hormone receptor genes
into oncogenes, it is useful to compare the normal
gene with its oncogenic counterpart. This can be
done, for instance, with the thyroid hormone (T})
receptor and its oncogenic counterpart, the v-erbA
oncoprotein. The erbA oncogene of the AEV
arrests erythroid differentiation by interfering with
the expression of erythrocyte-specific genes.™
Whereas the thyroid hormone receptor modulates
erythroid differentiation and erythrocyte-specific
gene expression in a Ti-dependent manner,* the
v-erbA oncoprotein has lost the ability to regulate

129



M Siuyser

erythrocyte gene transcription in response to Tj,
and tepresses transcription in the absence of T;.

Compared with the thyroid hormone receptor,
v-erbA lacks both amino- and carboxy-terminal
Sequences, and possesses additional amino-termi-
nal gag-derived sequences and internal amino acid
codon differences. The v-erbA has lost a cluster of
amino acid residues that can form an amphipathic
o-helix, i.e. four negatively charged amino acids
projecting to one side of the helix within an
otherwise largely hydrophobic environment. The
region is adjacent to a stretch of leucine and
methionine residues (spaced by a multiple of seven
amino acids) that may serve as a potential ‘leucine’
zipper-like dimerization interface. Intriguingly,
although the v-erbA protein has lost the ability to
bind thyroid hormone owing to alterations in the
carboxy-terminal domain, the remnants of the
hormone-binding domain in v-erb have retained
their ability to regulate the properties of this
protein. Genetic lesions in the carboxy-terminal
domain of v-erbA inhibit both nuclear localization
and DNA-binding and lead to an intermediate
transformed phenotype in AEV-infected cells.*
Studies on carboxy-terminally-truncated v-erbA
mutants also show that presence of the carboxy-
terminal region is a prerequisite for v-erbA to act
as an oncogene.> This region may be essential by
interfering with the binding of thyroid hormone
receptors to DNA, and so contributing  to
malignant transformation of the cell.® On the
contrary, the mutated DNA-binding domain of
v-erbA also appears to be partly responsible, in
particular  the Gly73 — Ser mutation in this
region.>

Hormone receptor variants

Hormone receptor variants have been found in a
number of tumor tissues. ER and PR mutants have
been reported in human breast cancer biopsies and
cell lines.”” ¥ T47D human breast cancer cell lines
contain several mutant ERs which include two
different frame-shift mutations. The first would
encode an ER truncated just beyond the second zinc
finger of the DNA-binding domain near the end of
exon 3. The second is truncated in the hormone.-
binding domain near the end of exon 5. A third
mutant has an in-frame deletion from the nuclear
localization signal of exon 4 to the end of exon 5.
None of these forms could be detected by
ligand-binding or clinical immunoassays of ER.*
An ER variant lacking exon 5 has been detected
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as the predominant ERmRNA in biopsies from
three ER—/PR+ breast tumors. The variant ER
activated transcription of a normally estrogen-
dependent gene construct in yeast cells 1n an
estrogen-independent manner.%’

Discussion

Hormone receptor mutants may act as oncogenes
in breast cancer and also may be responsible for the
loss of hormone responsiveness of some tumors
during their progression.* The data reviewed here
suggest that receptor variants which have a
mutation in the hormone-binding domain may act
as constitutive transcription activators via the
transactivating domains that are still intact in the
receptor molecule. In this respect it is of interest
that an ER mutant lacking the hormone-binding
domain can activate the c-fos gene promoter in the
absence of estrogen.*’ This raises the possibility that
one of the ways in which mutant hormone receptors
participate in tumor progression is by causing
constitutive expression of oncogenes such as Jfos.

Besides containing a constitutive activator
function, the ER has recently been shown to
contain a constitutive DNA binding function that
enables the ER to bind and thereby to repress other
activators of the ERE in the absence of estradio].2
Since mutations in the ligand-binding domain
strongly affect the DNA binding and repressor
capacity of ER, a lack of repressor function may
disturb important steps in transcriptional regulation
and eventually lead to uncontrolled proliferation.®

Current methods for determining the hormonal
responsiveness of tumors are based on assays of
hormone receptors. For example, among the breast
cancers of postmenopausal women, a majority
(75%) contain ERs. Among these, about 50-60%
possess PRs. Although the presence of PR in
addition to ER improves the predictability of
hormone dependency of a tumor, this relationship
is far from absolute as about 30% of ER + /PR +
tumors fail to respond to hormone therapy.* It can
be inferred from these results that the crucial factor
in determining estrogen requirement for the growth
of tumors may not be the presence or absence of
normally estrogen-regulated ER molecules, but
whether the ERs present in a tumor require
estrogen to be able to cause transcription activation
of growth regulatory genes.

The ability to ‘run amok’* may not only apply
to steroid and thyroid hormone receptors, but also



to other members of the DNA-binding ‘finger’
protein family.>® Deviant members of this class of
proteins may be regarded as the products of
dominant negative oncogenes.”!

The presence of products of these ‘dononcs’
obviously poses serious difficulties in designing
effective therapies of cancer. In case of breast
cancer, the anti-estrogens in current use presumably
destroy only the tumor cells that have ERs with
intact hormone-binding domain, leaving cells with
mutated ERs undisturbed.

It will be a challenge for oncologists to discover
or design anti-cancer agents that can neutralize the
malignant effects of these mutant receptors, by for
instance suppressing their TAF-1/11 functions or
restoring the hormonal regulation of TAF-2/12.
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