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Review paper

Possible mechanisms in the emergence of
tamoxifen-resistant breast cancer
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Tamoxifen (TAM), a non-steroidal antiestrogen, is the
endocrine treatment of choice for all stages of breast
cancer. However, despite a favorable initial response to
therapy, most tumors will eventually exhibit TAM resis-
tance resulting in disease recurrence. Several mechan-
isms of TAM resistance have been proposed, yet a single
distinct mechanism has not been identified. We will sys-
tematically consider the following steps of the estrogen
receptor (ER)-mediated signal transduction pathway to
identify possible sites of alteration leading to tamoxifen-
resistance: (1) ligand metabolism and avallability, (2) loss
or mutation of the ER, (3) defects in ER post-transiational
modification, and (4) alteration of the estrogen response
element (ERE). In particular, the ERE will be discussed as
a position in the signal transduction pathway with con-
siderable potential, if altered, to confer TAM resistance.
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Introduction

Tamoxifen (TAM), a non-steroidal antiestrogen, has
proven to be an effective drug in the treatment of
both pre- and postmenopausal women with all
stages of breast cancer.’’? A favorable response to
TAM therapy can be expected in 70-80% of patients
with estrogen receptor (ER)/progesterone receptor
(PR) positive advanced breast cancer.>* Moreover,
in postmenopausal women with early stage disease,
adjuvant TAM treatment was shown to prolong dis-
ease-free and overall survival."* TAM is a cytostatic
agent which exerts its antiestrogenic activity primar-
ily by binding to the steroid binding domain of the
ER and blocking estradiol (E;) action. In the breast,
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TAM exhibits antiestrogenic activity,” whereas in
other estrogen target tissues, it acts as a partial ago-
nist.®” Despite the initial favorable response to TAM
therapy, eventually tumors become refractory to
treatment resulting in disease recurrence. Often
these tumors will subsequently respond to alterna-
tive hormone therapy or chemotherapeutic regi-
mens. In some instances, resistance occurs due
to loss of ER* cells in the tumor; however, in most
cases expression of the ER is maintained.?

The ER is a member of the family of steroid bind-
ing receptors which function as transcription fac-
tors. The pathway by which the ER mediates
ligand induced changes in gene expression is illu-
strated in Figure 1. Initially E, diffuses through the
cell membrane and interacts with the ER in the nu-
cleus. The E,/ER complex dimerizes, binds to the
DNA at the estrogen response element (ERE) and
transcriptional activation occurs resulting in the ex-
pression of estrogen responsive genes. In the pre-
sence of TAM, the sequence of events is similar.
However, although the TAM/ER complex does not
prevent binding to the ERE, it does appear to pre-
vent transcriptional activation. °

In deciphering the mechanism of TAM resistance,
each step of the signal transduction pathway should
be considered as a putative target site of alteration
resulting in the misinterpretation of the signal. Some
mechanisms that have been explored but will not be
addressed in this review include changes in auto-
crine and paracrine dynamics affecting the expres-
sion of growth factors, the role of antiestrogen
binding sites, and the possible involvement of a
drug efflux pump.?'3 Mechanisms we will consider
include (Figure 2): (1) ligand metabolism and avail-
ability, (2) loss or mutation of the ER, (3) defects in
the post-translational modification of the ER, (4)
alterations in the levels or function of other tran-
scription factors or ER-associated proteins, and (5)
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Figure 1. The ER-mediated signal transduction pathway mediated by E,. 1. E; diffuses through the
cytoplasmic and nuclear membrane. 2. E, complexes with the ER. 3. The ER/ligand complex binds
to the ERE as a homodimer. 4. A transcriptional response is elicited.
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Figure 2. Potential sites of alteration of the ER-mediated signal transduction pathway resulting in TAM
resistance. 1. Metabolism of TAM to estrogenic compounds. 2. Loss or mutation of the ER. 3. Aberrant
post-translational modification of the ER. 4. Alteration of other transcription factors or ER associated
proteins (ERAP). 5. Alteration of the ERE. The abbreviations used are the same as in Figure 1.
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alteration of the ERE. We will briefly address the first
two mechanisms as each of these have been sum-
marized elsewhere.'®!> New information regarding
the phosphorylation of the ER and the identification
of specific ER-associated proteins leads us to con-
sider lesions in these steps of the pathway. In this
review we wish to emphasize the ERE as a position
in the signal transduction pathway with consider-
able potential to confer TAM resistance. This latter
step in the pathway may be key to our understand-
ing not only of TAM resistance, but may explain the
tissue-specific pharmacology of TAM.

Met E (trans)

Met E (cis)

Figure 3. Potential ligands produced from TAM metabo-
lism.
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Ligand metabolism

TAM, a triphenylethylene compound, undergoes
metabolic conversion to two main metabolites, 4-
hydroxyTAM (4-OHT) and MN-desmethylTAM (V-
dMT) (Figure 3). Although 4-OHT is a minor meta-
bolite, it is a potent antiestrogen that binds to the ER
with an affinity comparable to E,, whereas N-dMT,
the major metabolite of TAM, is a weak antiestrogen.
The trans form of TAM is stable in solution; how-
ever, 4-OHT is less stable and may isomerize to the
cis form, a less potent antiestrogen.'*'® TAM may
also be metabolized to two estrogenic compounds,
metabolite E (Met E) and bisphenol.*®!” Therefore it
has been suggested that intratumoral accumulation
of TAM metabolites that are either less potent anti-
estrogens or are estrogenic may lead to TAM-resis-
tant tumor growth.

This mechanism of TAM resistance has been ex-
plored by quantitating the levels of TAM and the
various metabolites in TAM-stimulated and -inhib-
ited tumors. Osborne et al.'® report that TAM-stimu-
lated tumors have significantly reduced levels of
TAM compared with TAM-inhibited tumors. In
addition, a relative increase in the ratio of cis/trans
4-OHT was found along with the accumulation of
the estrogenic Met E.'®-?° However, Johnstone et al.*!
demonstrated that although ER ™ tumors accumu-
late TAM and its metabolites much more slowly
compared to ER" tumors, the steady-state concen-
tration of drug achieved was similar for both ER ™
and ER"* tumors. Similarly Wolf et al.** were unable
to detect significant differences in the intratumoral
concentrations of TAM between TAM-stimulated
and TAM-inhibited MCF-7 tumors in ovariecto-
mized athymic mice. Nor did they find the estro-
genic Met E in serum or in tumors. To address the
question of whether the isomerization reaction is
necessary for the development of acquired TAM
resistance, non-isomerizable fixed-ring analogs
were employed.'??? A fixed-ring TAM analog incap-
able of forming the potent estrogenic Met E com-
pound was found to be equally capable of
supporting TAM-stimulated MCF-7 tumor growth
as TAM.%? Similarly, a deoxyTAM analog used to
eliminate the possibility of side-chain cleavage,
thereby preventing the production of Met E or bi-
sphenol, was also found to be comparable to TAM in
stimulating tumor growth.'? This evidence suggests
that the isomerization of TAM to estrogenic or less
potent antiestrogenic metabolites is not sufficient to
explain the emergence of TAM-stimulated tumor
growth and therefore alternative mechanisms must
be considered.
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Figure 4. Structural and functional organization of the ER. TAF, transcriptional activation function;

NLS, nuclear localization signal

Elimination or mutation of the ER

The mechanism of antiestrogen action is primarily
by competition with E; for the hormone binding site
of the ER. The result is the formation of a complex
that is capable of interacting with the ERE, yet in-
capable of activating transcription.” Therefore, the
functional inactivation of the ER by mutation is a
likely mechanism of acquired TAM resistance. The
ER is comprised of five functional domains, subdi-
vided into regions A/B, C, D, E and F (Figure 4).?
Regions C and E, which are highly conserved in
human and chicken, correspond to the DNA and
hormone binding domains, respectively. The A/B
and E regions each contain transcriptional activa-
tion functions, TAF-1 and TAF-2. Specific ER splice
variants, particularly in the hormone-binding do-
main, have been shown to result in dominant-
positive receptors that constitutively activate
transcription in the absence of a ligand. Using
site-directed mutagenesis to create specific amino
acid changes in the hormone binding domain has
been shown to effect ligand binding affinity of the
receptor, DNA binding, as well as transcriptional
transactivation.?*2¢ Specific mutations in the DNA-
and ligand-binding domain of the ER can cause an
antiestrogen to transmit an agonistic rather than an
antagonistic signal. Jiang et al?’*® demonstrated
that a single point mutation which substitutes a va-
line for a glycine at codon 400 in the hormone bind-
ing domain of the ER caused enhanced estrogenic
activity in response to 4-OHT and other antiestro-
gens when stably transfected to MDA-MB231 ER ™
human breast cancer cells. Therefore, potentially, if
TAM resistant tumors have acquired such ER muta-
tions, this mechanism of resistance should be easily
detected. '

Several investigators have searched for ER var-
iants in breast cancer cell lines and breast tumor

specimens, and although specific examples of ER
mutations, deletions, transitions and RNA splice var-
iants have been described in the literature,?®33 it
does not appear that mutation of the ER is the prin-
ciple mechanism of acquired TAM resistance. Re-
cently Karnik et al>* screened eight exons of the ER
cDNA from 20 TAM-resistant and 20 TAM-sensitive
breast cancer tissue specimens using single strand
conformational polymorphism (SSCP). They con-
cluded that mutations in the ER are rare since only
two mutations were found, a single base pair dele-
tion and a 42 base pair replacement in exon 6. Si-
milarly, Watts et al>* analyzed 37 ER~ and ER"
breast tumor biopsies and reported no evidence of
changes affecting ER function and/or structure at
the gene or mRNA level, and only one instance of
gene amplification.

Based on our initial description of TAM-stimula-
ted MCF-7 tumors in athymic mice,>® we have de-
veloped a model to examine the possibility that
TAM-resistant tumors may in fact be TAM-stimula-
ted.3® MCF-7 human breast cancer cells grown in
athymic mice to produce solid tumors were chroni-
cally treated with TAM which resulted in the pro-
duction of a TAM-stimulated phenotype. Upon
characterization of three TAM-stimulated tumors,
one tumor contained a single point mutation within
the ER resulting in the replacement of a tyrosine for
an aspartate at amino acid position 351. This muta-
tion resulted in altered pharmacological response
toward the fixed-ring 4-OHT analog from an anti-
estrogen to an estrogen.>” This is the only report of a
single base pair mutation of an ER derived from a
TAM-stimulated human breast tumor exhibiting al-
tered pharmacology towards TAM. However, since
the remaining TAM-stimulated tumors examined
contained wild-type ER, this suggests that other re-
sistance mechanisms must be available to permit
tumor growth.
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Therefore, based on the inability to detect a sig-
nificant frequency of ER mutations in human breast
cancer tumors, other mechanisms are likely to be
involved in the emergence of TAM-resistant or -sti-
mulated growth.

Post-translational modification of the ER

It has been reported that phosphorylation of steroid
hormone receptors may mediate hormone binding,
DNA binding as well as transcriptional activa-
tion.3#%° Recent evidence suggests that specific
phosphorylation of at least four serine residues lo-
cated in the A/B N-terminal region of the ER is
induced by E,, 4-OHT, the pure antiestrogen ICI
164,384, as well as activators of protein kinase A
and C (PKA and PKC).*""* There appears to be cell-
type-dependent phosphorylation of specific ER re-
sidues, serine 167 is the major phosphorylation site
in MCF-7 cells,*3 while in COS-1 cells serines 104,
106 and 118 are phosphorylated.** A basal phos-
phorylation site located on tyrosine 537 within the
hormone binding domain was recently identified in
MCE-7 cells which appears to be independent of E;
binding.*> Various protein kinases including PKC,
PKA, casein kinase and the src¢ family kinases have
been implicated in mediating these phosphoryla-
tion reactions.*>#

Therefore, TAM resistance may arise by alteration
of the phosphorylation pattern required to affect
appropriate transcriptional activation. The lesion
may reside within the protein kinase(s) itself, result-
ing in aberrant phosphorylation of the ER. It is in-
teresting to note that TAM is reported to be a specific
inhibitor of at least one of the candidate protein
kinases, PKC.**’ If this inhibitory activity actually
occurs in vivo, TAM would in addition to competing
with E, for binding to the ER, also presumably re-
duce phosphorylation of the ER and attenuate tran-
scriptional activation. If PKC acquires a mutation
which prevents TAM’s inhibitory activity, inap-
propriate activation of estrogen responsive genes
may occur. However, a recent report by Lahooti
et al*® indicates that the presence of E, or 4-OHT
generate similar phosphopeptide maps of the ER,
suggesting that TAM does not inhibit ER phosphor-
ylation. Therefore, it remains to be determined
whether a defect in the phosphorylation of the ER
may lead to TAM resistance.

Activation of the PKA pathway has been shown to
increase the agonist activity of the TAM/ER complex
using certain promoter—reporter constructs contain-
ing two EREs.*® The transcriptional activity of the
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antiestrogen/ER complex was shown to increase
by 20-75% that of E, by raising the intracellular
CcAMP levels or by transfection of expression vec-
tors containing PKA catalytic subunits. This suggests
that cross-talk between the cAMP and ER-depen-
dent signal transduction pathways may exist. There-
fore, increased cAMP levels may lead to the
development of tamoxifen-stimulated tumor
growth.

Alteration in other transcription factors

Although the precise mechanism remains unknown,
the interaction of the ER/ligand complex with the
ERE results in the expression or repression of the
corresponding estrogen responsive genes. Upon
binding of the ER/ligand complex to the ERE, which
may be located 5, 3’ or within the estrogen respon-
sive gene, RNA polymerase II is directed to efficient-
ly initiate transcription at the promoter. The ER
contains two activation domains, TAF-1, located in
the N-terminal domain can constitutively activate
transcription when bound to DNA, whereas TAF-
2 resides within the hormone binding domain and
only activates transcription when bound by E; or an
E, agonist.50

An abundance of information exists in the litera-
ture describing the synergistic interaction of various
basal transcription factors such as Fos and Jun,
TFIIB, CTF/NF-1 with members of the steroid hor-
mone receptor superfamily affecting transcriptional
activation.”’* There are a number of recent reports
which identify several proteins that specifically as-
sociate with the ER/ERE complex and influence
transcriptional activation.>>>® Therefore a possible
mechanism of TAM resistance may involve altera-
tion(s) of specific receptor-associated proteins
which may be required for efficient transcriptional
activation.

Halachmi et al’’ reported the isolation of a 160
kDa estrogen receptor-associated  protein,
ERAP160, which exhibited E,-dependent binding
to the ER, whereas the pure antiestrogens ICI
164,384 and ICI 182,780 as well as 4-OHT were
unable to induce the ERAP160/ER association. This
protein was isolated by affinity chromatography
with a fusion protein consisting of the hormone
binding domain including the TAF-2 region of the
ER fused to glutathione-S-transferase. This techni-
que was also employed by Cavailes et al>% who
reported the isolation of three proteins of 160,
140 and 80 kDa which also exhibited direct asso-
ciation with the ER in the presence of estrogen, but

1'57



not in the presence of 4-OHT or pure antiestrogens.
Furthermore, mutations introduced within the hor-
mone binding domain also abolished binding of
these proteins. Cavailes et al>® suggest that hor-
mone binding induces a conformational change
resulting in the exposure of an amphipathic a-he-
lical region located in the hormone binding domain
of the ER that may mediate protein—protein inter-
actions.

Similarly, Landel et al.>® isolated four receptor-
associated proteins, a 70 kDa protein identified as a
heat shock protein (hsp70), a 55 kDa protein related
to the protein disulfide isomerase family, and 48 and
45 kDa proteins with unknown identities. It appears
that association of these proteins with the ER/ERE
complex is uneffected by treatment with E,, 4-OHT
or the pure antiestrogen ICI 182,780 prior to com-
plex isolation using DNA chromatography. How-
ever, isolation of the complexes using H222
immunoaffinity chromatography in the absence of
an ERE resulted in the dissociation of hsp70 from the
ER following treatment with E, or 4-OHT, whereas
in the absence of ligand or the presence of ICI
182,780, dissociation of hsp70 did not occur. The
authors suggest that the hsp70 interaction is desta-
blized in the absence of a specific DNA target,
whereas the hsp70 interaction may stabilize the
ER/ERE complex similar to the stabilizing effect
observed with the glucocorticoid receptor/gluco-
corticoid response element complex.>® In addition
to hsp70, two additional members of the heat shock
protein (hsp) family, hsp90 and hsp56, have been
shown to associate with steroid receptors.5%¢!

We are only beginning to appreciate the complex
assembly of components that are required to effect
transcriptional activation of the many estrogen re-
sponsive genes. If one considers the ER-associated
proteins already identified and the proteins that
have yet to be isolated, it seems that a defect in
any one of these proteins may alter the signal at
the ERE. The result may be the interpretation of a
TAM/ER complex binding to the ERE as an estro-
genic signal.

1.58

Modification of the ERE

In considering the distal events of the estrogen/anti-
estrogen-mediated signal transduction pathway as
illustrated in Figure 2, the ERE can be considered as
a position in the pathway, that if modified, may
manifest the TAM-resistant phenotype. It has been
well documented that modifications to the ERE such
as sequence variation, placement of multiple EREs

Tamoxifen-resistant breast cancer

and orientation can significantly affect binding af-
finity of the ligand/ER complex as well as the tran-
scriptional response to various ligands.éz_69 This
evidence leads us to speculate that perhaps TAM
resistance is achieved by modification of the ERE
such that binding of the TAM/ER complex is inter-
preted as an agonistic rather than an antagonistic
signal.

The ERE, a regulatory region of the DNA, may be
located 5', 3’ or within the estrogen regulated gene.
The expression of the vitellogenin A2 (Vit A2) gene,
a highly estrogen regulated gene of Xenopus laevis,
is controlled via its ERE that consists of a palindro-
mic sequence separated by a 3 bp spacer region
having the sequence 5'-GGTCA CAG TGACC-3'.”°
Upon binding dimeric liganded ER, the Vit A2 ERE is
capable of regulating the expression of heterolo-
gous reporter genes such as chloramphenicol acetyl-
transferase (CAT) in response to E;.”' The Vit A2
ERE is used as a molecular standard in the labora-
tory as a comparison of estrogen inducibility of both
naturally occuring and synthetic EREs. A 13 bp con-
sensus sequence was derived by analysis of the
regulatory regions of various estrogen responsive
genes. The core sequence, 5-GGTCAnnnTGACC-
3'7! is represented by a palindrome separated by
a 3 bp spacer region, although several estrogen-in-
ducible genes which display variations of this ERE
sequence have been identified. These variations in-
clude EREs consisting of half-palindromic motifs in
tandem’>7¢ as well as specific base alterations to
the consensus sequence.”’ %2

Dana et al®® identified 65 novel EREs using a
genetic screening technique in yeast requiring the
insertion of an activating sequence upstream of a
selectable marker. This protocol yielded the selec-
tion of at least one putative ERE which, in response
to two triphenylethylenes, TAM and nafoxidene, de-
monstrated a significant level of agonist activity.
This finding supports the notion that the sequence
of the ERE itself may affect whether a receptor/li-
gand complex will act as an agonist or an antago-
nist. Many studies have demonstrated that
synergistic activation of transcription is dependent
upon the spacing of tandem EREs, %2757 35 well as
increasing transcriptional response proportional to

the number of EREs in tandem.%6:67¢°

Discussion

The primary mechanism responsible for the major-
ity of TAM-resistant tumors, either de novo or ac-
quired, remains unknown. As summarized in this
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review, several points of contact within the estro-
gen/antiestrogen signal transduction pathway have
been investigated as likely candidates to mediate
TAM resistance (Figure 2). It appears that the gen-
eration of estrogenic metabolites resulting from
TAM metabolism and reduced intratumoral accumu-
lation of TAM seem to be unlikely mechanisms
given the findings of numerous studies in the litera-
ture.'32223 Numerous mutations within the ER gene
have been identified from breast cell lines and tu-
mors that would be expected to exhibit altered ER
function.®?? Considering the impact specific point
mutations in genes such as p53and BRCA1**%° have
made on protein function, it seems logical that mu-
tations in the ER may lead to TAM resistance. How-
ever, a direct connection to TAM resistance has not
been clearly demonstrated considering the low in-
cidence of ER alterations found in surveying a num-
ber of tumors.>*3> Recent evidence identifying the
phosphorylation of specific serine residues in the ER
A/B region and correlation to transcriptional acti-
vation*** is an area which should be explored to
determine what role ER phosphorylation plays in
mediating TAM resistance. The discovery of several
ER-associated proteins%“58 is another exciting piece
of the signal transduction puzzle which may add to
our understanding of TAM resistance.

The mechanism which also seems to us to be
quite plausible, is the possibility of multimerization
and sequence alteration of the ERE which have al-
ready been shown to effect transcriptional activa-
tion. Tandem EREs are known to increase
transcriptional transactivation of heterologous pro-
moters cloned upstream of reporter genes.“’ i (;
seems reasonable that such duplication events
could arise within the cell as a mechanism of drug
resistance, similar to the amplification of the dihy-
drofolate reductase gene resulting in the resistance

to the antimetabolite drug, methotrexate.® Perhaps
amplification of the regulatory ERE sequence, rather
than gene amplification, is a mechanism capable of
producing TAM resistance. The accumulation of
known ERE sequences derived from estrogen re-
sponsive genes suggests that sequence variations
affect the relative ERE strength. Similar to the hy-
pothesis that mutation of the ER may result in al-
tered ligand and DNA binding which may be
responsible for the emergence of TAM resistance,
we propose that alterations of the ERE such as those
illustrated in Table 1 may contribute to the TAM-
resistant phenotype.

Such variations in sequence and configurations of
the ERE may also reconcile the tissue-specific dif-
ferences of TAM action. As previously mentioned,
TAM is an incomplete antiestrogen, acting as as an-
tagonist in the breast and as an agonist in other
tissues such as the endometrium and bone.®® How
does TAM achieve this dual pharmacological re-
sponse? One can speculate that perhaps there is
a family of ERs that are differentially expressed in
a tissue-specific manner that interact with TAM dif-
ferently. This scenario is difficult to imagine given
that only one ER gene has been identified.®” An-
other possibility is that there is a cell type-specific
complement of transcription factors and/or ER as-
sociated proteins. The presence or absence of a
particular factor could determine the interpretation
of the ER/TAM signal at the ERE. Alternatively, it
may be the configuration of the ERE itself that con-
fers cell-type specificity. For example TAM may in-
teract with EREs in bone that are arranged in tandem
for example, resulting in agonistic activity in this
tissue. Comparatively, within the breast, placement
or configuration of EREs may allow TAM to produce
an inhibitory signal. The systematic categorization
of the effect of ERE sequence variation and multi-

Table 1. Examples of ERE alterations affecting transcriptional response

ERE configuration Activity Reference

Specific base changes within the half-site Reduced ER binding 67
GGTNA CAG TGACC Estrogenic activity in response to 4-OHT 68

Specific base changes within the spacer  Evidence for a 2 base preference 3’ of the half-site 68
GGTCA CNG TGACC

Additions to the spacer A negatively regulated ERE contains a 7 base spacer region 79
GGTCA NCAGNNNNTGACC

Multermerization of EREs Multimerization of EREs enhance ER binding and estrogenic 65, 67
—_— o= —— activity
ERE—ERE—ERE

Orientation and spacing of EREs Different orientation and spacing of EREs yield distinct 62, 66

—a— o ——

ERE—ERE-/-ERE

transcriptional response
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merization on estrogen/antiestrogen inducibility
may allow us to predict ligand inducibility of newly
identified estrogen response genes. In addition, this
knowledge may aid in more specific drug design.

In summary, due to the complex nature of the ER-
mediated signal transduction pathway, it appears
that no one mechanism is likely to account for the
emergence of TAM-resistant tumors, but probably is
the result of any number of lesions. Clearly, closer
examination of the ERE is warranted to determine
what role this latter step in the ER-mediated signal
transduction plays in the expression of the TAM-
resistant phenotype.
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