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Abstract

The likelihood a breast cancer will respond to antiestrogen ther-
apy depends on the tumor content of immunoreactive or ligand-
binding estrogen receptor (ER). To investigate the failure of
many ER-positive breast cancers to respond to antiestrogen
therapy, we examined by gel-shift assay the ability of tumor ER
to bind its cognate estrogen response element (ERE). Analysis
of 38 primary breast cancers showed that some tumors contain-
ing abundant immunoreactive ER failed to demonstrate DNA
binding ER. In many other ER-positive tumors, the fraction of
DNAbinding ERwas low and consisted primarily of truncated
receptor forms, which on Western analysis were revealed to be
50 kD homodimers and 67-50 kD ERheterodimers. The use of
protease inhibitors during tumor extraction and the demonstra-
tion of nuclear-localizing ERand ERE-binding COUP(chicken
ovalbumin upstream promoter) protein in these tumors indi-
cated that the truncated forms of ERwere likely present in vivo.
The presence of intact DNAbinding ERcorrelated with higher
tumor content of immunoreactive sex steroid receptors (ER
and/or PR), standard predictors of tumor responsiveness to
antiestrogen, suggesting that loss or truncation of DNAbinding
ERmay be an important prognostic parameter accounting for
some forms of clinical resistance to antiestrogen therapy. (J.
Clin. Invest. 1991. 88:700-706.) Key words: gel-shift assay-
immunoreactive ER- estrogen response element

Introduction

Most patients with breast cancer are treated with either chemo-
therapy or antiestrogenic agents. The likelihood a breast tumor
will respond to antiestrogen (e.g., tamoxifen) therapy depends
on the tumor level of estrogen receptor (ER)' as measured by
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radioligand binding or immunochemical assay (1-3). Proges-
terone receptor (PR) content is also determined because it pro-
vides some indication that the tumor ER is functional and
capable of inducing synthesis of PR (4), although examples of
breast cancers that express PR independent of ER are well
known (5, 6). Unfortunately, 20-30% of ER+/PR+ tumors
and up to 60-70% of ER+/PR- tumors fail to respond to an-
tiestrogen therapy for reasons that are poorly understood (1-3).
Some studies suggest that these endocrine-resistant tumors
contain dysfunctional ER (3-1 1). Because the early identifica-
tion of such endocrine-resistant tumors would allow patients to
be started on alternative forms of therapy, investigators have
been trying to develop assays to detect dysfunctional ER (8-
1 1). To date, however, these assays have been difficult to imple-
ment and have not identified specific enzymatic or structural
defects correlating with the clinical prevalence of endocrine-re-
sistant ER+ breast cancers.

Current immunochemical and radioligand measurements
of ER content are based on the integrity of the receptor pro-
tein's most COOH-terminal hinge and steroid recognition do-
mains, without regard to structural or functional abnormalities
that might exist within its more NH2-terminal regions includ-
ing the highly conserved zinc-finger DNAbinding domain
(12-18). As with other members of the nuclear receptor super-
family, ERregulation of gene expression occurs by the binding
of ligand-occupied 67 kD receptor dimers to a defined estrogen
responsive element (ERE) usually located within the promoter
region of each target gene (16-18). Rare and heritable clinical
disorders involving defective steroid receptors have been linked
to genetic mutations in specific receptor domains (19). Muta-
tions resulting in altered amino acids in the ERligand binding
domain as well as transcriptional splicing errors causing de-
leted portions of entire ERdomains have also been reported in
some human breast tumors and cell lines (20-22). In addition
to these primary genetic events, it is also possible that post-
translational receptor modifications occur in some tumors and
lead to functionally disabled ER with intact COOH-terminal
domains (23, 24). The differential susceptability of specific ER
domains to endoproteolytic cleavage has long been recognized
and accounts for the ligand binding meroreceptors (3S) that are
often isolated along with intact (4-8S) ER from estrogen re-
sponsive tissues (23). In fact, a steroid-inducible protease activ-
ity has been found in normal reproductive tissues that pro-
duces NH2-terminally truncated nuclear-localizing ER (- 50
kD), suggesting that there may be a physiological role for this
form of posttranslational ER modification (25-27). Endoge-
nous cleavage of 67 kD ER and formation of an - 50 kD
nuclear receptor product appears to be associated with the pro-
gression to hormonally-independent breast tumors in some mu-
rine models, and this has led investigators to suggest that trun-
cated DNAbinding ERmay compete for available target gene
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response elements, interfering with normal receptor regulated
gene transcription (28).

Gel-shift analysis provides a sensitive means of assaying
relatively pure receptor proteins for high affinity, high specific-
ity DNAbinding function (29, 30); however, these assays have
not yet been applied to the functional assessment of receptors
from extracts of primary human tumors. Wedeveloped strin-
gent assay conditions that eliminate most nonspecific DNA
binding by proteins present in the high salt extracts of both
primary breast tumor samples and cultured breast cancer cells.
The DNAbinding affinity and specificity of this assay was ini-
tially confirmed by comparing ER complexes formed with a
synthetic 35-mer containing either the ERE consensus se-
quence (5'-GGTCACAGTGACC-3'), or a base substituted
EREmsequence (5'-GGACACAGTGTCC-3') that preferen-
tially binds progesterone, androgen, or glucocorticoid recep-
tors (31). Because thyroid hormone receptors (THR), retinoic
acid receptors (RAR), ER, and the recently cloned transcrip-
tional factor known as COUP(chicken ovalbumin upstream
promoter) all possess near equivalent EREbinding affinity and
specificity and may be found in human tissue samples (16-18,
32, 33), antibodies to ER and COUPare presently used to
confirm the identity of proteins found in the gel-shifted ERE
complexes. Using this assay system to screen for DNAbinding
ER (ER-ERE) contained in primary breast tumor extracts, we
now report on the high frequency of truncated DNAbinding
ER found in ER+/PR- breast tumors, as well as the fact that
some tumors contain immunoreactive ERthat appears unable
to bind DNAor form ER-ERE complexes.

Methods

Whole-cell extracts were prepared for ER analysis using - 100-200
mg of wet tumor weight or 10' cultured cells. For assay standardiza-
tion, partially purified human ER was obtained from nuclei of trans-
fected Chinese hamster ovary cells (CHO') (12) that were isolated by
douncing freshly harvested cells in 0.25 M sucrose, pelleting twice
through 1.7 M sucrose cushions, homogenizing in a nuclear lysis
buffer, and extracting receptor by ammonium sulfate precipitation and
dialysis (34). Freshly excised tumors were carefully dissected before
cryopreservation (< -800C); at the time of analysis these samples were
pulverized to powder at liquid nitrogen temperature using a Bessman
tissue pulverizer (Fisher Scientific Co., Pittsburgh, PA), placed into
ice-cold extraction buffer (20 mMTris pH 7.5, 10 mMDDT, 20%
vol/vol glycerol, 0.4 MKCI) with or without protease inhibitors (leu-
peptin 0.5 Mg/ml, phenylmethanesulfonyl fluoride 2 mM, antipain 10
,Mg/ml; Boehringer Mannheim Corp., Indianapolis, IN), and solubi-
lized by Polytron (Brinkmann Instrs., Inc., Westbury, NY) homogeni-
zation. The whole-cell extracts were then centrifuged at 100,000 g x 20
min at 20C, supernatants collected, total immunoreactive ERassayed
(Abbott ER-EIA, North Chicago, IL) and total protein content deter-
mined (Bradford assay; Bio-Rad, Richmond, CA). Before gel-shift elec-
trophoresis extracts (10-50 ,g total protein) were incubated with 2 ug
poly[d(I-C)] (Boehringer Mannheim Corp.) in 100 mMKCI, 10 mM
Tris pH 7.5, 20 mMTris pH 7.5, 2 mMDTT, 5% vol/vol glycerol at
0°C X 15 min; in addition, 10 pmol of unlabeled nonspecific 20-mer
mix (shown below) was added to increase the stringency of the binding
conditions between ERand ERE. The binding reaction was initiated by
adding 10 fmol (4 x 104 cpm) of [32P]-5' end-labeled duplexed ERE
oligomers (shown below) and the mix incubated at 20°C x 30 min in a
final volume of 20 M1. The excess molar amount of ERErelative to ER
in these reaction conditions was set to produce virtually complete ER-
ERE formation given the known Kd for this complex 10' M(35,
36). Complexes were then electrophoretically separated on a 4%loosely
cross-linked (acrylamide/bisacrylamide = 30:1) nondenaturing gel, us-

ing 0.5X TBE (50 mMTris-50 mMboric acid-l mMEDTA) as a
running buffer, and the gel was then dried and autoradiographed to
reveal complexed or free bands. To identify the protein bound in the
retarded complexes, 0.05 gg of antibody was added to the incubation
mix to observe supershifting of the ERE bound complexes. Murine
monoclonal antibodies to human ER (D75, H222, H226) were sup-
plied by G. L. Greene (37), and high titer rabbit anti-COUP antiserum
was supplied by M.-J. Tsai (33). The EREbinding specificity of the
complexes was confirmed by substituting labeled mutant EREmse-
quences (shown below) to observe loss of the gel-retarded complexes.
Synthetic duplexed and single-stranded DNAoligomers used for this
procedure were:

duplexed ERE:

5' GTCCAAAGTCAGGTCACAGTGACCTGATCAAAGTT3';

duplexed EREm:

5' GTCCAAAGTCAGGACACAGTGTCCTGATCAAAGTT3';

1:1 mix of single-stranded 20-mers:

5' GAAGCTGAGATTCCCCTCCA3'

5' GGCTTGGGATGGAGTAGGAT3'.

For Western blot analysis of ERcontaining tumor extracts, samples
were boiled in SDS(1%) and DTT (100 mM), run on SDS-polyacryl-
amide gels (10%), membrane transferred (Immobilon-P; Millipore,
Bedford, MA), and ER detected by hybridization with monoclonal
antibody (H222) and secondary reaction to rabbit anti-rat IgG and
1251I-Protein A (100 ,gCi/,g; NENDuPont, Wilmington; DE). In some
studies the gel-shifted free and DNAbound receptor was membrane
transferred in methanol-tris-glycine (20%, 25 mM, 192 mM; pH 8.3)
buffer and detected by monoclonal antibody hybridization as a gel-
shift immunoblot assay.

Results and Discussion

Gel-shift analysis of purified 67 kD human ER, derived from a
stably transfected CHO' expressing 2 106 ER molecules per
cell (12), produces a single gel-retarded band referred to as iso-
form a, as shown in Fig. 1 A. Coincubation of this purified ER
with anti-ER monoclonals (H222, D75, H226) produces a su-
pershift of isoform a, consistent with the increased size of the
antibody bound ER-ERE complex. A more complex gel-shift
pattern results from assay of whole-cell MCF-7 human breast
cancer extracts containing 2 2 X 104 ER molecules per cell.
These whole-cell ER extracts produced a much broader gel-
shifted band composed of ER-ERE isoform a (recognized by
both D75 and H226) and abundant amounts of COUP-ERE
complex (whose mobility is similar to the ER-ERE isoform b),
recognized by the highly specific anti-COUP antibody. These
studies indicated that gel-shift analysis could detect as little as
0.1 fmol of DNAbound ER from whole-cell extracts contain-
ing 50 ,ug of total protein including other EREcross-reacting
members of the steroid receptor superfamily (COUP,
THR, RAR).

Many ER-positive breast tumors (e.g., extract E in Fig. 1 A)
were found to contain an enzymatic activity that could convert
isoform a into two additional gel-retarded bands with increased
gel mobility, isoforms b and d. This activity could be inhibited
by heat pretreatment or by coincubation of tumor extracts with
protease inhibitors, but not by phosphatase inhibitors such as
molybdate or vanadate. When ERE was allowed to bind to
purified ER before the addition of uninhibited tumor extract
minimal conversion of isoform a occurred, indicating that re-
ceptor dimerization and DNAbinding protected ERfrom this
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Figure 1. Detection and composition of DNAbinding estrogen re-
ceptor (ER-ERE) isoforms. (A) 32P-Labeled DNA(ERE) incubated
with either purified ERextracted from CHOERcells, or ER-containing
whole-cell extracts from a primary breast tumor sample No. 90 (E)
or cultured human breast cancer cells (MCF-7), produces gel-shifted
DNA-protein complexes (a, b, c, and d) distinguishable after autora-
diography from the free unbound DNA(F). In the presence of coin-
cubated anti-ER monoclonals (H226, H222, D75) or a polyclonal
antibody against the COUPtranscription factor, the gel-shifted DNA
complexes containing either ER (ER-ERE isoforms a, b, and d) or
COUPare supershifted due to the additional size of the antibody
complex. CHOERproduces only ER-ERE isoform a. MCF-7 cells
produce predominantly ER-ERE isoform a with substantial COUP-
ERE. Extract E produces only complex c. Extract E"' (similarly pre-
pared from tumor No. 90 except that protease inhibitors were added
before tissue homogenization) produces isoforms a, b, and d. When
one-tenth volume of extract E is preincubated briefly with CHOER,
isoforms b and d are formed along with a proportional loss in isoform
a; this isoform-converting activity in E can be completely prevented
by the addition of protease inhibitors (PI). D75 causes a supershift of
ER-ERE isoforms a, b (partial), and d; H226 only supershifts isoform
a. None of the anti-ER antibodies recognize complex c (not shown).
(B) Gel-shifted ER-ERE isoforms a, b, and d derived from CHOER
were individually cut from the gel, denatured, reduced, and analyzed
by standard Western-blot technique (using H222 antibody) to reveal
their ER composition; prestained protein molecular weight markers
ran as indicated.

apparent proteolytic activity. The COOH-terminal-specific an-
tibodies, D75 and H222, recognized all three isoforms; how-
ever, the NH2-terminal-specific antibody, H226, recognized

only isoform a, suggesting that NH2-terminal epitopes of iso-
forms b and d were either lost or obscured under the nondena-
turing gel-shift assay conditions. To determine the molecular
composition of receptor present in each of the various ER-ERE
isoforms, purified ERwas preincubated with uninhibited tu-
mor extract, gel-shifted, and the a, b, and d isoform bands
excised and individually subjected to Western analysis. Fig. 1 B
demonstrates that isoform a contained only 67 kD ER, while b
and d isoforms contained truncated 50 kDa ERpresent as ERE
bound heterodimers and homodimers, respectively. The 67
and 50 kD ERwere recognized by both H222 and H226 mono-
clonals on Western analysis, suggesting that the loss of b and d
isoform recognition by H226 during gel-shift analysis was not
due to epitope loss but rather altered receptor conformation
under the nondenaturing gel-shift assay conditions.

These preliminary findings indicated that the proteolytic
activity contained in some breast tumor extracts could poten-
tially modify the gel-shift recognition of DNAbound ER. To
assess our ability to arrest proteases that might be activated
during tumor extraction, a tumor sample with high protease
content was reextracted in the presence of protease inhibitors
and assayed again for DNAbinding ER (see lane EP' in Fig. 1
A). The uninhibited tumor extract produced only a single gel-
shift complex c, which was not supershifted by any of the anti-
ER monoclonals. In contrast, the protease inhibited extract
(El'), containing an equivalent amount of immunoreactive
ER, produced abundant ER-ERE complex supershifted by
D75, with over 50%of the total DNAbound ERidentifiable as
isoform a. Thus, protease inhibitors added at the time of tumor
processing appear to be necessary and sufficient to extract in-
tact DNAbinding ER from breast tumors, even those highly
enriched in protease activity.

Wesimilarly compared ER-ERE formation from other re-
ceptor-positive tumor extracts (2 20 fmol ER/mg total pro-
tein) prepared in the presence or absence of protease inhibitors.
Three representative examples are shown in Fig. 2 A to illus-
trate the variable extent of isoform modification from protease
activity present during tumor processing and extract incuba-
tion before DNAbinding. In these cases the proteolysis and
conversion of isoforms occurred without significant change in
total immunoreactive ER content as routinely measured by
two different COOH-terminal anti-ER monoclonals, D547
and H222. In one tumor sample (No. 1222), the ex vivo proteo-
lysis resulted in the loss of b and d isoforms, leaving only a

gel-shifted c complex like that shown in Fig. 1. In another sam-

ple (No. 226), the ex vivo proteolysis was less complete, con-

verting predominantly a isoform into b and d isoforms along
with some c complex. In a third sample (No. 88), ex vivo pro-
teolysis enhanced the amount of preexisting c complex but
none of the remaining DNAbound protein complex was su-

pershifted by any of the anti-ER monoclonals (D75, H222,
H226), even in the protease-inhibited tumor extract. Western
blots of these sample extracts performed using H222 or H226
antibody detected varying amounts of 67 and 50 kD ER, as

shown in Fig. 2 B. In some samples (e.g., No. 1222) the ex vivo
truncation of 67 to 50 kD ERwas particularly evident. In other
samples ER truncation was either minimal (e.g., No. 226) or

already complete (e.g., No. 88), having occurred either in vivo
or before extract preparation.

The failure of some tumor extracts, such as proteolyzed No.
1222 and protease-inhibited No. 88, to form any gel-shifted
ER-ERE isoforms was surprising because they contained abun-
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Figure 2. DNAbinding and nonbinding immunoreactive ER f
representative breast tumor samples. Extracts containing > 50 fr
ER/mg protein from three primary breast tumors (#1222, #226
were freshly prepared in the presence (+) or absence (-) of proteA
inhibitors (PI) and used for both gel-shift assays (A and C) and I

ern (immuno-) blotting (B and C). Samples 1222(+) and 226(+)
tain 0.55 fmol ER per lane, 1222(-) and 226(-) contain 0.74,
ERper lane, 88(+) and 88(-) contain 0.30 fmol ERand 0.40 fm
ER per lane, respectively. (A) Gel-shift assays resolve separate I
bound complexes a, b, c, and d; anti-ER monoclonal D75 was us
to confirm the finding of ER-ERE isoforms in 1222(+), 226(+)
226(-), that were not found in 1222(-), 88(+), or 88(-). (B) A st
dard Western analysis shows the relative proportions of intact (6
and truncated (. 50 kD) immunoreactive ERin control and tun
extracts prepared in the presence (+) or absence (-) of proteas
hibitors; prestained protein molecular weight markers ran as ino
cated. (C) Tumor extracts 88+ and 226+ along with control sam
E, CHO'+E, and MCF-7 (as described in Fig. 1), were gel-shift i
munoblotted and the probed membrane divided (dotted lines) f(
separate autoradiography to reveal both the non-DNA binding E
h exposure) and the DNAbinding ER (15-h and 4-d exposures)
DNAbound ER is shown below the dotted lines as isoforms a, I
d in samples 226+ and MCF-7 (4-d exposures), and in the combii
tion of CHOER+E(1 5-h exposure). No DNAbound ER is detect;

dant immunoreactive 50 kD ER which should possess intact

IH_3 (although possibly modified) DNAbinding domains enabling
the formation of isoform d. To demonstrate directly the abun-
dance of non-DNA binding ER present in these sample ex-
tracts, gel-shift assays were run with unlabeled ERE, electro-
blotted, and probed as Westerns using the H222 antibody (Fig.
2 C). From these gel-shift immunoblots we were able to observe
that primary tumor extracts contained apparent non-DNA
binding ERthat migrated more slowly than DNAbound ERin
the nondenaturing gels, consistent with the mildly acidic iso-
electric pH of intact and truncated ER(38, 39), and in amounts
inversely related to the proportion of ER-ERE isoform a. This
non-DNA binding ERappeared to have resulted from a pro-
tease-independent mechanism in as much as CHOERor MCF-
7-derived extracts produced no unbound ERdetectable by gel-
shift immunoblot assay even after proteolytic pretreatment
(Fig. 2 C). Because the content of total immunoreactive ER(by
Abbott EIA assay) was nearly equivalent in each of the sample
extracts analyzed for Fig. 2 C (except CHOER), we have no
obvious explanation to account for the greater immunoreactiv-
ity of unbound ERover that present in the ER-ERE isoforms
apparent after gel-shift immunoblotting. Furthermore, the
quantitative immunochemical assay for ERdepends on recog-
nition of two different COOH-terminal ER epitopes under
nondenaturing incubation conditions. Thus, it is unlikely that
the antibody failure to supershift ERfrom samples, such as No.

E 88 under similar nondenaturing conditions (Fig. 2 A), could be
accounted for by either lost or conformationally obscured epi-
topes. More likely, some forms of 50 kD ER, such as that found
in sample No. 88 (Fig. 2 C), are unable to bind DNAdue to an
additional change that affects its DNAbinding domain. Prelim-
inary analysis of cloned ERcDNA from tumor No. 88 indi-
cates a normal ERmRNAsequence particularly in the DNA
binding domain (unpublished), suggesting that the loss of DNA
binding ability by this tumor's ERhas occurred as a posttrans-
lational modification of the ER protein. Sequence alterations
in the DNAbinding domain of some sex steroid receptors have
been associated with hormone-resistant human disease (40).
However, direct sequencing and chemical mismatch cleavage
screening have failed to identify altered transcriptional se-

from quences in the DNAbinding domain of nearly 20 ER+/PR-
mol human breast tumors studied to date (S. Fuqua, personal com-

#88) munication), suggesting that this is not the mechanism account-
ase t ing for our observations of non-DNA binding ER in human
West- breast tumors.con-

Wealso measured COUPpolypeptide binding to EREandt'mol
101 checked immunohistological localization of ERin the residual
DNA portions of frozen tumor samples to determine if receptor deg-
sed radation occurred after surgical resection (despite immediate
), and cryopreservation at -80°C) and before protease inhibition
Lan- during extract preparation. Fig. 3 A shows that tumor samples
7 kD) (No. 1222 and 88) extracted in the absence of protease inhibi-
ior tors formed no detectable COUP-EREcomplexes while the
e dn- same samples processed in the presence of protease inhibitors
di, possessed comparable levels of ERE-binding COUPpolypep-
im-
or
ER (3

5, or

na-

able

in samples 88+ or E (4 d exposures). The non-DNA binding ER is
shown above isoform a, predominantly in the upper autoradiography
panel (above the dotted lines), where it appears as a more slowly mi-
grating protein band in samples 88+, 222+, and E, not present in
MCF-7 or pure CHOER.
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Figure 3. Intact DNAbinding COUPprotein and immunohistochemical preservation of ER in tumors with abnormal DNA-binding ER. (A)
Gel-shift analysis of ER+ (> 50 fmol/mg protein) primary tumor samples (1222, 88, 187, 240), extracted in the presence(+) or absence(-) of

protease inhibitors (PI), revealed protein-DNA complexes that were supershifted by either COUPpolyclonal antibody or anti-ER monoclonals

(D75, H226). Asterisks indicate the migration of antibody supershifted COUPcomplexes (the COUPsupershifted band for sample No. 187 is

only faintly visible on this exposure). DNA-binding COUPwas detected in all +PI but not in the -PI tumor extracts. Sample 240 did not contain

the usual ER-ERE isoforms (a, b, or d) but contained a higher migrating complex that was supershifted by D75. (B) Immunohistochemical

staining revealed comparable patterns of nuclear-localizing ER(immunoperoxidase ER-ICA assay, Abbott Labs, with hematoxylin counterstain)
in sections of cryopreserved breast tumors that yielded different amounts of ER-ERE isoforms by gel-shift assay.
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tide. These results indicated that COUP, like ER, is susceptable
to ex vivo proteolytic degradation; therefore, the loss of 67 kD
ERand inability to produce ER-ERE isoform a from protease-
inhibited extracts containing intact DNAbinding COUP(e.g.,
No. 1222 and 88) likely reflected the in vivo state of these
tumors rather than postsurgical ERdegradation. Furthermore,
the excellent cytological preservation and the presence of nu-
clear-localizing ER in these samples (Fig. 3 B) confirmed that
these cryopreserved tumors did not suffer from significant ex
vivo cellular degradation.

38 primary breast tumors were analyzed by gel-shift assay
after ER extraction in the presence of protease inhibitors. The
ER-ERE isoform profiles shown for the protease-inhibited ex-
tracts from tumors No. 1222, 226, and 187 were representative
of virtually all the receptor-positive breast tumors studied. Sam-
ples with complete absence of immunoreactive DNAbinding
ER (e.g., No. 88) were uncommon, as was the finding of an
abnormally large (more slowly migrating) ER-ERE complex
(e.g., No. 240 in Fig. 3). Western blotting of this latter tumor
extract demonstrated immunoreactive ER of usual size (< 67
kD); as well, the complex formed from this nuclear-localizing
ERwas susceptable to proteolysis, not disaggregated by RNase,
unreactive to various heat-shock antibodies, and not produced
on incubation with EREminstead of ERE. The nature of this
unusually large ER-ERE complex remains to be determined.
To assess the prevalence and potential clinical significance of
tumors lacking intact DNAbinding ER, we compared total
immunoreactive ERand PRcontent in all tumors analyzed by
gel-shift assay. Protease-inhibited tumor extracts were scored
by gel-shift assay as positive only if ER-ERE isoform a repre-
sented the most abundant form (2 50%) of the total DNA
bound ER (e.g., No. 187 and 226). Samples with a total lack of
DNAbinding ER (e.g., No. 88), or producing only a minor
component (< 50%) of ER-ERE isoform a (e.g., No. 1222),
were scored as negative. Of the six samples with trace ERcon-
tent (0-19 fmol/mg protein) that were analyzed, all scored nega-
tive for intact DNAbinding ER including one PR+ sample
that possessed a DNAbinding protein with preferred affinity
for EREm(unreactive to anti-ER antibodies), consistent with
its content of > 100 fmol PR/mg protein. Of the remaining 32
ER+ tumor extracts, 18 (56%) scored positive for abundant
ER-ERE isoform a. Because the absolute content of tumor ER
and PRare each predictors of clinical response to antiestrogen
therapy, we correlated our gel-shift scores with receptor levels
as measured blindly and independently using commercial im-
munoassay kits (Abbott Labs) on contiguous portions of the
same cryopreserved tumors. Table I shows that intact DNA
binding ER was detected in two-thirds of tumors containing
high ER or PRcontent (2 100 fmol/mg protein), but was not
found in the majority of tumors with either low-to-interme-
diate ERcontent (20-99 fmol/mg protein) or trace PRcontent
(regardless of ER level). The abundance of ER-EREisoform a
correlated significantly with ER (P = 0.002), PR (P = 0.01),
and combined ER/PR (P = 0.0002) content.

In summary, a modified gel-shift assay procedure has been
used to identify truncated DNAbinding ER as well as non-
DNAbinding ER present in a significant fraction of steroid
receptor positive primary breast tumors. The relative abun-
dance of the structurally intact DNAbinding ER correlated
with the total amount of immunoreactive steroid receptor (ER
and PR) and the expected incidence of endocrine responsive-
ness. The actual responsiveness of these receptor-positive tu-

Table L Prevalance of DNABinding ER (a Isoform) in Breast
Tumors of Varying Receptor (ER, PR) Content

Receptor content* ER-EREa complext

ER + 0/6 (0%)
+ 6/14 (43%) P = 0.002§
++ 12/18 (67%)

PR ? 2/4 (50%)
+ 2/11 (18%)
+ 6/11 (55%) P = 0.010§
++ 8/12 (67%)

ER/PR ±/± 0/5 (0%)
+/±, ±/++, ++/± 3/12 (25%) P = 0.0002§
+/++, ++/+, ++/++ 13/17 (47%)

Total 18/38 (47%)

* Receptor content of 0-19 (±), 20-99 (+), or >100 (++) fmol/mg
protein cytosol; ?, not determined. t ER-EREa = 0-49% (-) or 50-
100% (+) of total anti-ER antibody recognized DNAcomplexes.

§ Significance test for linear trend in proportions, Z test P values (42).

mors to endocrine therapy will not be known for many years
because all of the primary tumors were diagnosed and resected
within the past 3 yr. However, the significant association be-
tween loss of intact DNAbinding ERand known predictors of
tumor resistance to antiestrogen therapy (lower immunoreac-
tive ERand lack of PR) supports the possibility that measuring
the fraction of DNAbinding ERmay have important prognos-
tic utility. It is provocative that the 67% prevalence of intact
DNAbinding ER found in those tumors with abundant PR
and the 33% prevalence in tumors with minimal PR content
are figures that match accepted antiestrogen response rates for
these particular tumor subsets (1). Because a physiologically
inducible ER endoprotease activity has been identified in ro-
dent reproductive tissues (25-27), these gel-shift results detect-
ing similarly truncated forms of ER in primary human breast
tumors have encouraged further inquiry into posttranslational
receptor modifying mechanisms associated with endocrine-re-
sistant ER+ breast cancers. In preliminary studies using a
nude-mouse model system to compare tamoxifen-resistant and
tamoxifen-sensitive MCF-7 tumor growth, we have detected
minor amounts of truncated (< 50 kD) ER associated with
excess endoprotease activity in the tamoxifen-resistant, recep-
tor-positive breast tumors (41). With greater availability of cyr-
opreserved human breast tumors collected from patients
whose clinical response to tamoxifen is known, the predictive
value of truncated forms of DNA-binding ER can be more
fully evaluated.
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