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Abstract

The estrogen receptor (ER), a member of the nuclear hormone receptor superfamily, is a hormone-regulated transcription factor that
mediates the effects of estrogens and antiestrogens in breast cancer and other estrogen target cells. Because of the role of estrogens |
promoting the growth and progression of breast cancer, there is great interest in exploring ways to functionally inactivate the ER, thereby
suppressing ER-mediated gene expression and cell proliferation. These approaches have involved the use of antiestrogens such as tamoxife!
dominant negative ERs and, more recently, the use of corepressors. Through the use of two-hybrid screening, we have recently identified a
selective repressor of estrogen receptor activity (REA). This protein is recruited to the hormone-occupied ER and selectively represses its
transcriptional activity but not the other steroid and non-steroid nuclear receptors. REA also interacts with a protein, proth{Tesgin-
that selectively enhances ER transcriptional activity by recruiting the repressive REA protein away from ER. Analysis of the mechanisms
underlying the activities of these two proteins highlights a new role for REA ardd&Tactivity-modulating proteins that confer receptor
specificity.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction factors[13—-15] Therefore, this tripartite action of the ER,
involving the receptor, its ligands and coregulator proteins
The estrogen receptors (eRRind ERB) belong to the nu-  [16], allows for the precise regulation of the biological ef-
clear receptor hormone superfamily and are ligand-inducible fects of these hormone receptors on gene expression.
transcription factors. These receptors modulate the transcrip- Because of the role of estrogens in promoting the growth
tion of specific genes by directly interacting with estrogen re- and progression of breast cancer, there is great interest in
sponse elements located near the target gene profhetdy exploring ways to functionally inactivate the ER so as to
as well as in a variety of additional modes including indi- suppress ER-mediated gene expression and cell proliferation
rect tethering to DNA via interaction with other transcription [17,18] These approaches have involved the use of antie-
factors[5-8]. The estrogen receptor mediates the stimula- strogens such as tamoxifen, as well as dominant negative
tory effects of estrogens and the inhibitory effects of antie- ERs[19] and, more recently, the use of corepressors.
strogens in breast cancer and in many other target tissues We have recently characterized a novel selective repressor
[9]. Gene transcriptional activation by ER is enhanced or of ER activity (REA) for repressor of estrogen receptor activ-
repressed by interaction with regulatory factors which func- ity. REA directly interacts with the liganded ER, suppresses
tion in a positive fashion (coactivators) or negative fashion ER-activated gene transcription by estrogens, and competes
(corepressor) and are believed to be interposed between thavith coactivators for binding to ER0,21] Furthermore, us-
receptor and the basal transcription comgle3-14] These ing two-hybrid screening and additional techniques, we have
coregulators exist as a part of large complexes that can besubsequently identified prothymosin{PTa) as a binding
recruited by the ER and function as chromatin remodeling protein partner of REA22]. PTa selectively activates ER by
binding REA. This interaction of REA with RI'sequesters
* Presented at the 11th International Congress on Hormonal Steroids andREA away from the ER, enabling coactivator association
Hormones and Cancer, ICHS & ICHC, Fukuoka, Japan, 21-25 October with ER, resulting in enhanced ER transcriptional activity.
2002. . Interestingly, we have found also that & gene expression
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2. Results and discussion ment 3 gene and the lactoferrin gene, two genes containing

non-consensus ERE&4,25] as well as when ER is tethered
2.1. REA interaction with ER selectively suppresses its via other proteins to the DNA site, as with the transforming
transcriptional activity growth factorg3 gene[26].

In contrast to other more general corepressors of the nu-

Through yeast two-hybrid screening, using either a domi- clear hormone receptors such as NCoR and SYER+30]
nant negative ER or the wild-type ER ligand binding domain REA shows selectivity for ER and interacts preferentially
as baits, we isolated a 37 kDa protein from a cDNA library With liganded ER while NCoR and SMRT interact with un-
we made from the human breast cancer cell line MCF-7 liganded receptor and dissociate upon ligand binding. REA
[20]. We named this protein REA, for repressor of estro- also suppresses the agonist activity of tamoxifen-occupied
gen receptor activity, because of its activity in cell transac- ER, while NCoR and SMRT do n¢81].
tivation experiments. REA potentiates the inhibitory effects ~ Looking at the interaction region of REA with BRwe
of antiestrogens and, at higher concentration in cells, it re- found that REA binds only the hormone binding domain
presses the activity of the estrogen-occupied estrogen recepof ER whereas domains A/B, C (DNA binding), D (hinge),
tor (ERx and ERB). It is interesting to observe={g. 1) that, and F domains are not required for binding. Of interest, it
in the presence of elevated REA, 50 times less antiestro_is known that the F domain affects the Sensitivity of ER to
gen would be needed for equivalent inhibitory activity. More €strogen and antiestrogi32]. Our studies, when we deleted
importantly, REA inhibits gene transcription in a selective the F domain or used a frame-shifted &Rith an altered F
manner, acting exclusively on ER. When we tested REA on domain, revealed that the presence of the F domain prevented
other nuclear hormone receptors such as progesterone rethe recruitment of REA to the unliganded ER, suggesting
ceptor (PR), retinoic acid receptor, androgen receptor andits importance in maintaining the unliganded receptor in a
the non-related transcription factor VP16, REA was unable conformation that does not recruit REA.
either to increase the potency of antagonists or to suppress We also analyzed the REA interacting regions with ER:
the gene transcription mediated by these proteins. we found Fig. 2) that the deletion of the last 125 amino

Transfection of an expression vector encoding antisenseacids of REA resulted in a protein showing little interac-
REA [21] enhanced the transcriptional response to the tion with ER, while the regions important for repression
estrogen—-ER CompieX, Suggesting that endogenous cellencompass amino acids 19-49 and 150-174. Furthermore,
REA normally suppresses the transcriptional activity of REA contains a LXXLL motif, or nuclear receptor box, at
ER. We also tested the ability of REA to suppress ER ac- amino acids 23-27 contained in the first repression domain.
tivity when ER was acting at a Variety of DNA-responsive The LXXLL motif is not required for interaction with ER,
elements, including non-consensus estrogen response elealthough mutations of leucines with alanines reduced the
ments (EREs). REA had a broad range of repressive activity rfepression action of REA, suggesting once again that the in-

at different promoter-enhancer sites such as the Compie_teraCtiOn of REA with ER is mediated in a manner very dif-
ferent from that of most coregulators and anticipates a new
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Fig. 2. REA interacts either with ER or with BT In mapping the
Fig. 1. REA enhances the potency of antiestrogens in cell transfection/ interacting region of REA with ER and Rwe found that the C-terminal
transactivation experiments. Co-treatments withr® estradiol (value portion of REA interacts with the ligand binding domain of ER, the
set at 100%) and increasing concentration of eittieans-hydro- receptor interaction domain (RID). Interestingly, the same portion of
xytamoxifen (TOT), or ICI 182,780 (ICI), in the presence of REA, shifts REA is involved in the interaction with RTin cooperation with a small
the dose response curve to the left, implying that less antiestrogen is N-terminal portion of REA, the prothymosin-interaction domain (PID),
required to achieve the same inhibitory activity. whereas P& does not interact with ER. See text for details.
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molecular mechanism by which REA acts to modulate the
activity of ER.

2.2. Prothymosin-« interacts with REA and enhances ER
transcriptional activity

To better understand the mechanism by which REA
works, we used REA as bait in a two-hybrid interaction
screening with a cDNA library from MCF-7 human breast
cancer cells. In this way, we identified the nuclear protein
prothymosine, a 12.5kDa protein with chromatin remod-
eling functions, to be a protein with which REA directly
interacts[33—39] Cell transfection of P& [22] was found
to increase the transcriptional activity of ERand ERB
but to have no effect on the progesterone receptor or glu-
cocorticoid receptor (GR)Hig. 3. This ability of PTa to
increase ER transcriptional activity was observed with both

consensus and non-consensus EREs and with different pro

moters in several cell types. Interestingly, in co-transfection
experiments, this increased transcription activation of ER
stimulated by P& was suppressed by REA, whereasoPT

in combination with antisense REA, further stimulated the
activity of the hormone-occupied ER, suggesting tha&t PT

and REA are both important factors in modulating ER
activity. Thus, binding up and neutralizing the inhibitory

activity of REA, as observed with R and eliminating
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using a specific P& antibody; in contrast, ER was not
co-immunoprecipitated with RI. GST-pulldown competi-
tion assays show that BRbinds to REA in the presence
of estrogen, and increasing the amount ofaPdrevents
ER from binding to REA, implying that REA binding to
ER and to P& is mutually competitive. We know also
that there is functional competition between REA and the
steroid receptor coactivator 1 (SRC{E0,21] for regula-
tion of ER transcription. REA competitively reduces the
binding of SRC-1 to the ER in in vitro GST-pulldown
assays, while increasing the level of ®Thas no effect
on the in vitro interaction of SRC-1 with the ER. But
when we incubate a fixed amount of REA in the pres-
ence of SRC-1 with estrogen-occupied ER, increasing the
amount of P& increases the ER-SRC-1 interaction, indi-
cating that REA and SRC-1 mutually compete for binding
to ER whereas PRI does not compete with SRC-1. This
suggests that RI can recruit REA away from the recep-
tor, thereby allowing increased binding of SRC-1 to ER
(Fig. 4).

We mapped the interacting region of REA with &TOf
interest, while the full length RY is required for its inter-
action with REA, we found that the strength of this interac-
tion is determined by both the N- and C-terminal portions
of REA that may collaborate in promoting optimal interac-
tion with PTa. More important is that the C-terminal half

REA through the use of antisense REA, allows the greatestOf REA is the portion most crucial for interaction with ER

magnitude of response to estrogens.

In addition to interacting directly inin vitro GST-pulldown
assays, endogenous &Bnd REA interacted also in cell
extracts where REA was co-immunoprecipitated withwPT
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Fig. 3. Pla increases transcriptional activity of kRand ERB but has
no effect on progesterone receptor (PR) or glucocorticoid receptor (GR)
activity. The indicated nuclear receptor was co-transfected along with the

(Fig. 2. Therefore, REA binding to the ER is mutually com-
petitive with its binding to P&. Thus, as cellular levels of
PTa increase, this protein will increasingly bind up REA
and sequester it away from ER.
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Fig. 4. Schematic model of a novel ER mechanism of action. In the

appropriate hormone-responsive reporter gene construct with increasingPresence of ligand, the selective coregulator REA and the coactivator

amount of P& expression plasmid in the presence of either®
estradiol for ERs, 10°M R5020 for PR or 108 M dexamethasone for
GR. Cell extract CAT activity values, normalized f@-galactosidase
activity, are the meas: S.D. from three separate experiments. See text
for details.

SRC-1 compete for binding to the ER; REA blocks SRC-1 receptor
binding. When intracellular RY level rises upon estrogen stimulation,
PTa binds REA and sequesters it away from the receptor enabling the
receptor to interact with SRC-1 or other p160 coactivators and enhance
gene transcription.
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2.3. The PTa gene is up-regulated by estrogens
through direct binding with ER

Previous studies showed that dTevels were increased
in rapidly proliferating cell§33—-35,37-39hnd in response
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In summary, P& is a chromatin remodeling protein
[35,45] that modulates histone acetyltransferase activity
[46] and interaction of histone H1 with chromalfi®6,47].
More recent studies have shown alsooPassociation with
CREB-binding protein in potentiating transcriptida8].

to estrogens in an ER-positive neuroblastoma cell line Because Pa is a marker of cell proliferation and cell cy-
[40]. Therefore, we investigated the role of estrogens in cle regulation[38], it has been proposed as a marker of

stimulating P& gene transcription. In addition to its as-
sociation with cell proliferation, PO has been proposed
as a breast tumor prognostic markas,38,39] Estrogens

stimulate the proliferation of ER-containing breast can-

cer cells[41] and, as we have demonstrated abovex PT

prognostic value in breast candd®,50] Therefore, estro-
gen regulation of P& expression is perhaps not surprising,
knowing that estrogen is a major stimulator of proliferation
of ER positive breast cancer ce[ll]. In accordance with
our studies described above, &Tinduced by estrogens,

selectively increases ER transcription via its interaction interacts with REA and selectively enhances ER transcrip-

with REA. We asked whether RTmight be up-regulated

tional activity by binding to REA, thereby keeping REA

by estrogens in ER-positive breast cancer cells. We foundaway from ER and allowing coactivator association with

that the level of P& mRNA rapidly increases, as early

the receptor. We can now propose a schematic model that

as 1-2h, following estrogen treatment in ER-containing represents an intriguing mechanism for regulation of the
breast cancer cells, and this increase is a primary responseactions of the ERKig. 4). In this model ER interacts either
not dependent on prior protein synthesis. Substantial el- with SRC-1 (or related p160 coactivators) promoting gene

evation of PTx protein level is also observed by West-

transcription, or with REA which blocks gene transcrip-

ern blot analysis by 12-24h and continues to increase totion. PTa does not bind either ER or SRC-1 whereas REA

72h.

binding with ER is mutually competitive with its binding to

To understand the mechanism of this hormonal regulation, PTa. Thus, after estrogen stimulation, &Tevel raises in

we analyzed the 5 kb promoter region of theoRJene[42].

cells and P& will increasingly bind up REA and sequester

By sequence analysis we found three half-estrogen responsé away from ER. This will allow ER to bind to SRC-1 or

elements at positions 750, —1051 and—1437. Two of the
half-EREs are consensus 750, —1051) while the one at
the position—1437 is not. Estrogen induction of RTgene
expression is mediated only via the two half-palindromic
EREs (750,—-1051), with the proximal motif{750) be-
ing of somewhat greater importance than the distdlq51),
similar to the situation in the ovalbumin ger@3]. The
non-consensus half-ERE-(437) was not involved in es-
trogen regulation of the RIgene and mutatiofd4] of the

other coactivators, resulting in enhanced gene transcription.
More importantly, because REA does not interact with
other nuclear receptors nor repress their transcriptional ac-
tivity, and PTa, which interacts with REA, is increased
by estrogen, this mechanism of action provides for a very
selective and novel one that is unique for the estrogen
receptor.

active half-consensus EREs completely abolished estroger3. Conclusions

induction. Furthermore, this induction required a functional
ER with an intact DNA binding domain confirming that
good activation of P& transcription by the ER can be me-
diated through direct DNA binding domain interaction with
the two half-consensus EREs of thedgene, as demon-
strated in our electrophoretic mobility gel-shift studies
[42].

Interestingly, the P& promoter region contains multiple

In the studies described above, we reveal additional di-
mensions to this aspect of the regulation of receptor activ-
ity as we have identified a new role for REA andPh
modulating ER transcriptional activity. Neither of these two
proteins has an intrinsic activation or repression function,
yet they have important effects on ER activity. They act by
either interfering with (REA) or enabling (R interaction

Sp1 sites responsive to the Spl transcriptional activator, inwith other coactivator complexes. Moreover, changes in the
addition to the half-EREs. Previous studies on cathepsin D, level of PTa by estrogens, have the potential of magnifying

retinoic acid receptok, heat shock protein 27, IGF binding

the effectiveness of estrogens in stimulating ER transcrip-

protein 4[5], c-myc, creatine kinase B and progesterone tional activity in rapidly proliferating cells.

receptor A[6,7], demonstrate that Spl and half-ERE sites

play a role in the regulation of estrogen inducible gefiggs
when direct DNA binding by the ER is also not involved.

In addition, these observations suggest interrelation-
ships between cell proliferation and gene transcriptional
activity and indicate a positive mechanism by which

We used Drosophila SL cells, deficientin Sp1, and we found PTa,which increases ER transcriptional effectiveness, is
that Sp1 plays a role in regulating thedegene independent itself up-regulated by the estrogen—ER complex.

of the presence of estrogen—-ER complex, suggesting that Continuing studies should provide further understanding
regulation by the ER or Sp1l is determined independently by of how the activity of the ER is influenced not only by
the relative levels of ER, estrogen and Spl modulating via ligands but also by interaction of the receptor with these
its own ERE or Sp1 sites. activity-modulating proteins.



P.G.V. Martini, B.S Katzenellenbogen/Journal of Seroid Biochemistry & Molecular Biology 85 (2003) 117122 121

Acknowledgements [17] B.S. Katzenellenbogen, M.M. Montano, K. Ekena, M.E. Herman,
E.M. Mclnerney, Antiestrogens: mechanisms of action and resistance

. . . . in breast cancer, Breast Cancer Res. Treat. 44 (1997) 23-38.
The research described in this article was supported by " °r¢# ; . .
PP y[18] R.B. Dickson, M.E. Lippman, Estrogenic regulation of growth and

grants from the NIH (CA1§119, CA60514) and The Breast polypeptide growth factor secretion in human breast carcinoma,
Cancer Research Foundation. We thank Dr. Monica Montano Endocr. Rev. 8 (1987) 29-43.
and Dr. Regis Delage-Mourroux for their very important [19] B.A. Ince, Y. Zhuang, C.K. Wrenn, D.J. Shapiro, B.S. Katzenel-
contributions to many of the studies reported here. lenbogen, Powerful dominant negative mutants of the human estrogen
receptor, J. Biol. Chem. 268 (1993) 14026—-14032.
[20] M.M. Montano, K. Ekena, R. Delage-Mourroux, W. Chang, P.
References Martini, B.S. Katzenellenbogen, An estrogen receptor-selective
coregulator that potentiates the effectiveness of antiestrogens and

) , ) ) represses the activity of estrogens, Proc. Natl. Acad. Sci. U.S.A. 96
[1] M.-J. Tsai, B.W. O’Malley, Molecular mechanisms of action of (1999) 6947-6952.

steroid/thyroid receptor superfamily members, Annu. Rev. Biochem. [21] R. Delage-Mourroux, P.G. Martini, I. Choi, D.M. Kraichely, J

63 (1994) 4|51_4f86' h | lich h Hoeksema, B.S. Katzenellenbogen, Analysis of estrogen receptor

[2] D.J. Mangelsdorf, C. Thummel, M. Beato, P. Herrlich, G. Schutz, interaction with a repressor of estrogen receptor activity (REA) and
K. Umesono, B. Blumberg, P. Kastner,_M. Mark, P. Chambon, R.M. the regulation of estrogen receptor transcriptional activity by REA,
Evans, The nuclear receptor superfamily: the second decade, Cell 83 J. Biol. Chem. 275 (2000) 35848-35856.

(1995) 835-839. 2] . .
. . P.G.V. Martini, R. Delage-Mourroux, D.M. Kraichely, B.S.
[3] B.S. Katzenellenbogen, J. Sun, W.R. Harrington, D.M. Kraichely, D. Katzenellenbogen, Prothymosin-selectively enhances estrogen

Ganessunker, J.A. Katzenellenbogen, Structure—function relationships L - . ! .
receptor transcriptional activity by interacting with a repressor of

in estrogen receptors and the characte_rlzathn of novel selec_tlve estrogen receptor activity (REA), Mol. Cell. Biol. 20 (2000) 6224—
estrogen receptor modulators (SERMs) with unique pharmacological 6232
profiles, Ann. N. V. Acad. Sci. 949 (2001) 6-15. [23] P.G. Martini, B.S. Katzenellenbogen, Regulation of prothymasin-

[4] S. Nilsson, S. Makela, E. Treuter, M. Tujague, J. Thomsen, G. ene expression by estrogen in estrogen receptor-containing breast
Andersson, E. Enmark, K. Pettersson, M. Warner, J.A. Gustafsson, 9 P : y 9 . 9¢ P 9
cancer cells via upstream half-palindromic estrogen response element

Mechanisms of estrogen action, Physiol. Rev. 81 (2001) 1535-1565. . )
[5] C. Qin, P. Singh, S. Safe, Transcriptional activation of insulin-like mofifs, Ehdocr|nology 142 (2001) 3493_.350.1'
4] B.D. Darimont, R.L. Wagner, J.W. Apriletti, M.R. Stallcup, P.J.

- . S 24]
growth factor-binding protein-4 by PBfestradiol in MCF-7 cells: [ :
role of estrogen receptor-Sp1 complexes, Endocrinology 140 (1999) Kushner, J.D. Baxter, R.J. Fletterick, K.R. Yamamoto, Structure and

2501-2508 specificity of nuclear receptor—coactivator interactions, Genes Dev.
[6] L.N. Petz, A.M. Nardulli, Sp1 binding sites and an estrogen response 12 (1998? 3343-3356. o

element half-site are involved in regulation of the human progesterone [221 J-D- Nortis, D. Fan, B.L. Wagner, D.P. McDonnell, Identification of

receptor A promoter, Mol. Endocrinol. 14 (2000) 972-985. the sequences within the human complement 3 promoter required
[7] W. Porter, B SaviI’Ie D. Hoivik, S. Safe, Functional synergy for estrogen responsiveness provides insight into the mechanism of

between the transcription factor Sp1 and the estrogen receptor, Mol. ta:smgxifen mixed agonist activity, Mol. Endocrinol. 10 (1996) 1605~
Endocrinol. 11 (1997) 1569-1580. 1616. , . _

[8] B. Saville, M. Wormke, F. Wang, T. Nguyen, E. Enmark, G. Kuiper, [26] L.A._Palge, D.J. Christensen, H. Gron, JD Norris, E.B. Gottlin, K.M.
J.A. Gustafsson, S. Safe, Ligand-, cell-, and estrogen receptor subtype ~ Fadilla, C. Chang, L.M. Ballas, P.T. Hamilton, D.P. McDonnell, D.M.
(a/B)-dependent activation at GC-rich (Spl) promoter elements, J. Fowlkes, Estrogen receptor (ER) modulators each induce distinct
Biol. Chem. 275 (2000) 5379-5387. conformational changes in BRand ERB, Proc. Natl. Acad. Sci.

[9] B.S. Katzenellenbogen, Estrogen receptors: bioactivities and U.S.A. 96 (1999) 3999-4004. o )
interactions with cell signaling pathways, Biol. Reprod. 54 (1996) [27] 3.D. Chen, R.M. Evans, A transcriptional co-repressor that interacts

287-293. with nuclear hormone receptors, Nature 377 (1995) 454-457.

[10] J.D. Chen, H. Li, Coactivation and corepression in transcriptional [28] A.J. Horlein, AM. Naar, T. Heinzel, J. Torchia, B. Gloss, R.
regulation by steroid/nuclear hormone receptors, Crit. Rev. Kurokawa, A. Ryan, Y. Kamei, M. Soderstrom, C.K. Glass, et
Eukaroytic Gene Exp. 8 (1998) 169-190. al., Ligand-independent repression by the thyroid hormone receptor

[11] N.JJ. McKenna, R.B. Lanz, B.W. O'Malley, Nuclear receptor mediated by a nuclear receptor co-repressor, Nature 377 (1995) 397—
coregulators: cellular and molecular biology, Endocr. Rev. 20 (1999) 404.

321-344. [29] J.D. Chen, K. Umesono, R.M. Evans, SMRT isoforms mediate

[12] J. Torchia, C. Glass, M.G. Rosenfeld, Coactivators and corepressors repression and anti-repression of nuclear receptor heterodimers, Proc.
in the integration of transcriptional responses, Curr. Opin. Cell. Biol. Natl. Acad. Sci. U.S.A. 93 (1996) 7567-7571.

10 (1998) 373-383. [30] L. Nagy, H.Y. Kao, D. Chakravarti, R.J. Lin, C.A. Hassig, D.E. Ayer,

[13] M.G. Rosenfeld, C.K. Glass, Coregulator codes of transcriptional S.L. Schreiber, R.M. Evans, Nuclear receptor repression mediated
regulation by nuclear receptors, J. Biol. Chem. 276 (2001) 36865— by a complex containing SMRT, mSin3A, and histone deacetylase,
36868. Cell 89 (1997) 373-380.

[14] N.J. McKenna, B.W. O’'Malley, Minireview: nuclear receptor [31] T.A. Jackson, J. Richer, D.L. Bain, G.S. Takimoto, L. Tung, K.B.
coactivators—an update, Endocrinology 143 (2002) 2461-2465. Horwitz, The partial agonist activity of antagonist-occupied steroid

[15] C. Rachez, B.D. Lemon, Z. Suldan, V. Bromleigh, M. Gamble, receptors is controlled by a novel hinge domain-binding coactivator
A.M. Naar, H. Erdjument-Bromage, P. Tempst, L.P. Freedman, L7/SPA and the corepressors N-CoR or SMRT, Mol. Endocrinol. 11
Ligand-dependent transcription activation by nuclear receptors (1997) 693-705.
requires the DRIP complex, Nature 398 (1999) 824-828. [32] M.M. Montano, V. Miiller, A. Trobaugh, B.S. Katzenellenbogen, The

[16] J.A. Katzenellenbogen, B.W. O’'Malley, B.S. Katzenellenbogen, carboxyl-terminal F domain of the human estrogen receptor: role
Tripartite steroid hormone receptor pharmacology: interaction with in the transcriptional activity of the receptor and the effectiveness
multiple effector sites as a basis for the cell- and promoter-specific of antiestrogens as estrogen antagonists, Mol. Endocrinol. 9 (1995)

action of these hormones, Mol. Endocrinol. 10 (1996) 119-131. 814-825.



122 P.G.V. Martini, B.S. Katzenellenbogen/Journal of Steroid Biochemistry & Molecular Biology 85 (2003) 117-122

[33] X.R. Bustelo, A. Otero, J. Gomez-Marquez, M. Freire, Expression [43] S. Kato, L. Tora, J. Yamauchi, S. Masushige, M. Bellard, P. Chambon,

of the rat prothymosire gene during T-lymphocyte proliferation and A far upstream estrogen response element of the ovalbumin
liver regeneration, J. Biol. Chem. 266 (1991) 1443-1447. gene contains several half-palindromic T®©SACC-3 motifs acting
[34] C. Diaz-Jullien, A. Perez-Estevez, G. Covelo, M. Freire, Prothy- synergistically, Cell 68 (1992) 731-742.
mosina binds histones in vitro and shows activity in nucleosome [44] W.L. Kraus, M.M. Montano, B.S. Katzenellenbogen, Identification
assembly assay, Biochim. Biophys. Acta 1296 (1996) 219-227. of multiple, widely spaced estrogen-responsive regions in the
[35] J. Gomez-Marquez, P. Rodriguez, Prothymosin is a chromatin- rat progesterone receptor gene, Mol. Endocrinol. 8 (1994) 952—
remodeling protein in mammalian cells, Biochem. J. 333 (1998) 1-3. 969.
[36] Z. Karetsou, R. Sandaltzopoulos, M. Frangou-Lazaridis, C.Y. Lai, [45] W.H. Eschenfeldt, S.L. Berger, The human prothymosin a gene is
O. Tsolas, P.B. Becker, T. Papamarcaki, Prothymasimodulates polymorphic and induced upon growth stimulation: evidence using
the interaction of histone H1 with chromatin, Nucleic Acids Res. 26 a cloned cDNA, Proc. Natl. Acad. Sci. U.S.A. 83 (1986) 9403-
(1998) 3111-3118. 9407.
[37] R.E. Manrow, A.R. Sburlati, J.A. Hanover, S.L. Berger, Nuclear [46] M.A. Cotter II, E.S. Robertson, Modulation of histone acetyltrans-
targeting of prothymosine, J. Biol. Chem. 266 (1991) 3916-3924. ferase activity through interaction of epstein-barr nuclear antigen 3C
[38] K. Vareli, O. Tsolas, M. Frangou-Lazaridis, Regulation of prothy- with prothymosine;, Mol. Cell. Biol. 20 (2000) 5722-5735.
mosine« during the cell cycle, Eur. J. Biochem. 238 (1996) 799-806. [47] T. Papamarcaki, O. Tsolas, Prothymosirbinds to histone H1 in
[39] C.L. Wu, A.L. Shiau, C.S. Lin, Prothymosin- promotes cell vitro, FEBS Lett. 345 (1994) 71-75.
proliferation in NIH3T3 cells, Life Sci. 61 (1997) 2091-2101. [48] Z. Karetsou, A. Kretsovali, C. Murphy, O. Tsolas, T. Papamarcaki,
[40] M. Garnier, D. Di Lorenzo, A. Albertini, A. Maggi, Identification Prothymosine interacts with the CREB-binding protein and
of estrogen-responsive genes in neuroblastoma SK-ER3 cells, J. potentiates transcription, EMBO Rep. 3 (2002) 361-366.
Neurosci. 17 (1997) 4591-4599. [49] C. Magdalena, F. Dominguez, L. Loidi, J.L. Puente, Tumour
[41] P. Vic, F. Vignon, D. Derocq, H. Rochefort, Effect of estradiol on prothymosine. content, a potential prognostic marker for primary
the ultrastructure of the MCF-7 human breast cancer cells in culture, breast cancer, Br. J. Cancer 82 (2000) 584-590.
Cancer Res. 42 (1982) 667—673. [50] O.E. Tsitsilonis, E. Bekris, I.F. Voutsas, C.N. Baxevanis, C.
[42] P.C. Mol, R.H. Wang, D.W. Batey, L.A. Lee, C.V. Dang, S.L. Berger, Markopoulos, S.A. Papadopoulou, K. Kontzoglou, S. Stoeva, J.
Do products of the myc proto-oncogene play a role in transcriptional Gogas, W. \oelter, M. Papamichail, The prognostic valueaef
regulation of the prothymosia-gene? Mol. Cell. Biol. 15 (1995) thymosins in breast cancer, Anticancer Res. 18 (1998) 1501—

6999-7009. 1508.



	Modulation of estrogen receptor activity by selective coregulators
	Introduction
	Results and discussion
	REA interaction with ER selectively suppresses its transcriptional activity
	Prothymosin-alpha interacts with REA and enhances ER transcriptional activity
	The PTalpha gene is up-regulated by estrogens through direct binding with ER

	Conclusions
	Acknowledgements
	References


