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ABSTRACT

The estrogen receptor o (ER) is a transcription fac-
tor that can be directly activated by estrogen or in-
directly by other signaling pathways. We previously
reported that activation of the unliganded ERa by
cAMP is mediated by phosphorylation of the tran-
scriptional coactivator CARM1 by protein kinase A
(PKA), allowing CARM1 to bind ER« directly. This be-
ing insufficient by itself to activate ERa, we looked
for additional factors and identified the histone H3
demethylase LSD1 as a substrate of PKA and an
important mediator of this signaling crosstalk as
well as of the response to estrogen. Surprisingly,
ERa engages not only LSD1, but its partners of
the CoREST corepressor complex and the molecu-
lar chaperone Hsp90. The recruitment of Hsp90 to
promote ERa transcriptional activity runs against
the steroid receptor paradigm and suggests that it
might be involved as an assembly factor or scaffold.
In a breast cancer cell line, which is resistant to the
anti-estrogen tamoxifen because of constitutively ac-
tivated PKA, some interactions are constitutive and
drug combinations partially rescue tamoxifen sensi-
tivity. In ERa-positive breast cancer patients, high
expression of the genes encoding some of these
factors correlates with poor prognosis. Thus, these
mechanisms might contribute to ERa-driven breast
cancer.

INTRODUCTION

Estrogen receptors o (ERa) and B are members of the
steroid receptor family of nuclear receptors and mediate
most estrogen responses in the body (1). They are not only
simultaneously hormone receptors and transcription fac-
tors, but also integrators of multiple other signals, which has
broad physiological and pathological implications (2). The

isoform ER« plays a central role in breast carcinogenesis as
a driver of proliferation. Hence, adjuvant therapy for ERa-
driven breast cancers involves depriving cells of estrogens or
blocking ERa activity with anti-estrogens such as tamox-
ifen (3), replaced in cell culture by its physiologically ac-
tive form hydroxytamoxifen (OHT). Unfortunately, about
one-third of the patients treated with tamoxifen for 5 years
develop resistance (4). While there are certainly multiple
pathways to OHT resistance (5), signaling pathways lead-
ing to the activation of ER« in the absence of cognate ligand
can be expected to contribute (2,6-12). Understanding the
mechanisms and factors involved in estrogen-independent
and possibly OHT-resistant activation of ER« is essential
to rescue a treatment that initially works and is tolerated
rather well.

ERa activity is influenced by the levels of transcriptional
coactivators and corepressors and their post-translational
modifications (13-15), and their differential interaction
with ERa in the presence of estrogen or anti-estrogens
(16,17). Work from our group showed that cAMP-activated
protein kinase A (PKA) can phosphorylate the coactivator-
associated arginine methyltransferase 1 (CARMI1), thereby
inducing its direct recruitment to and transcriptional acti-
vation of the unliganded ER« irrespective of the presence
of OHT (12). We also knew that this cAMP-induced phos-
phorylation of CARM1 is necessary but not sufficient to ac-
tivate ER«, indicating that additional factors must mediate
the cAMP-induced activation of ER« activity. These could
include other coregulators such as the coactivator glucocor-
ticoid receptor interacting protein 1 (Gripl), whose recruit-
ment to ERa had been shown to be stimulated by cAMP,
albeit not through direct phosphorylation by PKA (18).
We therefore set out to identify additional factors that me-
diate signaling crosstalk with the ERa and may be rele-
vant to breast cancer progression. Initially, we focused on
LSDI because of its known involvement in the estrogen-
dependent activation of ERa (19,20) and its activation of
c-Myc-dependent transcription by cAMP-PKA signaling
(21).
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The lysine-specific histone demethylase 1A (KDMI1A; re-
ferred to hereafter solely by its alias LSDI1) is a flavin ade-
nine dinucleotide (FAD)-dependent amine-oxidase, which
specifically demethylates mono- or dimethylated histone H3
at lysine 4 (H3K4) and lysine 9 (H3K9) (21-25). LSD1 is
both part of corepressor and coactivator complexes and
contributes to regulate the activity of certain transcription
factors including nuclear receptors (16,19,26,27). In addi-
tion to histone H3, LSD1 has non-histone substrates such
as p53, DNA methyltransferase 1 and, in fact, even ERa,
regulating their activities and stability (28,29). LSD1 has be-
come a candidate drug target because it is frequently over-
expressed and, in most cases, correlated with bad prognosis
in a variety of cancers (30-37).

A direct link of LSD1 and LSD1-associated corepressors
to the ligand-independent activation of ERa by cAMP and
the implications for OHT resistance of breast cancer had
not been investigated. In doing so, we discovered several
other players whose contributions to the activation of ER«
by both estrogen and cAMP could not have been predicted
based on their previously established functions.

MATERIALS AND METHODS
Plasmids

Standard expression vectors, reporter plasmids and shRNA
constructs were used. Details about them can be found in
the Supplementary Material.

Cell culture, transfection, luciferase assays and knockdown
experiments

Cells were maintained under standard conditions and cul-
tured in medium with charcoal-stripped serum for induc-
tion experiments. cCAMP signaling was induced by a combi-
nation (indicated as F/I) of 10 wM Forskolin (Cayman) and
100 wM 3-isobutyl-1-methylxanthine (Calbiochem) with
dimethyl sulfoxide (DMSO) as the solvent. Geldanamycin
(GA), trichostatin A (TSA), GSK-LSD1 and OHT were
purchased from Sigma. Firefly luciferase activities were
standardized to a Renilla luciferase transfection control.
Knockdown in MDA-MB-134 cells were generated by in-
fection with lentiviruses expressing specific SiRNA against
each target protein. Further details and shRNA sequences
are given in Supplementary Material.

Antibodies

The following primary antibodies were used: the mouse
monoclonal 1B2ES5 (Cell Signaling) and rabbit polyclonal
H-220 (Santa Cruz Biotechnologies) against LSD1; the rab-
bit polyclonal serum A300-421A against CARMI1 (Bethyl
Laboratories); the mouse monoclonal H90-10 (a gift from
David O. Toft) and the rabbit polyclonal PA3-012 (Pierce)
against Hsp903; the rabbit polyclonal antibodies HC-20,
H-51, H-300 and H-65 against ERa, HDAC1, HDAC6
and CoREST, respectively (Santa Cruz Biotechnologies);
the rabbit polyclonal serum 07-579 (Upstate Biotechnolo-
gies) and the mouse monoclonal NRSF (F-3)x (Santa
Cruz Biotechnologies) against REST; the rabbit polyclonal

antiserum # 9621 against the PKA-phosphorylated mo-
tif RRX-phospho-S/T (Cell Signaling); the mouse mono-
clonals 17-681 against methylated histone H3K9 (Upstate
Biotechnologies) and CMA303 against dimethylated H3K4
(Millipore); the mouse monoclonal (6C5) and the rabbit
polyclonal antiserum ab1791 against GAPDH and histone
H3, respectively (Abcam); the mouse monoclonals FLAG
M2, Clone M2 and DM1A against a-tubulin (Sigma); the
rabbit polyclonal PA3-013 against Hsp90a (Thermo Scien-
tific).

Immunoprecipitation experiments

The standard protocol for all IP experiments was as fol-
lows: cells were lysed by sonication in 10 mM Tris-HCI pH
7.5, 50 mM NaCl, 1 mM ethylenediamine tetraacetic acid
(EDTA), 1 mM dithiothreitol (DTT), 10% glycerol, 10 mM
Na-molybdate and protease inhibitors (Roche). A total of
2 mg of each total protein extract were first incubated with
the primary antibody overnight at 4°C, and then 50 wl of
protein G-Dynabeads (Life Technologies) were added and
incubated for an additional 2 h at 4°C. Beads were washed
four times with lysis buffer containing 0.1% Triton X-100
and three more times with lysis buffer without detergent be-
fore boiling in reducing sample buffer. A total of 80 pg of
corresponding total extracts were loaded as input samples.

Chromatin immunoprecipitation experiments

The recruitment of LSDI1, CoREST, HDACI, REST,
HDAC6, Hsp90B and ERa to enhancers/promoters of
ERa target genes upon stimulation of MDA-MB-134 cells
for 45 min was determined by chromatin immunoprecipi-
tation (ChIP) with specific antibodies. Further details are
given in the Supplementary Material.

Quantitative reverse-transcription PCR analysis of ER« tar-
get gene expression

MDA-MB-134 cells were induced for 4 to 6 h, and gene ex-
pression was analyzed by quantitative reverse-transcription
PCR (RT-PCR) with standard procedures described in de-
tail in the Supplementary Material.

Proliferation assays

A total of 2000 cells per well were seeded into 96-
well plates. The day after, cells were treated as indi-
cated for 72 h. After 96 h, MTT assays were per-
formed using a solution of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (BioChemica) in
phosphate buffered saline (PBS) to a final concentration of
0.5 mg/ml per well and incubation of the cells for 2 h. After
removal of the medium, DMSO was added to each well to
dissolve the formazan crystals. The absorbance at 600 nm
was determined using a Sunrise plate reader (Tecan). Trip-
licate wells were assayed for each condition in three inde-
pendent experiments.



Kaplan—Meier analyses

Kaplan—Meier curves (38) were generated using the GOBO
tool (http://co.bmc.lu.se/gobo) (39) and the following gene
set: KDMI1A (LSD1) (Entrez Gene 1D: 23028), HDACI
(Entrez Gene 1D: 3065), HDAC6 (Entrez Gene ID: 10013),
HSP90ABI (Hsp90B) (Entrez Gene ID: 3326) and CARM
(Entrez Gene ID: 10498).

Statistical analyses

Unless indicated otherwise, the data shown are averages of
three independent experiments made in triplicates, with er-
ror bars indicating the standard error of the mean. A two-
sided non-paired Student’s ¢-test was used to determine dif-
ferences between two groups with P < 0.05 considered sta-
tistically significant.

RESULTS

CARMI1 and LSD1 are major substrates of PKA phosphory-
lation for the activation of ERa by cAMP

We knew from our previous work that CARMI1 is a nec-
essary but insufficient PKA target for the activation of
ERa (12). We decided to study the importance of LSDI1,
since it was already known to act as a coactivator for
the estrogen-dependent activation of ERa (19,23,29). In
addition, other studies had suggested that LSDI is re-
cruited to chromatin upon activation of PKA by waves of
cAMP generated in response to rapid non-genomic signal-
ing by membrane-associated ERa activated with estrogen
(20). We first sought to identify potential PKA phospho-
rylation sites in LSD1 using the pkaPS algorithm (http:
/Imendel.imp.ac.at/pkaPS). We found one high score site at
S111 within the sequence RRTSRRK of LSDI, immedi-
ately preceded by a threonine. To determine whether LSD1
can be phosphorylated by PKA and whether these pre-
dicted sites are relevant for phosphorylation in vivo, we
transfected the ERa-positive breast cancer cell line MDA-
MB-134 (40) with expression vectors for wild-type LSD1
or for the phosphothreonine/serine LSD1 double mutant
T110/S111A. Following immunoprecipitation of the ex-
ogenous LSD1 proteins using an anti-Flag antibody, we
revealed phosphorylation with an antibody recognizing
the PKA-phosphorylated motif RRX-phospho-S/T (Fig-
ure 1A). Only wild-type LSD1 but not the double mu-
tant T110/S111A showed increased phosphorylation upon
activation of PKA by a cocktail of the adenylate cyclase
activator forskolin and the phosphodiesterase inhibitor
3-isobutyl-1-methylxanthine (F/I), supporting the predic-
tion of PKA-mediated phosphorylation of LSD1 at T110
and/or S111.

Their functional importance was tested by coactivation
assays in HeLa cells with exogenously expressed ERa. In
response to cAMP signaling, only wild-type LSD1 and
the phosphoserine mimic mutant showed coactivator ef-
fects while the double mutant T110/S111A failed to do so
and even reduced ERa activity (Figure 1B). We determined
which transcriptional activation domain of ERa mediates
the activation by LSD1 by testing the activation functions
(AF) 1 and 2 separately as fusion proteins with the Gal4
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Figure 1. The phosphorylation of LSD1 by PKA promotes its activation of
ERa. (A) LSD1 is a substrate of PKA in vivo. MDA-MB-134 cells trans-
fected with vectors for wild-type LSD1 or phosphothreonine/serine mu-
tant T110A/S111A were stimulated with F/I for 2 h before immunoprecip-
itation (IP) and immunoblotting with indicated antibodies. NT, not trans-
fected; F/I, two-compound mixture increasing cAMP levels. The asterisk
points out which input extract was used in parallel for the control IP. (B
and C) Overexpression of wild-type and phosphoserine mimics of LSDI1
and CARMI increases ERa activation by cAMP. Luciferase reporter as-
says in Hela cells with exogenously expressed ERa. The bar graphs show
averages of three replicate experiments with triplicates, standardized to the
values obtained with the control transfections with vector and treated with
the solvent (DMSO), and the error bars represent the standard error of the
mean.
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DNA binding domain by transfection into HeLa cells. In
response to CAMP signaling and the physiological estro-
gen 17B-estradiol (E2), LSDI further stimulates ERa AF2
activity; in contrast, constitutive AF1 activity is barely af-
fected by LSDI, but blunted by cAMP signaling. The lat-
ter is most likely due to the interference of cAMP signaling
with MAPK signaling, which by itself is known to stimulate
AFT1 activity (7,41) (Supplementary Figure S1A and B). Ad-
ditional support for a role of phosphorylation of more than
one coregulator by PK A comes from genetic experiments in
which we explored the coactivator activity of combinations
of CARMI1 and LSD1 and phosphoserine mimic mutants
thereof (Figure 1C). The strongest effect could be seen with
the combination of the mutants CARM1 S448E and LSDI1
S111E. This combination even induced a substantial activ-
ity of ERa« in the absence of any treatment. These results
support the idea that both CARM1 (12) and LSDI, as di-
rect substrates of PKA, are essential and partially sufficient
mediators of the activation of ERa by cAMP signaling.

Convergence of the LSD1 and ERa complexes

Having found that both CARMI1 and LSDI may be re-
quired for full activation of ERa by cAMP, we investi-
gated the interaction of LSD1 with the core ERa-CARMI1
transcriptional complex (12) in more detail. We began with
immunoprecipitation experiments to examine the interac-
tion between endogenous ERa, CARM1 and Hsp90B (one
of the two cytosolic Hsp90 isoforms) and exogenously ex-
pressed Flag-tagged LSD1 in MDA-MB-134 cells (Figure
2A). We observed an increased recruitment of LSD1 in cells
treated with F/I, paralleling that of CARM1, and more sur-
prisingly, that of Hsp90, which was not known to be associ-
ated with LSD1 complexes. Some co-immunoprecipitation
(coIP) of LSDI1, CARMI1 and Hsp90 with ERa could be
seen even in untreated cells, most likely because of over-
expression. The association of LSD1 with ERa could be
confirmed for the endogenous proteins both in response
to cAMP and E2 (Figure 2B). Unexpectedly, under these
same conditions, we discovered that both ERa-activating
signals increase the association of several other compo-
nents of a corepressor complex with LSD1 (42), which
are well known for their role in silencing neuronal genes
(43,44). These notably include the RE1-silencing transcrip-
tion factor (REST; also known as neuron-restrictive silencer
factor), the REST corepressor 1 (CoREST) and histone
deacetylase 1 (HDAC1). Considering the link between OHT
resistance and cAMP signaling (12), we performed the same
type of immunoprecipitation of ERa with extracts from
LCC2 cells, an OHT-resistant variant of MCF7 cells (45)
(Figure 2C). Similarly to what we had found for CARM1
(12), the interactions of ERa, especially with HDACT, but
also with LSD1 and Hsp90 are already present in the ab-
sence of any treatment. By and large, we made the same ob-
servations when we interrogated the complexes by immuno-
precipitation of CARM1 in both MDA-MB-134 and LCC2
cells (Supplementary Figure S2A and B).

In addition, we found that another histone deacetylase,
HDACS6, associates with ERa and CARM1 complexes
(Figure 2C, Supplementary Figure S2B). It is noteworthy
that HDAC1 and HDAC6 are both known to have non-

histone substrates as well; these include Hsp90, which is
dependent on deacetylation for normal chaperone function
(46,47). We speculate that Hsp90 may act as a scaffold pro-
tein for the assembly of the ERa transcriptional complex,
which may in part explain why HDACs are recruited to this
complex. Therefore, ERa appears to be at the center of a
novel transcriptional activation complex that involves the
association of several unexpected partners (Figure 2D).

We dissected LSD1 to determine the minimal functional
domain of LSDI1 required for the interaction with ER«
and for coactivation (Figure 2E and Supplementary Figure
S2C). LSD1 has three main domains: the longest is the C-
terminal catalytic center, which is a FAD-dependent amine-
oxidase-like domain (AOL); the N-terminal part contains
a flexible region (NFR) and the SWIRM domain, which
mediates the interactions with chromatin and histones; the
large insertion in the catalytic domain, the Tower domain,
is indispensable for the interaction with CoREST and to
increase LSD1 enzymatic activity (48,49). As can be seen
in Figure 2E, the immunoprecipitation of ERa from HEK
293T cells transfected with the series of LSD1 deletion mu-
tants showed that the AOL domain with the inserted Tower
domain is sufficient to bind ERa, even though additional
contacts in the N-terminal domain may stabilize the inter-
action. In coactivation assays, the AOL domain also proved
to be sufficient to account for all of the activity of full-length
LSD1 (Supplementary Figure S2C).

The LSD1-CoREST-HDAC-Hsp90 connection is necessary
for ERa transcriptional activity

To explore the functional importance of the CoREST
complex proteins, HDAC6 and Hsp90 for ERa transcrip-
tional activity, we stably knocked down proteins of inter-
est in MDA-MB-134 cells (Supplementary Figure S3A) and
transfected these cells with the ERE-luciferase reporter.
Note that cAMP signaling suppressed the inhibitory effects
of OHT in this experimental system, as expected from pre-
vious work of ours and others (12). The knockdowns of
LSD1, CoREST, HDACI1, HDACG6 and either of the two
Hsp90 isoforms Hsp90a and Hsp90B, and thereby a reduc-
tion of the overall amount of Hsp90, significantly reduced
ERa activity independently of how it was activated (Figure
3A-F, Supplementary Figure S3B and C). Unexpectedly,
the REST knockdown also reduced ERa activity, which
suggests that REST could be a functional component of this
ERa transcriptional complex. Conversely, the overexpres-
sion of LSD1, HDAC1 and HDAC6 in MDA-MB-134 cells
resulted in increased ER« activity (Figure 3G). ERa protein
levels were at most slightly reduced by some of the knock-
downs whereas ERa mRNA levels were not coordinately
affected (Supplementary Figure S3D and E). The overex-
pression of LSD1, HDACI1 or HDAC6 did not affect ER«
protein levels (Supplementary Figure S3D).

Recruitment and functional requirement of the LSD1 core-
pressor complex for activation of endogenous ER«x target
genes

Having confirmed that LSD1, REST, CoREST, HDACI,
HDAC6 and Hsp90 are important for the activation of
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Figure 2. LSDI interacts with both ERa and components of the CoREST transactivation complex. (A) Endogenous ERa co-immunoprecipitates with
overexpressed LSD1 and endogenous Hsp90pB and CARMI1. MDA-MB134 cells transfected to express Flag-tagged LSD1 were stimulated with F/I or
E2 or a combination thereof for 2 h before cell lysis and immunoprecipitation with an antibody against ERa or a control antibody (IgG). colP, co-
immunoprecipitation; NI, non-induced. (B) LSD1 co-immunoprecipitates with both ERa and CoREST complex proteins. Co-immunoprecipitation exper-
iment with an antibody against endogenous LSD1 or control [gG with extracts from MDA-MB-134 cells treated as indicated. (C) Co-immunoprecipitation
experiment indicating constitutive interactions of ERa with LSD1 and other factors in OHT-resistant LCC2 cells. (D) Schematic representation of inter-
actions. The arrows indicate both previously published and new interactions. Note that interactions assessed by co-immunoprecipitation may not be direct
and that the exact arrangement of the hexagons is mostly arbitrary. (E) Analysis of interaction of LSD1 truncations with ERa. Indicated proteins were
overexpressed together with ERa in 293T cells. FL, Flag tag; NFR, N-terminal flexible region; SWIRM, SWIRM domain; AOL, Amine-oxidase-like
domain; Tower, Tower domain; C, C-terminal region. Co-immunoprecipitated proteins were displayed with an anti-Flag antibody.
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ERa, we evaluated whether these proteins are recruited to
chromatin at endogenous ERa target genes. ChIP experi-
ments were performed with MDA-MB-134 cells induced for
45 min with F/I or E2 or treated with vehicle alone (Figure
4A-G). We indeed observed increased recruitment of these
factors after stimulation with either cCAMP or E2. This cor-
related with a functional requirement for these factors for
the transcriptional activation of the ER« target genes TFF1,
GREBI and BCL2, since they were all reduced by knocking
down the factors of interest (Supplementary Figure S4).

LSD1-HDAC-Hsp90 inhibition blocks ERa -mediated tran-
scription and proliferation of breast cancer cells

We used pharmacological inhibitors to further validate
the knockdown experiments. To inhibit HDACs we used
the well-characterized pan-HDAC inhibitor trichostatin A
(TSA), which has an IC50 in the nM range and established
antitumor activity (50). For LSD1, we used GSK-LSDI,
which is an irreversible inhibitor of LSD1 with an IC50 of 16
nM and a more than 1000-fold selectivity over other closely
related FAD-dependent enzymes such as LSD2, MAO-A
and MAO-B; it has been found to inhibit the in vitro prolif-
eration of certain cancer cell types (51) and is currently in
clinical trails for the treatment of refractory small cell lung
carcinoma and acute myeloid leukemia (ClinicalTrials.gov
identifiers NCT02034123 and NCT02177812, respectively).
Since HDAC inhibitors can affect ERa protein levels (52—
56), we first established a treatment regimen that would not
affect ERa levels. The dose- and time-response experiment
of Supplementary Figure SSA indicates that ERa protein
levels are preserved when cells are treated with only 250 nM
TSA for 24 h. Under these conditions, while the levels of
other proteins of interest were not affected either, the ac-
tivation of the ERa reporter gene transfected into MDA-
MB-134 cells was dramatically impaired (Figure SA). In the
same line of experiments, we then tested the effects of the in-
hibitor GSK-LSD1. The results showed a dose-dependent
increase in LSDI inhibition as judged by the global, al-
beit modest, increase in dimethylation of H3K9 (H3K9me2)
(Supplementary Figure S5B) compared with untreated cells
or with MDA-MB-134 cells overexpressing LSD1. In accor-
dance with increased levels of H3K9me2 with low concen-
trations of LSDI1 inhibitor, activation of the ERa reporter
gene was greatly reduced (Figure 5B). The inhibitory chro-
matin mark H3K9me?2 also failed to be decreased to the
same extent by activation of ERa at both enhancer and pro-
moter sequences of the genes TFFI and GREBI when LSD1
was knocked down (Supplementary Figure S5C).

These drugs could affect ERa signaling at a variety of
levels. We therefore tested whether ERa recruitment to
endogenous target genes is affected when HDACI and
HDACS6 are knocked down or inhibited with TSA in MDA -
MB-134 cells. Both the genetic and the pharmacological in-
hibition of HDACS severely reduced the binding of ER« to
its target genes (Figure 5C and Supplementary Figure S5D).
Pharmacological inhibition of Hsp90 with geldanamycin
(GA) or of HDACs with TSA impairs the assembly of the
complex of ERa with LSD1 and CARMI1 (Figure 5D) in-
dicating that ER« signaling is indeed impaired at multiple
different levels.
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Having discovered new coregulators, we determined their
impact on the ERa-dependent and OHT-resistant prolifer-
ation of LCC2 cells (Figure SE). When assayed over a pe-
riod of 4 days, inhibitors tested at relatively low concen-
trations had no or at most a relatively modest inhibitory
effect. These inhibitors were then combined with OHT at
concentrations (1-10 wM) to which LCC2 cells are resis-
tant or partially resistant. Significant combinatorial toxici-
ties could be observed for 1 puM OHT with GA and for 10
pM OHT with GSK-LSD1 and TSA. For TSA, our results
confirm previous results (57), and mirror additional results
with the HDAC inhibitors valproic acid (58) and varinos-
tat in the treatment of advanced breast cancer patients (59).
No significant drug—drug interactions could be seen with
ERa-negative SK-BR-3 cells (Supplementary Figure SSE)
supporting the idea that the OHT-sensitizing effects of these
inhibitors in LCC2 cells are specific and mediated by an im-
pact on ERa signaling.

High expression of the gene set LSD1-HDAC-CARMI-
Hsp90 correlates with bad prognosis in breast cancer

To provide further evidence for a role of LSD1, HDAC,
CARMI1 and Hsp90 in ERa-modulated breast carcino-
genesis, we searched public databases for a correlation be-
tween clinical outcome and gene expression. This was done
with the ‘Gene expression-based Outcome for Breast can-
cer Online tool” (GOBO) (39). Initially, we chose a gene set
with KDM1A4 (LSD1) HDACI, HDAC6 and HSP90ABI
(Hsp90B) (Figure 6A). Comparing all breast tumors, ERa-
positive (ER+) breast cancer patients who expressed higher
levels of this gene set had lower relapse-free survival (RES)
(Figure 6B). In contrast, there was no correlation in RFS
for patients with ERa-negative (ER—) breast tumors. Even
more striking differences in RFS could be seen for patients
with metastases in lymph nodes (LN+), patients with ag-
gressive grade 3 ERa-positive tumors and patients who had
received tamoxifen treatment (TAM) (Figure 6C). This cor-
relation could not be found with grade 1 and 2 tumors (data
not shown). Moreover, if CARM] is included in the gene
set, expression also correlates with tumor grade (Supple-
mentary Figure S6A). Patients with ER+ tumors, classi-
fied as grade 3 and presenting higher expression of the gene
set had less distant metastasis and lower relapse free sur-
vival (DMSF _mixed) (Supplementary Figure S6B). Inter-
estingly, focusing on TAM-treated tumors as an example,
expression of the selected gene set correlates with the ex-
pression of genes related to cell proliferation, notably check-
point control, M-phase and steroid response (Supplemen-
tary Figure S6C). Finally, reduced overall survival and not
just reduced RFS correlates significantly with high expres-
sion of the gene set in patients with ERa-positive tumors
(Figure 6D).

DISCUSSION

Our work demonstrates the importance of an ERa activa-
tion complex that includes corepressor proteins of the CoR-
EST complex. This counterintuitive finding further under-
lines the fact that a vast variety of factors, including seem-
ingly dedicated corepressors, collaborate in ER« signaling;
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they do both in response to cognate ligand and to ligand-
independent activation pathways such as cAMP signaling.
Despite the substantial differences between these pathways,
they end up inducing the formation of rather similar tran-
scriptional complexes; with slightly different assembly rules,
most of the components are the same and include chromatin
remodelers, scaffold proteins such as Gripl and Hsp90, and
enzymes, which post-translationally modify the chromatin
and other factors (Figure 7). From a therapeutic perspec-

tive, considering the pathological role of ER« in breast can-
cer, it is interesting to note that the involvement of the CoR-
EST complex brings in several druggable factors.

CARMI and LSD1 are necessary coactivators of the cAMP-
and ligand-dependent ERa activation pathways

Earlier studies of our laboratory identified CARM]1 as an
essential link between PKA and ER«, but revealed a differ-
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ent mode of recruitment and a differential requirement for
CARMI for E2- versus cAMP-induced ER« signaling (12).
Moreover, whereas the enzymatic activity of CARM1 is im-
portant for the transcriptional activation of ERa by E2 (60),
it is dispensable for the activation by cAMP (12). As we have
demonstrated here, LSD1 is similar to CARMI1 in some as-
pects while being clearly distinct in others. The histone ly-
sine demethylase LSD1 had already been linked to ligand-
induced activation of androgen receptor (AR) and ER«

(19,23,27). In view of the established role of FoxA1 as a pio-
neer factor for ERa (61-63), it is difficult to reconcile these
published findings and ours with the claim that LSD1 over-
expression compromises FoxAl recruitment (64). However,
in a subsequent publication including some of the same au-
thors, the order of events was proposed to be the other way
around (65). Although the exact order and dynamics of pi-
oneer factor recruitment, demethylation of specific histone
marks by LSD1 and ERa binding remain to be sorted out,
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it is very clear that LSD1 can promote the activation of
ERa. The specifics of the LSD1-targeted histone mark is
important as well: H3K9 demethylation is required for ac-
tivation of hormone-responsive genes by AR and ERq; this
is in contrast to the repressive effect of H3K4 demethyla-
tion by LSDI1 as a member of the CoOREST complex and
the resulting silencing of a specific set of genes (22,26). Note
that we see this ying-yang relationship between H3K9me2
and H3K4me2 upon activation of ERa by E2 or cAMP
as well (Supplementary Figures S5B, C and S7). Intrigu-
ingly, the increase in the activation mark H3K4me?2 at spe-
cific ER« targets is itself dependent on LSDI1, despite the
fact that a modest global increase in H3K4me2 can in-
deed be observed upon inhibition of LSD1 (Supplementary
Figure S7). These results and the previous demonstration
that the histone methyltransferase SMYD?3 is required for
ERa-mediated gene activation (66) lead us to speculate that
LSD1 could contribute to the recruitment of specific H3K4
methyltransferases. It should also be mentioned that LSD1
is not the only demethylase that is required for E2-induced
ERa activity, albeit not as part of the COREST complex.
KDMA4B controls the expression of ERa and FoxAl, inter-
acts with ERa (67-69) and KDM3A is required for the re-
cruitment of ERa to target sites (70). A full understanding
of the complex interplay between demethylases and methyl-
transferases will require further studies.

Mimicking the phosphorylation of both CARM1 and
LSD1 with phosphoserine mutants proved to be sufficient
to activate ERa in the absence of any stimulus, at least to

some extent. This argues that the activation of unliganded
ERa by cAMP may be mediated in part by the phospho-
rylation of both CARMI1 and LSDI1. This is not to say
that cAMP signaling does not synergize with E2. For ex-
ample, E2-induced non-genomic signaling by membrane-
associated ER« triggers the production of cAMP (20,71),
and the inhibition of ligand-bound ER« by retinoic acid in-
volves the reversal of LSD1-mediated transcription of ER«
target genes by sequestration of PKA to RAR/RXR tar-
get sites (20). Further evidence for the role of LSD1 phos-
phorylation for its coactivator activity comes from a recent
study that identified the same phosphorylation site, which
we have found for PKA, as a target of PKCa. It was demon-
strated that the phosphorylation of this site does not affect
the demethylase activity, but is essential for circadian clock-
mediated transcriptional activation (72). In this case, the
phosphorylation of LSD1 promotes its interaction with the
CLOCK:BMALIL transcription factor complex. Similarly,
we had found that the phosphorylation of CARMI1 allows
its direct interaction with ERa (12). Whether the phospho-
rylation of LSD1 has a similar effect in the context of the
activation of ER«a or whether it affects ERa activity indi-
rectly by impacting the recruitment of other factors remains
to be elucidated.

In addition, LSD1 may demethylate other substrates, in-
cluding ERa. Indeed, it was found that LSDI1 reverses an
inhibitory methylation by SMYD?2 of a residue in the DNA
binding domain of ERa (29). Whether this is also at play



8666 Nucleic Acids Research, 2016, Vol. 44, No. 18

for the activation of ERa by cAMP and whether other key
factors are targeted remain to be investigated.

CoREST complex is co-opted for the regulation of ER«x tar-
get genes

We have found that proteins of the CoREST complex are
recruited to ERa target genes and that their knockdown
reduces ERa transactivation and the expression of ER«
target genes. These findings strongly emphasize that the
function of the CoREST complex is not limited to repress-
ing neuronal genes (43,73,74), regulating developmental
genes of early embryogenesis, such as brachyury and home-
odomain genes (75-77), the regulation of pluripotency of
embryonic stem cells (78) and hematopoietic differentia-
tion (79). When this study was initiated, it was already
known that LSDI could switch from the substrate H3K4 in
gene repression to H3K9 in the activation of target genes
of steroid-activated AR and ER« (19,23,27). However, it
was unknown whether LSD1 plays any role in the ligand-
independent activation of ERa by cAMP and whether other
components of the COREST complex are required for ac-
tivation of ERa. We discovered not only that LSDI is re-
quired for the activation of ERa by cAMP, but that it is
accompanied by other components of the corepressor CoR-
EST complex, and even REST, for the activation of ERa by
either E2 or cAMP. Even though CoREST was known to be
essential for LSD1 demethylase activity in vivo and to pro-
tect LSD1 from proteasomal degradation (26), this is the
first time that COREST components and REST are shown
to contribute to LSD1-mediated ER« activation (Figure 7).
Itis interesting to speculate that they could assist in promot-
ing or maintaining a certain differentiation state of breast
cancer cells. Future work will address how the genetic pro-
grams of ERa and CoREST/REST intersect and influence
each other.

Requirement for Hsp90 and HDACs - beyond cytoplasmic
functions

Our findings that Hsp90 is recruited to the ERa tran-
scription complex on chromatin and that the Hsp90 in-
hibitor GA disrupts the interaction of ERa with CARM1
and LSDI are unexpected and run against the standard
paradigm for steroid receptors. Work primarily with other
steroid receptors has led to the view that the Hsp90 com-
plex is required before activation for the correct folding and
maturation, for maintaining the inactive state in the ab-
sence of ligand and for efficient response to ligand binding
(80,81). Following the ligand-induced or -stabilized release
of Hsp90, the active state is thought to be independent of
Hsp90. After activation, distinct molecular chaperone func-
tions of Hsp90 and the co-chaperone p23 become relevant
to facilitate the disassembly of transcription complexes of
hormone-bound steroid receptors and to allow cells to re-
spond dynamically to changes in hormone levels (82,83). A
number of other functions have emerged for Hsp90 in the
nucleus and even on chromatin in the last few years (84—
86). Intriguingly, some 10 years ago it was found that anti-
inflammatory effects of estrogens may involve the disrup-
tion of a transactivation complex containing Hsp90, the un-
liganded ER«a and several other transcription factors (87).

Based on our results, it now appears that Hsp90 may also
provide assistance in assembling or stabilizing certain tran-
scription complexes of signal-activated ER«. The fact that
Hsp90 can interact with CARMI1 independently of ER«
(88) could allow it to serve as a scaffold. Although we could
detect the recruitment of Hsp90 to ER« target sites in re-
sponse to both E2 and cAMP, it is conceivable that the
signal-specific differences in the architecture of these com-
plexes may impose subtly distinct requirements for chaper-
one assistance.

Our discovery that at least two HDACsS are involved with
active ERa at chromatin is similarly unexpected. HDACs
are more typically associated with repression and HDACG6 is
better known for its cytoplasmic functions, including as an
Hsp90 deacetylase. We find that both HDAC1 and HDAC6
are recruited to the ERa transcription complex and bind
to ER« target genes; their knockdown or pharmacologi-
cal inhibition with TSA correlates with reduced ERa bind-
ing to chromatin, a reduction of transactivation in reporter
gene assays, and transcription of endogenous target genes.
The inhibition of HDACsS also disrupts the recruitment of
CARMI, LSD1 and Hsp90 to ERa. Consistent with the
idea that Hsp90 could act as a scaffold, we can speculate
that HDAC inhibitors in this context impair Hsp90 func-
tion since this is dependent on deacetylation (46,47). How-
ever, we cannot exclude that the inhibition is due to hyper-
acetylation of ERa itself or of some of its coactivators, as
seen for other steroid receptors (89). It is well known that
the direct acetylation of ERa affects its activity and that
deacetylases reverse the effects: the acetylation of the DNA
binding domain at K266 and K268 by p300 and acetylation-
mimicking mutants increase ERa DNA binding and activ-
ity in vitro (90); in contrast, the acetylation of the hinge re-
gion at K302 and K303 decreases ER« activity, most proba-
bly because these are also sites of regulation by sumoylation,
methylation and ubiquitination (89,91,92); the p300/CBP-
mediated hyperacetylation of the coactivator steroid recep-
tor coactivator-3 (SRC-3; also known as AIB1) decreases
its recruitment to ERa and attenuates hormone-induced
gene activation (93). Interestingly, a recent study argues that
HDAC:Ss promote transcription by stimulating the produc-
tion of enhancer RNAs that in turn facilitate the release
of RNA polymerase II from NELF (94). Recognizing that
HDAC:s affect ERa signaling at multiple different levels,
from influencing ER« levels to participating as components
of ERa transcription complexes at target sites, we propose
that they might also function as co-activators.

Pathological significance

ERa-dependent breast tumors are amenable to endocrine
therapy, but many eventually become resistant to it. There
are clearly multiple pathways that can lead to endocrine
therapy resistance (5), and gaining a better understand-
ing of them might open up new therapeutic avenues. Path-
ways that can activate ER« in the absence of estrogens can
contribute to OHT-resistance (2). Indeed, upon activation
of PKA, ERa activity becomes resistant to the inhibitory
effects of OHT (9,12,17). Our results obtained with the
OHT-resistant MCF7 variant LCC2 indicate that the con-
vergence of the ERa-CARMI1-Hsp90 and LSD1-CoREST



complexes could result in the formation of a constitutively
active and OHT-resistant ER« transcription complex (Fig-
ure 7). The combination of ERa antagonists with inhibitors
targeting the main catalytic activities of this complex(es),
notably LSD1, the HDACs and Hsp90, may considerably
increase their effectiveness.

For HDACs, we confirmed published results with cell
lines showing that HDAC inhibitors are able to reestab-
lish OHT-sensitivity (57,95). This is mirrored by promis-
ing clinical results obtained with the combinatorial treat-
ment of advanced breast cancer patients (59,96). Although
HDACs undoubtedly act at many different levels, we be-
lieve their function in transcriptional coactivation by ER«
contributes and may ultimately be targeted separately from
their other functions, most notably in ERa-unrelated cellu-
lar processes.

It is noteworthy that the LSD1 inhibitor GSK-LSDI1 is
currently in clinical trials for the treatment of refractory
small cell lung carcinoma and acute myeloid leukemia. Our
results suggest it might be worth testing it against ERa-
dependent and OHT-resistant breast cancer. It has been re-
ported that the LSDI inhibitor pargyline in combination
with OHT could reduce the proliferation of OHT-resistant
breast cancer cells (97). However, it must be pointed out that
the antidepressant drug pargyline is a non-specific inhibitor
of monoamine oxidases and that the very high concentra-
tions used to inhibit the demethylation of histone substrates
in vitro are not likely attainable in vivo without consider-
able off-target effects (98,99). In contrast, GSK-LSD1 is far
more potent and specific, despite the fact that LSD1 inhi-
bition has known cytostatic effects (99-101); these may be
related to the fact that LSD1 is also highly expressed and a
marker of an aggressive phenotype in ERa-negative breast
cancer (102).

Hsp90 inhibitors have already been extensively tested in
clinical trials for the therapy of a variety of cancers. Whereas
single agent treatments have not yet been successful, there
is a growing sense that these inhibitors may have potential
in combination with drugs against other important targets
(103). For OHT-resistant breast cancers, our new mecha-
nistic insights suggest that a renewed and more directed ef-
fort might be worthwhile to move beyond earlier reports on
the combination of OHT with Hsp90 inhibitors; these had
notably suggested that the ERa-stabilizing effects of OHT
compared to those of other anti-estrogens might compro-
mise the impact of Hsp90 inhibitors (104,105).

Finally, even if the new players for ER« activity may not
all turn out to be good drug targets, they may have value
as markers. In this regard, our very limited gene set con-
sisting of only the six genes KDMIA (LSDI), HDACI,
HDAC6, Hsp90AB, CARMI revealed potentially useful
ERa-related correlations with relapse-free and overall sur-
vival, extending previous studies with some of the same
markers (32,36,106). Such a gene signature could eventu-
ally be refined, possibly combined with others, and applied
for a better stratification of breast cancer patients.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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